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l SUMMARY

The upward migration of contaminants into earthen covers on uranium

I mill tailings was evaluated from chemical and isotopic analysis of samplesfrom 5-10 cm intervals through the cover and into the tailings at three
locations on the Riverton pile. Thre_ to 20 percent of the cover were

I tailings, estimated from the potassiumand Pb-210 concentrationsin solidsamples from tailings, cover, and uncontaminated soil. Migration of
thorium, radium,uranium, and molybdenuminto the cover was detected. The
migration behavior of thorium i_ consistent among the three locations and

I varies from 2 to 23 pCi/g. The mobility to be controlled by the
appears

solubilityof thorium oxides and hydroxides. Uranium, radium, and molyb-
denum show significantchemical migration at one sampling location. The

I mobility of these elements appears to be controlled by thermodynamicsandadsorption on iron hydroxides and amorphous aluminosilicatecomponents.
Other contaminants,As, Cr, Ni, and Se are immobilized at the interface

I between the cover and tailings. N,ajor parameters influencing the solu-bility of components are variations in the partial pressure of carbon
dioxide produced by respiration in plant roots, temperature, and the
activities of anions which form soluble complexes with the cations.

I Moisture content between 20 and I00 nercent does not greatly affect theconcentrationsof trace metals in solution because the aqueous components
are assumed to be in equilibriumwith the solid phase. Transport of

I contaminantsinto the cover was primarilyalong fluid gradientsinduced byevaporation. With thicker covers on tailings, capillary potentials as a
function of pore size and viscosity of solution will be the dominant

I transporting mechanism. I  ASTEB
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I DISCLAIMER
This report was prepared as an account of work sponsored by an agency of tile United States

Government. Neither lhc l.Jnitcd States Government nor any agency thereof, nor any of their

I employees, makes any warranty, express or implied, or assumes any legal liability or responsi-bility f'or the accuracy, completeness, or usefulness of any infl_rmation, apparatus, pr_xtuct, '_r

pr_:css disclosed, or reprt:sents that its use would not infringe privately owned rights. Refer-

ence ht:rein to any specific commercial prtuJucl, pr_:ess, or service by trade name, trademark,

I mal_uiacturcr, or ¢_thcrwise (|(K:s not necessarily constitute r)r imply its endorst:nlenl, recom..mcl_dation, (_r favoring hy the I.]_,ited ,Stales (Jovcrnment or any agency thereoF. The views
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I
1 INTRODUCTION

I Stabilizing inactive uranium mill tailings with earthen covers is an

i accepted practiceto retard the emission of radon gas and prevent dispersalof contaminants by wind and run-off. An acceptable cover system must

demonstrate effectiveness,as well as longevity, of control against con-

I taminant dispersal. The thickness of the cover is generally assumed to
control the effectivenessof earthen covers and is calculatedon the basis

I of the diffussion of radon from a given radium source term in the
gas

tailings. Longevity is generally considered to be a function of the

I erosional processesoccurring on the surface of the covered tailings. In
addition to the physicalprocesses,however,assessmentof the longevityof

i the cover must consider the physical and chemical processesin the coverand between the cover and tailings which may affect the source terms and

retardationpropertiesof the cover.

I Accumulationsof salts and trace metals on the surface of thin covers

were observed in previousgeochemicalcharacterizationsof severalinactive

I uraniummill tailings [1, 2, and 3]. If the processestransportingcompo-
nents to the surface of thin covers continue to operate in the thick

I earthen covers currently proposed for stabilization of tailings_ the
expected results would be" (i) an increase in the source term for radon

i gas in the cover from the accumulationof Ra-226 and Th-230, which areprecursors in the decay to radon gas; (2) accumulationof salts and trace

metals on the surface available for dispersal; and (3) the addition of

I salts (Ca, Na, SO4, and Cl) into the cover which may inducechanges in the

chemical state of minerals in the earthen materials, a redistributionof

I the moisture contentby salts, and alterationsin by i_
hygroscopic compaction

electrostaticinteractions.

I The UraniumMill Tailings Remedial Action Project elected to determine
the significanceof migrationof salts and contaminantsinto earthen covers

I emplaced on tailings by funding this investigationof the migration whichhas occurred through an earthen cover since the time of emplacement on

an inactive uranium mill tailings pile. The Riverton tailings pile,

I covered with 20 to 40 cm of local sandy soil, was chosen for the study.

The objectivesof the study were to"

I
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I. determine vertical distributionsof concentrationsof salts,

I trace metals, and radionuclidesthroughthe cover and into thetailings;

i 2. determine the concentrationsof salts and contaminantsin thecover from chemicalmigration;

3. relate the migration of salts to the contaminants;

I 4. model the mechanisms responsiblefor promoting and retarding
migration; and

I 5. evaluate the chemical and physical properties of the cover
influencingmigration.

I Objectives1, 2, and 3 involveevaluationof chemical data generatedby

analysis of samples from the Riverton tailings site. Objectives 4 and 5

I take the specific data to a general form by evaluating the data using
chemical thermodynamicsand relationshipsamong elements to predict the

I geochemical mechanisms. Understanding the mechanisms responsible for
migration and retardation of contaminants is the key to understanding

migration processes and application of the results from this study to a

I genericcover design.

Migration requires a mobile form of an element and moving water for a

I transportingmedium. The mobile forms are predicted by chemical thermo-

dynamics which determine the distributionof aqueous species and minerals.

I The concentrationsof elements availablefor migration in equilibriumwith
a precipitatedphase are controlled by solubilityconstantsand the forma-

l tion of aqueous complexes. Factors such as adsorption and kinetics of
precipitationand dissolution, not included irlthermodynamics,are deter-

i mined by comparisonof the empirical distributionsof the componentswiththe thermodynamicpredictions.

The upward migration of water through earthen covers occurs primarily

I by capillarypotentialsand fluid gradientsinducedby evaporationfrom the

surface. Application of the results of this study of migration in a thin

I cover to migration in a thick cover must includean estimate of the height
of the capillary rise in the cover and the upward movement of water by

I fluid gradients. Processes of upward migration due to evaporation are
understoodwell enough to allow numericalmodeling of the verticalgradient

I
I
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I
of fluid potentials [4]. Results of fluid potential measurements at the

Riverton site indicate an upward movement of water within about the top

one meter of the thinly covered tailings [4]. A major portion of the

I contaminants described in this report which migrated into the cover of the

Riverton tailings were most likely transported upward by evaporation

I induced fluid gradients. Emplacement of a thick cover on the tailings w'll
decrease upward fluid gradients in the tailings, thereby minimizing the

m upward movement of tailings solution.
B The reduction of evaporation of tailings solution by a thick cover may

increase the role of capillary potentials in the upward movement of water.

I Capillary potentials differ from fluid gradients in that they arise from

surface tension between the solid particles and pore solution as a fuction

I of size within the soil and concentration and composition of solutionpore

and are independent of cover thickness. The finer the grain size, the

I greater is the capillary potential. In some silty-clayey soils, capillary
rise as great as four meters has been measured. As chemical reactions

i which cement the soil grains occur, the capillary rise increases as thepore space decreases. Estimation of the height of capillary rise in the

tailings is difficult because of the variability in th_ size of pore

I spaces, the variation in solution viscosity between the tailings and cover,

and the partially saturated state of the tailings material.

I Engineered capillary interrupt capillary
barriers potentials and retard

the rate of water movement; however, the}, do not preclude water movement

I due to differential vapor pressure across the barrier. Vapor movement in
unsaturated soils is a complicated process because of the free energy

i exchange in the vapor-liquid phase changes [5]. Highly charged smallcations tend to be concentrated in water films on the solid particles and,

therefore, are more apt to be transported across the vapor phase. Because

I of the uncertainty in predicting water movement over long periods of time,

cover designs should include geochemical concepts to retard the mobility of

I salts and in addition to considerationsto minimize
contaminants hydrologic

the transportof mobile components.

!
I
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l 2 METHODS

SAMPLING

l The Riverton used for this because of thetailings pile was study;

thickness of its cover, and data were available on the general charac-

terization of the pile to aid in selecting sampling locations [i]. The origi-
nal plan of investigation called for sampling of three tailings piles with

re'latively thick covers. Other sites with thick covers, however, provedinaccessible; access to the Lakeview, Oregon, site was denied by the Oregon

Department of Energy; and a 3-foot snow cover prevented access to the

l Monticello, Utah, site.

The Riverton tailings pile has a nominal 45-cm cover of local soil

l emplaced about 20 years ago, assuming cover was emplaced
the at the time the

mill ceased operations. Sparse vegetation of native grasses and weeds grows

on the pile without irrigation. Three locations on the Riverton tailings pile
were sampled to represent examples of different conditions within the pile

(Figure i). Fine sand dominates the _terial of the western one-third (RIV164) and a plastic liner used to collect the acidic raffinate solution for
i

recirculation in the milling process underlies this portion of the tailings

l [4]. The surface of the middle area exhibited salt encrustations indicative

of the upward movement of salts (RIV 165). The eastern area contains the

shallowest section of tailings, and the ground water is nea_'_st to
the base of

the tailings (RIV 166). Previous data showed Ra-226 enrichment in the cover

in this area [I].
Walls of trenches dug with a backhoe were sampled in about 5-cre intervals

l f_om the surface to about 50 cm into the tailings over a lateral area largeenough to collect a total of about 1.5 kg of material. The interface sample

of about 2-3 cm contains tailings and soil material. The sample depth from

the surface, the type of material, and a description of the material was

recorded during sampl_ng (Tables I, 2, and 3). The moisture in the upper

I 15-20 cm of soil was frozen at the time of sampling (11/18/82). Sampling was
done with a hand trowel and extreme care was exercised to prevent cross

contamination. The samples were placed in gas impermeable polyethylene bags
and bathed in nitrogen gas to displace the oxygen-rich atmosphere. Upon

I
I
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I Figure 1. Sites of trenches (5'x3'x3') where consecutive samples of about. 5 cm depth intervals were taken from surface through cover and

into tailings about 90 cre. Sampling by GECR, 11/82.
r5]

i Base map from Ford, Bacon and Davis Utah, Inc. L
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I Table i. SamplingRecord for Site Number 164

i I

SampI e SampI e Fie I dSample interva31 Measurements3 Remarks

I Number (cm) TypeL pH Eh(mV)
.... _ - ,..... _ • _ ...... - _ _ _

I 1 0-5 C 8.2 385 Frozen; moist; sandy withcobbles

i 2 5-10 C 8.7 340 Frozen; moist; clayey sand
3 10-15 C 8.3 400 Frozen; moist; clayey sand

I 4 15-23 C 8.1 420 Not frozen;moist

5 23-26 I 5.4 570 Moist; iron oxides marking

I interface
6 26-30 T 4.0 635 Moist; yellow sand; Fe(OH)3

inclusions

I 7 30-37 T 3.2 680 Moist; uniformbrown sand

I 8 37-43 T 2.8 750 Moist; gray/brownsandy clay
9 43-53 T 2.9 755 Moist; uniform brown sand

I i0 74-79 T 2.5 770 Moist; brown clay w/coarseblack
grains

I 11 86-93 T 2.4 785 Moist; uniform brown clay;pla._tic

I 12 96-104 T 2.7 765 Moist; light yellow loose sand-- , .......

1 Depth from surface.

I 2 T = Tailings; I = Interface;C = Cover.

I 3 Measurementsmade on a 1.4 solid'waterslurry.

I

I
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Table 2. SamplingRecord for Site Number 165

I ..........

SampIe Sample FieId 3

i Sample interva,lI Measurements RemarksNumber (cre) Type_ .......
pH Eh(mV)

__ _ - ..... _ ,,,,..... . .. _ ..... - : - _

I 1 0-5 C 7.6 490 Dry; sandy

2 5-10 C 7.7 485 Moist; frozen;sandy

I 3 14-19 C 7 6 490 Moist; frozen;sandy with
cobbles

I" 4, 19-28 C 7.9 405 Moist; frozcn;sandy with
cobbles

= I 5 28-35 C 7.9 415 Moist; unfrozen;sandy

6 35-37 I 3.8 590 Moist; iron oxides marking

i interface

7 38-42 T 3.5 625 Moist; yellow sand

I 8 44-51 T 2.7 715 Wet; brown clay

9 52-63 T 2.6 720 Wet; brown sandy clay

I I0 82-94 T 2.3 770 Wet; gray clay; plastic

i _ _

= ...

I Depth from surface.

i 2 T = Tailings; I = Interface;C = Cover.
3 Measurementsmade on a 1'4 solid:waterslurry.

I
I
I

,

I
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Table 3. SamplingRecord for Site Number 166

'!
I Sample Sample Field 3

Sample Interval1 Measurements Remarks
Number (cm) Type_

pH Eh(mV)
..... . .... _ .......

I 1 0-5 C 8.1 430 Moist; frozen;sandy

2 5-10 C 8.0 435 Moist; frozen;sandy with

I cobbles

3 13-20 C 8.0 450 Moist; frozen;sdndy with

I cobbles

4 20-23 I 5.1 500 Moist; not frozen;no sharp

= I interface
5 23-26 T 3.5 620 Moist; yellow sand with brown

clay stringers

I 6 27-33 T 3.3 655 Moist; gray/yellowclay

' I 7 33-42 T 3.2 665 Moist; very finewhite sand
w

8 61-66 T 3.1 665 Moist; clay with yellow clay
stringers;plastic

I _ , ..........

• 1 Depth from surface.I

I 2 T = Tailings;I = Interface;C = Cover.

i 3 Measurementsmade on a 1"4 solid:waterslurry.

I
I

I

I

I
I
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I
returning to the laboratory, Eh and pH measurements were made on 1:4

rf'- solid'waterslurries. 'Thesampleswere dried at ambient conditions,disaggre-
gated with a porcelainmortar and pestle,and split with a precisionchute-

I type stainless steel sample splitter for extractions,chemical and isotopic
analysis,and X-ray diffractionanalysis.

I SAMPLE PROCESSINGAND ANALYSIS

The study of migrationrequiresdata on the chemical compositionof the

I chemically unique phases of _ne dried solid matrix to establish relation-

ships betweenmobile and inlmobilephases. The compositionof the insoluble

I phase reflects the mineralogy of the tailings and cover materials and_
therefore, distinguishesbetween the different types of materiais. The

I chemical composition of the bulk solid is used to determine the quantity
of tailings mixed with the soil of the cover. The water-solublephase

I contains the elements available for migration upon the addition of water.The chemical compositionof water extracts,calculated to representvarying

degrees of moisture saturation, approximatethe composition of the pore

water within the tailings and cover. The acid-solublephase contains the

hydrous oxides of iron, manganese, aluminum, and silicon, the carbonate

I salts and the trace elements immobilizedby precipitationand adsorptionon
the hydrous precipitates. The relationshipsbetween the concentrationsof

I major and trace elements in the acid solublephase provides informationon
mechanismsof immobilizationsuch as adsorptionand co-precipitation.

I The water extract procedure has been developed in our laboratory toobtain maximum removal of soluble materials in the shortest time at the

chemical conditions of the samples. A measured weight of approximately

I 50 grams of Solid was added to approximately200 ml of distilledwater and

agitatedwith a wrist action shakerat a rate which maintained the solid in

I suspension. After fifteen minutes, was centrifuged;the pH, ,
the solution

Eh, and specific conductanceof the solutionwas measured; and the super-

I natant was decanted. The solid residuewas washed twice by repeatingthe
shakingwith 200 ml of water. After each washing, the solutionwas centri-

I fuged and the supernatantwas decanted. The extract was filtered witha 0.45 _m filter, acidified with concentrated nitric acid, and diluted

! .
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volumetrically to one liter. A 50 ml aliquot was evaporated to dryness for

I I 'a measure of total dissolved solids (TDS).

Acid extracts with hydrochloric acid on the water extracted solids

I removed the hydroxides, carbonates, oxides, and the included contaminants.
Hydrochloric acid wa_ used as a nonoxidizing, strong acid with minimal

I complexing effects. The final pH values of the acid extracts were below
the isoelectric point (pH -2) of most silicate minerals, so dissolution of

I precipitate coatings on mineral surfaces and the desorption of cations wasmaximized. The solid residues from the water extracts were weighed to the

nearest 0.1 gram. Hydrochloric acid (200 ml of O.05N) was added to the

I solid and agitated on a wrist action shaker for one hour. The solution was

centrifuged and the pH of the solution was measured. If the pH was greater

I than two, additional HCI was added and the shaking repeated until the pH
was maintained at less than two. The solution was then filtered through a

I 0.45 vm filter and diluted volumetrically to one liter.
All of the chemical and isotopic analysis was done by Bendix Field

i Engineering Corporation, Grand Junction, Colorado. The methods andreferences are listed in Appendix A. The chemical data of the solid

samples, water extracts, and acid extracts are listed in Tables 1, 2, and 3

I of Appendix B. The X-ray diffraction results are summarized in Appendix C.

I EMPIRICAL RELATIONSHIPS AMONG ELEMENTS
Relationships between sets of data of different elements and within a

I set of data of a single element are very useful in determining the source

and mechanisms controlling the availability of the elements. Regression

i analysis quantifies relationships between elements by the slope of theregression line. The slope of the line is defined by the ratio of two

elements. In a precipitation or dissolution reaction, the slope approxi-

I mates the stoichiometry between two or more elements in a solid phase. For

example, a correlation between Pb-210 and Ra-226 in the tailings material

I with a slope of one indicates isotopic equilibrium; i. e., the specific
I

activity of Pb-210 equals that of Ra-226. The slope of the correlation

I between extractable alumir_um and silicon represents the stoichiometry of
the aluminosilicate mineral being dissolved in the extractiun process.

!
I
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The correlation between acid soluble iron and a trace metal provides

i information for calculating the adsorption coefficients.

Plotting normalized linear cumulative frequency distributions is a

I technique to evaluate the relationships within a set of anlaysis of a
single element. Normal populations are identified for calculation of

I parametric statistics, and the different populations within the data setare identified in relationship to some physical reality. For example,

tailings, contaminated soils, and noncontaminated soils are distinguished

I as three unique populations of concentrations of isotopes or elements

composing the bulk mineralogy. Data FDints outside the populations are

I usually from samples influenced by external processes of chemical migration

or physical mixing.

I MODELINGMIGRATION MECHANISMS

I Thermodynamics provide the basis for determination of the species
available for migration and the solid phases responsible for immobili-

zation. The success of thermodynamics to interpret and predict processes

I lies in the ability to include the interrelationships and the dynamics of a

complex heterogeneous system, with a set of simultaneous equations. A

i modified version of the computer program PHREEQE [7, 8] was used in this

study to calculate simultaneous milticomponent multiphase equilibria. The

I 'simultaneous equations include mass balance of the aqueous species to equal

the anaiytical input data and the equilibrium expressions of aqueous

I species and solid and gas phases. The output of the calculations containsthe concentrations and activity coefficients of aqueous species, and the

saturation indexes of mineral and gas phases. PHREEQE includes the optionsi

i to equilibrate a solution with mineral phases which acts to add or delete

soluble components to attain the specified saturation indexes of specified

I minerals and calculates the resultant Eh and pH. Other options are to
calculate the resultant solution (1) upon mixing two solutions either at

I constant or variable volume, and (2) upon evaporation of a solution.
The results of the calculations depend upon the thermodynamic data base

i entered into the program. The data base contains two important variables"(1) the equilibrium constants calculated from Gibbs free energy values of

I
i
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formation of the aqueous species and minerals;and (2) the aqueousspecies

iI- and minerals entered into the thermodynamicdata base availablefor use in

the calculations. There is always some discussion about the most correct

I Gibbs free energy values, but for mostimportant compounds there are agreed
upon publishedvalues. The most subjectivearea of geochem_icalmodeling is

I the aqueous species and minerals included in the calculations. Choosingthe components which realisticallydescribe the system requiresexperience

and basic geochemicalknowledgeof the system of concern.

!
DATA PROCESSINGAND INTERPRETATION

I water acid extractswere convertedto gram of element
Data from the and

per gram of solid used in the extractionprocess and were input data for

I thermodynamic calculationsby PHREEQE. Operations on the water extract
data with PHREEQZ estimate the chemical composition of the original pore

I water. Water extract solutions*includethe quantity of co_,,ponentsin theoriginal pore water plus the solid material solubilized in the extraction

process. The objective in using thermodynamic modeling of the water

I extract data to representpore water is to partition the total quantity of

element between the solid and aqueous phases at a moisture saturation

I describing the field conditionsand arrive at the correct concentrationof
trace and major elements in the aqueousphase.

I The composition of pore water in the tailings was calculated from
the water extract data by assuming a dry soil density of 1.6 g/cre3 and

I 50 percent porosity, To remove the quantityof elements from solutionthatwas in a precipitatedphase under field conditions and which was solubi-

lized during the extraction process, the solution was equilibratedwith

I mineral phases of the major elements with calculationsby PHREEQE. The

calculations precipitate mineral phases and deduct the elements from the

I aqueous phase to attain specifiedequilibriumcondition._ Minerals with
saturation indexes greate_ than zero are present as precipitatedsalts

I under field conditionsof interstitialsaturation,and the quantityof the
elements in solution is controlled by their solubility constants. The

mineral phases which control the solution composition, pH and Eh, weredetermined by comparisonwith the chemistryof pore waters from within the

I
!
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!
Riverton tailings by Lawrence Berkeley Laboratory[4]. Additionally,the

' I trace metals can be equilibrated with mineral phases; however, other

processes besides thermodynamicsoften are important in controlling the

I mobility of trace elements and, therefore,the maximum concentrationsare
oftentimes the most useful in representingthe concentrationsavailableto

i migrate.The geochemical conditions of migration of tailings solution into the

cover was modeled by calculationsof PHREEQE. A typical pore solution in

the tailingswas calculatedfrom the compositionof the water extractsfrom

the tailings. This was mixed with a pore water typical of the cover lr;

I incremental steps to represent upward migration. Each step was equili-
brated with the dominant soluble minerals, under varying conditions of

I moisture, temperature,and carbon dioxide. The concentrationof soluble
trace metals remaining in the solutions are those available to migrate.

i The number of pore volumes of water which moved through the cover can becalculated from the quantity of a given element on the surface and the

concentrationof the element in solution.

!
!

|
!

!
!

!
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1
3 DATA PRESENTATION

'1 INTRODUCTION

Evaluation of the chemicalmigration from the tailings into the cover

that has occurred sir_e the emplacementof the cover requiresmany types of

data. The compositionof the solid material supplementedwith mineralogic

I data from x-ray diffractioncharacterizesthe bulk solid material. Water

1

1

extractable components indicate those elements available to move, and the

I acid solublecomponentsare those that have precipitatedin water insoluble
forms at the pH conditions of the sample. The chemical environment,

characterizedby the pH and Eh (redox potentialwith respect to the hydro-gen electrode), are essential to the interpretationof the compositional

data. Measurements of Eh and pH provide a basis for the qualitative

l understandingand predictionof the chemicalinterrelationshipsbetween the

tailings and cover system. The prevailingEh-pH conditions dominante the

I precipitation-dissolution reactions of electroactive and pH sensitive
components, which in turn control the mobility of trace elements and

radionucl ides.

Eh-pH DIAGRAMS

I Eh-pH diagrams simply express the gross character of the chemical

environment of the tailings and cover (Figure 2). The measured Eh and pH

I values for the solid samples and the water extracts are superimposedupon

equilibrium lines for the iron and manganese components calculated at

concentrations typical to tile tailings and soils.
The ferric/ferrous equilibrium apparently controls the chemical

l character of the tailings,indicatedby the trend of data points parallel
to the ferric hydroxide equilibriumline. The scatter along the line is

i probably due to varying activitiesof ferrous iron in solution. The pH ofthe cover is well bufferedat about pH 8 with a 100 mV range in Eh values

within the stability Field for manganeseminerals. The equilibriumEh lies

I in the Mn(III) stability field, which is probably a mixed oxide of Mn(II)

and Mn(IV). The Eh and pH conditions of the Interface samples clearly

lie between the conditions of tailings and soils. This is
cover a

l

I
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I
disequilibriumzone where reactionsare proceedingtoward the most highly

(I-- buffered system by neutralizationof acid with carbonate and oxidationo_:
I

Fe(II) coupled with reduction of Mn(IV). The manganese and carbonate

I minerals in the soil serve as buffers for the redox potentialand pH. The
trend of the Eh and pH values in tilesoil is shiftedslightlyto the right

I from the Eh and pH trend of the water extracts. This pattern is producedby the greater activities of dissolvedMn(II) and Fe(II) in the extracts.

The more complex relatC'nshipbetween the solid samplesand extacts of lhe

I interfacesamplesis no doubt relatedto the disequilibriumconditionsof a

mixture of soil and tailings. A'Iso,the logicalsystemportrayedby the Eh

I and the of measured Eh values.
pH diagram supports validity using

i CHEMICALDISTRIBUTIONS
Diagrams of the vertical distribution of chemical data clearly

I expresses significantpatterns within the tailings and cover. The majorcompositionof the bulk solid samplesdistinguishesthe soils of the cover,

the sand tailings,and the slime tailings (Figures3, 4, and 5). Of the

I elements determined in the bulk solids, concentrationsof Al, Si, and Fe

are not significantlydifferent in the tailings and soils. The concen-
I

I trationsof manganese, however, are consistentlygreater in the cover than
I

in the ta,lings; whereas the concentrationsof potassium are greater in

I the tailings than in the cov,:.r.The isotopeconcentrationsin the cover
exhibit large variations and are generally greater than the background

I concentrations of isotopes. The interface samples are significantlyenriched in isotopes. The isotopeconcentrationsgreater than background

are comprisedof the concentrationsdue to the physicalmixing of tailings

I in the cover and chemical migration of isotopes. The distributionof _

isotopes within the tailings also distinguishes the sand and slime

I Slime contain concentrationsof
tailings. tailings characteristically

isotopes greater than sand tailings. The slime tailings dominate the

I tailings at Site 165 and a layer near the lower samples of Sites 164 and
166. The upper portions of RIV 164 and RIV 166 are mainly sandy tailings.

i The tailings lenerallycontain greaterconcentrationsof water extract-able components than the cover soils, expressedas the ionic strengthand

I
I
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i total dissolved solids of the water extracts (Figure 6). The TDS is
(

_m oredominantlysulfatesalts. The distributionof salts decreases from the
m tailings upward to the surface. This indicatesthat the salts are soluble

and are leached downward by surface precipitationor that the front of

I migrating salts from the tailings is progressing upward and has not yet
reached the surface. The distribution of salts does not appear to be

i related to the contaminantm;gration. Site RIV 165 has a greater TDS in
the cover compared to sites RIV i64 and RIV 166 because of larger quan-

I tities of water soluble sulfate minerals (Figures 7, 8, 9, I0, 11, and12). Greater concentrations of total extractable aluminum, arsenic,

i cobalt,chromium,iron, magnesium_manganese,molybdenum,nickel, selenium,sulfate,uranium, and vanadiumdistinguishthe tailings from the cover with

the greatest concentrationsin the slime tailings (Figures 7, 8, 9, 10,

i ii, and 12). The high degree of mobility is due to the low pH, high Eh,

and availabilityof sulfatefor formationof soluble complexes.

I The extractable trace elements show contamination by arsenic, molyb-
denum, selenium, radium, and uranium in the cover. The tendency of

I arsenic, molybdenum,and seleniumto form oxyanionspromote their mobility
in neutral pH conditions. The solubleanions present in the cover are very

i importantbecause of the tendencyto form mobile comp'iexspecieswith tracemetals. Pilosphateand bicarbonate,for example, Form mobile complexeswith

thorium and uranium, respectively. The interface samples are generally

i enriched in aluminum, chromium, and nickel, which indicates that these
elements were 'immobilizedunder the chemical conditions of the cover and

i did not undergo further migration.

l
I
I
I
I
i
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I 4 INTERPRETATIONOF DATA

_I PHYSICALMIXING
Evaluationof chemicalmigrationof trace componentsfrom the distribu-

I tion of chemical compositionsof solid and extractablephases requires an
J

J
identificationof that portionof the componentsattributedto the physical

I presence of tailings in the cover material. The presence of tailings inthe cover may be due to (I) mixing of tailings with the cover during

emplacement;(2) mixing of wind blown tailings from exposed tailings; and

I (3) dispersalof tailings particlesand movement into the cover. Particle

dispersal and movement tends to block pore space and, therefore, could

I by microscopic analysis of an undisturbed sample. The
be determined

question of particle dispersal and movement is important in long-term

I tailings management; however, the mechanism of tailings/cover mixing is not
determined in this study.

I The gross chemical compositiondistinguishessoil and tailingsand canbe used to recognizethe presenceof tailingsmixed with soil. The concen-

tration of potassium, reflectingthe content of K-feldspar, is signifi-

I cantly greater in the tailings than the cover (Figure13). Less than one

percent of the total potassiumin the tailings is water and acid soluble;

I therefore, potassiumconcentrationsare a conservativequantity_ith no
the

danger of contamination of the cover from the chemical migration of

I potassium. The normalizedlinear cumulative distributionshows four
popu-

lations reflecting variations in the bulk compositions of the material

I (Figure 13). The soils of the cover contain the lowest potassiumconcen-
trations. As the quantity of tailings mixed into the cover increases,

i the potassiumconcentrationincreases,producinga second population. Theinterface samples which contain a significant portion of tailings have

potassium concentrations in the same populations as the fine tailings.

I The potassium concentrationsof the sandy tailings comprise the fourth
populationwith the greatestconcentrations.

I The chemical contributionof tailings in the cover was quantified by
interpretation of the isotope concentrations (Ra-226, Pb-210, U-238,

I Th-230) in the bulk samples from the cover and tailings. Radium and lead

I
I
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Figure 13. Linearlzed normal cumulative distribution of the potassium

I concentrations in the solid samples of tailings and cover.
The potassium concentrations in the tailings are signifi-
cantly greater than in the soils. Increasing potassium

I indicates an increase in the amount of 'tailingsmixed withthe cover.
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!
in the uranium ore are not disturbed in the milling process and, therefore,

_ a near-equilibriumRa-226/Pb-210 ratio of 1.0 characterizesthe tailings
| (Figure 14). Uncontaminated soils also contain a ratio of Ra-226 and

Ph-210 concentrationsof near 1.0. The Ra-226/Pb-210ratios in tho cover

i samples are consistentlywithin the range found in the tailingsor uncoa-

taminated soils (Figure 14). This indicatesthat the bulk of Ra-226 and

I Pb-210 in the cover above the background concentrationsis due to the

presence of tailings rather than chemical migration. If radium or lead

I underwent chemical migration, the isotopic ratio would be expected to
deviate from equilibrium. A portion of Ra-226 and Pb-210 within the

I counting error of the isotope determinationsmay have migrated but this
cannot be recognizedwith bulk solid analysis.

The fraction of cover material ascribable to tailings was computed

I algebraicallyaccordingto the equation:

i Cc : x (Ct) + (l-x) (Cs) (1)
where Cc, Ct, and Cs are the isotopeconcentrationsin the cover samples,

I tailings, and uncontaminatedsoils, respectively,and x and (l-x) are thefractionsof the cover assigned to the tailingsand soils. The fractionof

tailings was calculated for each cover sample for the isotopes,Ra-226,mm
i Pb-210, Th-230, and U-238 using mean isotope concentrationsfor tailings

and uncontaminatedsoil (Table4). Because of the consistentRa-226/Pb-210

i ratios in tke tailingsand soil, the tailingsfractions,as calculatedfrom

the Ra-226 and Ph-210 data, are nearlyequal. This fraction representsthe

I maximum quantityof tailings present in the cover (Figures15, 16, and 17).
The differencesbetween the fractionsof tailings calculated on the basis

of U-238 and Th-230 and the fractions of tailings calculatedfrom Ph-210

and Ra-226 are probably due to chemicalmigrationof uraniumand thorium.

The distributionof the ratios of Th-230 (pCi/g)to total thorium (ppm)

I in the cover and tailings suggests similar results as the calculationof

the fraction of tailings from isotope concentrations. Four populations

I comprise the normalized linear cumulative distribution of the Th-230/
Th-total in the cover and tailings (Figure18). The tailingshave a ratio

i between 5.6 and 11.B, in the sands and between 16.6 and 19.8 in the slimes,
whereas the cover soils without tailings have a ratio of less than 1.0.

i
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Figure 14. Linearized normal cumulative distributiOn of the Ra-226/

i Pb-210 ratios in solid samples from the tailings, cover,and interface. The ratios in the cover and tailings are
not different, indicating that the Pb 2110and Ra-226 in the
cover is due to the presence of tailings and that differ-

I ential movement of Pb-210 and Ra-226 (wl_thinthe resolutionof the isotope determinations) has not Occurred.
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I Table 4. Fraction of Isotopesin Cover and InterlaceSamples
Contributedby the Presenceof TailingsMaterial.1

!
I Sample No. U-238 Ra-226 Pb-210 Th-230

I 164.01 0.88 0.069 0.069 0.23
164.02 0.57 0,034 0.035 0.12
164.03 0°35 0.033 0.030 0.070

I 164,04 0.50 0.026 0.027 0.096164.05 1.6 0.40 0.35 1.2

I 165.01 0.067 0.15 0.15 0.25165,02 0.21 0.21 0.20 0.43
165.03 0.14 0.21 0.20 0.30
165.04 0.13 0.18 0.17 0.21

I 165.05 0.14 0.12 0.14 0.13165.06 I.I 0.80 0.70 3,3

I 166.01 0.044 0.049 0.071 0.16166.02 0.026 0.046 0.055 0.15
166.03 0.052 0.045 0.046 0.10

i 166.04 0.94 1.2 1.1 1.2

I ICalculatedon the basis of physicalmixing using the mean concentrations
of the isotopes in tailings and soils.

I _ tlgs 28.5 323 319 100

i x soi'i 1.5 1.5 1.5 1.5

!
!
!
!
!
!
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I Figure 15. Fractions of isotopes in RIV 164 cover and interface samplescontributed by the physical mixing of tailings, calculated
from the isotope concentrations in the cover samples and an
average isotope concentration in tailings and uncontaminated

I soil. Assuming the quantitiesof Ra-226 and Pb-210 are con-servative,the fractionsof isotopesin excess of Ra-226 and
' Pb-210 may be from chemical migration.
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i Figure 16. Fractions of isotopes in RIV 166 cover and interface samplescontributed by the physical mixing of tailings, calculated

from the isotope concentrations in the cover samples and an

i average isotope concentration in tailings and uncontaminatedsoil. Assuming the quantities of Ra-226 and Pb-210 are con-
servative, the fractions of isotopes in excess of Ra-226 and

i Pb-210 may be from chemical migration.
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/ servative,the fractionsof isotopesin excess of Ra-226 and
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Figure 18. Linearized normal cumulative distribution of the Th-230/
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Th'total
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I The ratio increases as tailings are added to the cover soils. The ranking
i of samples in increasing Th-230/Th-total ratios coincides with the

I increasing fraction of tailings as calculated by the Ph-210 and Ra-226 with
I

the exception of two samples.

I CHEMICALMIGRATION

Migrati_ of Uranium and Thorium!
The general conclusions from Figures 15, 16, and 17 are that uranium

i has migrated into the cover at site RIV 164 and thorium has migrated intothe cover at sites RIV 164, RIV 165, and RIV 166. The linearized normal

cumulative distributions of the ratios Pb-210/Th-230 and Pb-210/U-238

I confirm the relationships shown by the box plots of the tailings fractions

(Figures 15, 16, and 17). The Pb-210/Th-230 ratios in the cover and

I interface less than the ratios characteristicsamples are to the tailings

(Figure 19). The Pb-210/U-238 ratios in the cover samples are within the

I ra,_ge characteristic of the tailings, except in the cover samples in RIV
164 where uranium enrichment has occurred. The cover samples with

i Pb-210/U-238 ratios greater than the tailings ratios are depleted inuranium. The depletion may be due to tailings with lesser uranium concen-

trations mixed with the cover or a supression of the uranium by infiltra-

I tion of surface precipitation.

The concentrations of U-238 and Th-230 in the cover deposited from

I migration are by deducting contribution from the
chemical calculated the

presence of tailings (fraction of tailings times the average concentration

I of the isotope in tailings) from the total isotope concentration (Table 5).
The migration of Th-230 appears consistent in the covers from the three

I sites. The interface sample contains the greatest concentration which isoverlain by a zone depleted in Th-230 and an enriched surface layer. This

is a pattern typical for upward migration and accumulation on the surface

I in an insoluble phase. Uranium migrated only at RIV 164. The variations

in the behavior of uranium at the three sites may be related to variations

I environment the cover. The mechanisms of mobility of
in the chemical of

thorium and uranium will be discussed in the next section on thermodynamic

I model ing.
(

I
|

_
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I Table 5. Concentrationsof Th-230 and U-238 in Cover
Samples from ChemicalMigration

t

I Th-230 U-238

I 164.01 17 22.02 10 16
.03 5 10
.04 8 14

I .05 85 33

165.01 11 0

I .02 23 i.2.03 10 0
.04 4 0

i .05 2 1.9
.06 251 7.2

166.01 12 1.3

I .02 Ii 0.8.03 6 1.5
.04 40 0

I
I
I
I
!
I
I
I
!
I
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I A characteristicdifference between tailings, soil contaminated by
(

chemical migration,and uncontaminatedsoil is the extractablefraction ofi

I the total quantity of an element. Normalized linear cumulativedistribu-

tions of the extractable fraction of aluminum and uranium illustrate the

I chemical migration of uranium into the cover at RIV 164 (Figure20). The
extractablefractionsof aluminum in the cover samplesare within the range

I characteristic of the background, whereas the fraction of extractable
aluminum in the interface samples are greater than in the cover samples

I which resemblethe behavior characteristicof tailings. These data suggestthat tailings dominatethe interfacesamplesbut have no major influenceon

the behavior of the chemical.compositionof the water-extractablephase of

I the cover samplesand that aluminum has not migrated from the tailingsinto

the cover. This agrees with the calculated tailingsfractionsof 3 to 20

I percent in the cover and 40 to 100 in the interface The
percent samples.

distributionof the extractable uranium fraction differsfrom the behavior

I of extractablealuminum. The fractionof extractableuranium in the cover
resembles local soils except for the interface samples and the cover

i samples from RIV 164 which have extractablefractionssimilar to tailings.The resemblance to tailings in the interface samples is due to physical

mixing; whereas in the cover of RIV 164, it is due to chemicalmigrationof

I uranium.

Migration of Radium

I Migration of radium evaluated by analysis of water and acid extracts,

I distinguishes the various chemical phases and, therefore, has greaterresolutionthan the radium solid analysis. The total extractablequantity

of radium in the cover exceeds that in the tailings. The concentrationsof

I radium in the acid-solublephase are much greater than the water-soluble
concentrationsin the cover, and nearly equal to the water-solubleconcen-

I trations in the tailings (Figure 21). Differences between the chemical
form of radium in the cover and tailings account for the differences in

I extraction behavior. The extraction behavior of radium in the cover
resembles carbonates and hydroxides,whereas in the tailings the behavior

I is typicalof sulfate salts. The differentchemical forms in the tailingsand cover suggestmigration of a water-solubleform from the tailingsinto

I
|
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I the cover where it is immobilized in a water-insoluble form, such as

( carbonatesalts or hydrousoxide precipitates.

I The assumption that the acid-solubleradium in the cover represents

the portionwhich underwentmigrationfrom the tailings is probably valid,

I although data exists on the acid-soluble concentrations in
no uncon-

taminated soils, which is necessary for absolute verification of the

I assumption. The profiles of the acid-soluble radium concentrations
indicate that they represent the migrationof radium. The concentrations

I of acid-solubleradium increase toward the surface, which is the pattern
| typical to upward migration and accumulationon the surface.

The percentage of total extractable Ra-226 to Ra-226 in the bulk

I solid indicates the maximum percentageof the Ra-226 in the cover due to

migration (Figure 21). In all sample sequences through the cover, the

I percentage consistently increases toward the surface, representing the
accumulationof radium with time. The percentageof total migration ranges

I betwe_n 0.73 and 14, which is within the counting error of Ra-226 analysis
in solid samples; and therefore explains why the chemical migration of

I radium was not resolved in the analysisof the bulk solids.The normalizedlinear cumulativedistributionof acid-solubleradium in

cover and interface samples distinguishesthree statistical populations

I (Figure 22). The interface samples comprise the population of lowest

radium concentrations. Apparently,the high concentrationsof sulfate and

I the depressed pH from the presence of tailings prevent the solubilityof
radium. The intermediatepopulationis comprisedof the cover samplesfrom

I RIV 166 and the lowermostcover samplesfrom RIV 165 and RIV 164 with less
than 0.5 pCi/g of soluble radium. Typical concentrationsof extractable

I Ra-226 from uncontaminatedsoils is not available. Determinationof theextent of contamination in the cover samples with extractable Ra-226

of less than 0.5 pCi/g requires determinationof a background value of

I extractable Ra-226 and comparisonwith the extractableconcentrationsfrom

the cover samples. The population with highest radium concentrationsis

I upper cover samples in RIV 164 and RIV 165, and most likely represents
the

the accumulationof radium due to precipitationand occlusionunder surface

I conditions.

I
m
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Figure 22. Linearizednormal cumulativedistributionof acid extractable

I Ra-226 in cover and interfacesamples. IncreasingRa-226concentrationsindicateincreasingchemicalmigrationof
Ra-226.
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I 5 MECHANISMSOF MOBILIZATIONAND RETARDATIONOF ELIEMENTSIN TAILINGS
I

l INTRODUCTION

The upward migration of contaminants requires that the contaminant

I in a mobile form. Retardation of contaminantsoccurs when the
exists

components transfer from the mobile to immobile form by precipitationor

adsorption mechanisms. If retardationmechanisms dillnot operate, migra-
tion of tailings solutions through the cover would produce identical

distributionsof all components. The transfer of componentsbetweenmobileand immobile phases occurs by chemical processes. Thermodynamicsgovern

precipitation reactions and the distributionof aqueous species. Other

I mechanisms of immobilization,especiallyimportantfo__ trace elements,are

adsorption,coprecipitation,and occlusionby a solid substrate.

I Uranium, thorium, radium are mobile in the chemical environments
and

of the tailings and are transported in varying degrees to the surface of

I the cover on the Riverton tailings. Although the concentrationsof the
isotopes in the pore waters of the tailings may be very low, accumulation

i of significantquantitiesof isotopeson the surface can occur. The watercontaining low concentrationsmoves to the surfacewhere precipitationof

the components occur. Some components precipitate as relatively water-

I soluble salts of chloride and sulfate and may be remobilizedand leached

downward by rain and snow melt. Other components,immobilizedas insoluble

I hydrous oxides and carbonates, are water insoluble and do not undergo
significantdownward leaching.

I Thorium shows the most consistent behavior in the upward migration
between the three locations sampled. Thorium concentrations in the surface

I samples range from i0 to 25 pCi/g. The migrationof Th-230 into the coveris significantbecBuse it decays to Ra-226 which decays to radon gas [9].

Uranium exhibits the most inconsistentbehavior among the three locations

I sampled. Accumulations of up to 22 pCi/g were present at one site;

whereas, no accumulationwas detected at the other two locations. The

I distribution of radium from migration resembles the distribution of

uranium. The location with uranium migration has the greatest radium

I migration of 3 pCi/g. The other locationshave small quantitiesof radium
accumulation,which cannot positivelybe attributedto migration.

I
|
I
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I The chemical behavior of elements, thorium, uranium, and radium, will

be discussed as relating to the mobility and retardation of the isotopes.

I Specific behavior of the elements in the chemical environment of the

Riverton tailings and cover was evaluated by the state of chemical equi-

I librium of the water extracts as calculated with PHREEQEand by relating

the quantities of precipitated iron, aluminum, manganese, and silica with

I the quantities of trace metals. The dominant aqueous species in the pore
water of the tailings and cover are listed in Tables 6 and 7. Species in

I the data base of PHREEQEincluded complexes of all the important anions,hydroxide, carbonate, sulfate, chloride, phosphate, and fluoride. Sulfate

I dominates the tailings pore water and has a significant control over manyof the divalent elements in the cover.

I MOBILITY OF URANIUM,RADIUM, ANDTHORIUM

Uranium occurs primarily in the uranous, U(IV), and uranyl, U(Vl)

I states in the natural environment. Hexavalent uranium is generally con-
sidered mobile because it forms aqueous complexes with fluoride, sulfate,

I nitrate, and phosphate in acidic environments and with carbonate and
hydroxide in neutral and alkaline pH environments. Uranium precipitates as

I oxides, silicates, and phosphates in the uranous state. The uranyl ionprecipitates as hydroxides, carbonates, phosphates, vanadates, and sili-

cates [I0]. In the Eh and pH conditions of the tailings and the cover, the

I oxidized form complexed with sulfate predominates.

Uranium strongly interacts with organic compounds and is fixed by immo-

I bile matter and mobilized by soluble organic compounds. Experi-organic

mental studies show fixation of uranium in soils with maximum adsorption on

I humic compounds, hydrous oxides of iron, silica, and manganese, and cl_ly
minerals at pH 5-6 [11]. In soils, the precipitation of calcite and

apatite tends to occlude uranium by the substitutionof U022+ for Ca2+

I [12 and 13].

The results of equilibrium calculations of aqueous species and satura-mm

"I tion indexes (S.l.) of mineral phases show that U02(S04)2-2 and U02+2

dominate in the tailings,and U02(C03)2"2 is the major soluble species in

I the (Tables 6 and 7). The low pH, high Eh, and high sulfate
cover

|
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concentrations prevent saturation of any mineral phase. At higher pH and

I carbonate conditions of soils, the autunite minerals (Na,K) 2 UO2(P04)2,

UO2(OH}2, and (U02CO3) tend toward saturation as the moisture content

I decreases.
Radium. Inadequate data describing the solubility and immobilization

I of radium often leads to the generalizationthat radium is insoluble.
However, high concentrationsof radium in ground waters around uranium ore

i bodies suggest that natural water can mobilize radium from certain rocktypes [14]. Thermodynamicdata for the aqueuuscomplexesand solid phases

of radiumwith chloride,nitrate,and sulfateare available;however,other

I mechanisms such as coprecipitation and adsorption on clay minerals, hydrous

oxides, and organic matter strongly influence the geochemical behavior of

I radium. Calculations with the water the
PHREEQE on extract data from

Riverton tailings indicate the dominant forms to be Ra2+ and RaSO4 in both

I the tailingsand cover.
Various studies on the leaching of radium from acid-leacheduranium

i mill tailings suggest that radium in mill tailings exists as a coprecipi-rate with sulfate minerals of barium, calcium, and strontium and may be

sorbed on silicate minerals. Radium in uranium ore is oi_ly slightly

I soluble in the sulfuric acid leaching circuit. Numerous determinations

show that less than 0.2 percent of the radium in the ore dissolves. This

I be due to mechanism of dissolution from the followed
may a complex ore by

precipitation of radium as sulfate minerals. Radium in uranium ore is

I soluble in HCI, HNO3, and distilled water, because of the greater solu-
bility of RaCI2 and Ra(N03)2 as compared to RaSO4 at equal concentrations

i of the anion. The solubility in distilled water is highly dependent uponthe liquid-to-solid ratio, suggesting a limiting solubility product

[15, 16, and 17].

I Lime treatment of tailings slurry to neutralize the acid tends to

increase the radium concentration in the aqueous phase [18]. The increase

I coincides with a decrease in sulfate due to the precipitation of
in radium

gypsum, which induces the dissolution of radium sulfate from the tailings

I according to th_ commonion effect. By analogy to the studies on radium in
acid-leached tailings, Landa [14] suggests that alkaline earth carbonates

I
|
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I
Table 6. Dominant AqueousSpecies in the Tailings Waters of Riverton

I Tailings Determinedby Calculationsof PHREEQE

Element

I Al AI+3, AI(S04)4-2

I As H2AsO4-
Ba Ba+2, BaS04o

I Ca Ca+2,
CaSO4

Cd Cd+2, CdCl+, CdSO4

I Cr Cr+3

Fe FeS04+, Fe(S04)2-,Fe+3, Fe+2, FeS04, FeCl+2

I K K+, KS04_, KCI

I Mg Mg+2, MgSO4

Mn Mn+2, MnSO4, MF_CI+

I Mo H2MoO4

Na Na+, Na2S04, NaS04-,NaCl

I Ni Ni+2, NiSO4, NiCI+

I Pb Pb+2, PbSO4
Ra Ra+2, RaSO4

I Se HSe03"

Si Si(OH)4

I Th Th(S04)2,Th(SO4)3-2, Th+4

I U U02+2, U02(S04)2-2, U02SO4
V V04-3

I
!
I
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I Table 7. Dominant AqueousSpeciesin the Cover Waters of Riverton
( Tailings Determinedby Calculationsof PHREEQE.

i •Element

I Al Al(OH)3, Al(OH)4-
As As04-3

I Ba Ba+2, BaSO4

Ca Ca+2

I Cd Cd+2, CdSO4

I Cr Cr(OH)2+, Cr04-2
Fe Fe(OH)3O

I K K+, KSO4-

Mg Mg2+,'_IgSO4

I Mn Mn?+, MgSO4, MnCI+

I Mo Mo04-2
Na Na+, NaS04-,NaCl

I Ni Ni+2,
NiSO4

Pb Pb+2, PbSO4

I Ra Ra2+, RaSO4

I Se Se03-2
Si Si(OH)4

I Th Th(OH)4 , Th(HP04)3-2

U U02(C03)2"2, U02(C03)3-4

I V V04-3

|
!
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!
are probably involved in the immobilization of radium in alkaline-leached

I uranium mill tailings. Thermodynamic data does not exist on the stability
of radium carbonates, but acid and water extracts of soils contaminated

I with radium from this study suggest that radium is immobilized in the acid-
soluble phase, which may involve carbonate minerals.

I Thorium. In aqueoussystemsof the naturalenvironmentonly the Th(IV)oxidationstate is known to exist. Because of its high charge density, it

tends to form strong aqueous complexeswith fluoride, sulfate, phosphate,

I chloride, and nitrate. Aqueous complexes allow significant levels of

solublethorium in waters containinggreat enough concentrationsof anions.

I For example, in sulfuric acid leaching of uranium ore, about 20 percent of

the thorium is released. Anionic complexes of thorium are most important

I in waters of low pH. As pH conditions increase, thorium hydrolizes and
precipitatesas thorium oxides or hydroxides. Thorium also strongly sorbs

I to clay particles and to ferric oxides and hydroxides [14]. Experimental
studies have shown that waters with a high organic content contain the

I greatestconcentrationsof solublethorium[19].The data from the Riverton tailingsindicate that thorium is soluble in

the tailingsas sulfate complexes,Th(S04)2 and Th(S04)3-2 and soluble in

I the cover as Th(OH)4 and Th(HP04)3-2. The presence of phosphatein soils
from the addition of fertilizers or natural occurrences increases the

I concentrationsof mobile thorium.

i RETARDATIONOF ELEMENTSIN THE COVER
Aluminosilicates such as feldspars and clay minerals in the soils of

i the cover weather incongruently, producing an acid-soluble Si-Al amo;'phousmaterial. The identity of this material is not known except that it is

amorphous to x-ray diffraction and that it has a stoichiometry of nearly

I 1"1 aluminum to silicon (Figure 23). The aluminum is virtually water

insoluble,whereas about one third of the total siliconis water soluble.

I The Si-Al amorphousmaterial activelyretains trace elementsespecially
divalent ions during its formationby either occulusionwithin the lattice

I or by sorbtion on the surface. Correlatlonof the concentrationsin theacid extracts of radium with aluminum illustratesthe effectivenessof the

I
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I GECR DWG #D-8390
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Figure 23. Regressionanalysisof total extractableand HCI extractableAl

I and Si. The slopes of the regressionlines indicatethe stoi-chiometryof the aluminosilicatesdissolving in the extractions.
The water extract solubilizesSi but not aluminumwhich suggests
an incongruentreactionprecipitatingan acid solublealuminum

I enrichedmaterial.

|
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!
Si-Al material to retard radium migration. The correlationof radium and

Ii aluminumshows three unique trends each correspondingto the cover samples

i

from specific cores (Figure24). Radium and aluminumcorrelatepositively

I in the cover samples from RIV 165 and RIV 166 with correlationcoefficients
of greater than 0.99. The concentrationsof aluminum and radium regularly

i increase toward the surface in the cover of RIV 165 and RIV 166. Thisincreasein aluminum indicatesan increasein the rate of weatheringof the

aluminosilicateminerals and production of the amorphous AI-Si material

N due to the increase in moisture and temperaturetoward the surface. The

significantcorrelationmay indicatea predictablerelationshipbetween the

i of AI-Si material and the of migrating radium
quantity amorphous quantity

it can retain.

m There is no correlationbetweenthe acid-solublealuminumand the total
aluminum concentrations in the cover samples, which indicates that the

increasing acid-soluble aluminum is independent of the source material.
| Also, the correlation line of RIV 165 is nearly parallel with the line

describing the correlation for RIV 166. The greater y-intercept in RIV 165i

i probably indicates a greater source of radium from the tailings mixed with

i the cover at this site. The parallellines indicatesimilarmechanismsfor

i the association of radium with aluminum at the two sampling sites.
The radium-aluminum relationship at RIV 164 differs from the relation-

i ships at RIV 165 and RIV 166 by the higher radium concentrationsand the
lower concentrationsof acid-solublealuminum. The low quantitiesof AI-Si

i amorphousmaterial may have allowed the migration of higher quantitiesofradiumto migrate to the surface. The surface samplesof RIV 165 also fits

into the low aluminum-highradium pattern of RIV 164. When low quantities

N of amorphous aluminum are present, radium may precipitate as other acid-

solublephases, such as carbonatesor adsorb on iron hydroxides.

i This betweenacid-solublealuminum and radiumrelationship may provide

a feasible method to immobilizeradium migrating into a cover emplacedon

I the tailings. Prior to emplacing a thick cover on the _ilings, a thin
cover of material with abundant amorphous aluminosilicatesshould be

U emplaced. Natural weathering processeswill continue and further enhancethe retardationpropertiesof the amorphousaluminosilicates.

!
n
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I analysisof Ra-226 and aluminum in the acid extractsFigure24. Regression

of cover and interface. The correlationbetween Ra-226 and
aluminum indicatesretardationof Ra-226 by precipitationof

m acid-solublealuminumcomponents. The parallelcorrelationsof the samplesin RIV 165 and RIV 165 indicatea similarmech-
anism. The high concentrationsof Ra-226 in the samples from
RIV 164 may be relatedto the low concentrationsof acid soluble

I aluminum.



!
54

!
In addition to the amorphousaluminummaterial produced by weathering

I of aluminosilicate minerals, hydrous oxides of aluminum precipitate
at the interface in greater quantities than in the cover (Figure 25).

N The vertical distributions of water and acid-soluble elements show the
accumulation of aluminum at the interface,as well as many of the trace

n components. Iron hydroxide undoubtedlyalso precipitatesat the interfacebecause of the change from acidic conditions in the tailings to near

neutral pH conditions in the soil; however,the vertical distributionsdo

N not show significantlygreater concentrationsat the interface thanin the

cover. However, observationsof the interfacezone in the trenchprepared

I for sampling revealed a band of precipitateswith the yellow-orangecolor
of iron precipitates.

N The precipitationof hydrous iron oxides also plays an important role
of scavenging trace metals in the cover. The concentrationsof trace

i metals in the acid extracts, cobalt, nickel,chromium, arsenic, vanadium,and uranium correlate with the acid-soluble iron and have correlation

coefficients greater than 0.60 (Figures 26, 27, and 28). The surface

I samplesare anomalouslyhigh in certaintrace metals and were not included

in the regressionanalysis for those metals. Uranium correlateswith iron

I in the from RIV 164 where uranium has The fromsamples migrated. samples

RIV 165 and RIV 166 that do not contain significant quantities of migrated

N uraniumdo not correlatewith acid-solubleiron.

!
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Figure 25. Linearized normal cumulative distribution of acid-soluble

I aluminum in cover and interface samples. The interfacesamples have high concentrations from the contribution of
aluminum and acid from the tailings. Increasing acid-

I soluble aluminum in the cover indicates an increase indestruction of aluminosilicate minerals and the precipita-
tion of aluminum gels.
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Figure 26. Regressionanalysisof acid-solubleiron againstcobalt and

R nickel in cover and interfacesamples.
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6 THERMODYNAMICMODELINGOF MIXING OF TAILINGS SOLUTIONWITH COVER

I INTRODUCTION

I Modeling the chemical reactionswhich occur upon migrationof tailings
solution into the cover requires determinationof a representativesource

I solution from the tailings and a solution representativeof the pore waterin the soils of the cover. The water extract solutionsreflect the rela-

tive compositionsof the pore waters (vg of element per g of solid) and

I contain the components from the pore water and from 'thewater-soluble

precipitates. The composition of the pore water is determiendby concen-

I trating the water extract solution according to the porosity
and moisture

saturation of the sample and by equilibrating the solution with the

controlling mineral phases by calculationswith PHREEQE. Equilibrating

the solution with respect to appropriate mineral phases at saturation

I indexes typical of the environment adds or removes components to attain thespecified saturation indexes. These calculations by PHREEQEresult in a

calculated solution which approximates the major chemical composition, pH,

I and Eh of a typicalpore water.

The minerals which control the compositionof the pore water of the

I tailings were determined by modeling the state of chemical equilibrium of
pore waters sampled within the Riverton tailings with lysimeters by

_I Lawrence Berkeley Laboratory [4]. The saturation indexes for minerals
which control the compositionof the aqueous phase are listed on Table 8.

I The saturation indexes for the various minerals are quite consistentthroughout the tailings. The apparent supersaturation of gypsum and under-

saturation of tauriscite (FeSO4"7H20), Fe(OH)3(am), and epsomite

I (MgSO4"7H2O) probably reflect processes not included in thermodynamic model

such as kinetics, solid solutions, and formation of less-than-ideal crystal

forms.

The minerals controlling the composition of pore water in the cover

were determined from published data on chemical equilihrium in soils [20]

and by comparison with the state of chemical equilibrium of the water

I extract in contact with the solid. The minerals" Fe(OH)3 (micro-crystalline), manganite (MnOOH), AI(OH)3 (am), SiO2 (gel), calcite,

I
I
I
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l magnesite, MnHPO4, gypsum and fluorite, and carbon dioxide were determinedto control the composition of the aqueous phase. In a carbonate environ-

ment, the concentration of solubi_ aluminum may be controlled by minerals

l such as dawsonite (NaAICO3(OH)2). The aluminum concentrations in

equilibrium with amorphous aluminum ilydroxide and dawsonite vary slightly,

I the results of the migration of trace elements in thehowever, modeling

cover upon mixing of tailings and cover solutions are not sensitive to

I the nlinor variations in aluminum concentrations. Ali of the minerals
controlling the composition of the aqueous phase are near equilibrium

with saturation indexes of zero. Carbon dioxide has a saturation indexequivalent to the partial pressure. The partial pressure of CO2 has a

significant relationship with pH and temperature and, therefore, affects

l the mobility of trace components.

For the calculations of the concentration of the water extract data, 50

I and 1.6 g/cm3 bulk density a_sumeH The calculationspercent porosity were

used are as follows:

C = CPsne/S

where:

l C = concentration in calculated solution (_gelement/cm3H2 O)

c = concentration in water extract (_gelement/gsoil)

Ps = average bulk density (g/cre3)

ne = effective porosity (Cm3soil/Cm3void)

S = moisture saturation (cm3void/mlH2 O)

I
The factors to concentrate the water extract data to account for

I variations in moisture content are as follows'
Saturation (%) Factor

100 3.2
5O 6.4

I 40 8.030 10.7

l 20 16.0I0 32

m
I
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The multiplying factor required to convert lJglg to vg/ml in accordance

with the porosity and moisture content of the tailings was confirmed by

comparing the silicon concentrations in the water extracts (vg/g) with the

I silicon concentrations in solutions generated by PHREEQE,equilibrating
the water extract data with mineral phases at the saturation indexes

I characteristic of the tailings pore waters. Silicon was used because theconcentration of silicon in the water extracts reflects tL concentration

of silicon in the pore water of the tailings. Relatively small quantities

I of silicon in the solid phase of the tailings dissolves in the water

extracts. The average ratio of the silicon concentrations in the tailings

I water extracts before and after with the mineral is 5,,equilibration phases

This implies, that in order for the chemical composition of the water

t extracts to approximate that of tailings pore water, the water extract data
are to be multiplied by about 5 to convert ug/g to ug/ml. After the

I multiplication operation, the solutions are to be equilibratedwith themajor mineral phases to partition the quantity of components between the

solid water-solublephases and the pore water. Multiplicationof the trace

! element concentrationsin the water extracts by 5 gives the maximum con-

centration available for transport out of the tailings. A factor of 5

I indicates saturation of 64 in the
a moisture about percent t,_il ings

assuming 50 percent porosity and a bulk density of 1.6 g/cre3.

I The moisture content has only a minor influence on the concentrations
of components in the solution calculated by PHREEQEbecause of the assump-

I tion that the solutions remain in equilibrium with the same set of mineralphases (Table 9). The primary effect of concentrating the solutes by

decreasing moisture content is the increase in activity coefficients of

I some aqueous species, especially divalent cations such as calcium and

sulfate, thus increasingthe concentrationof solute necessaryto maintain

I the chemical activity of the species, Changes in moisture content may
influence tne mobility of thorium, uranium, and radium (Table i0). The

I mobility of thorium may be influencedby changes in moisture content to a
greater degree than uranium and radium. The variationbetweena saturation

I index (S.I.) of -0.25 and 0.86 at moisture contents of 100 to !0 percentmay indicate migration of thorium d_,ring wetting and drying cycles.

!
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Table 9. Concentrations(ppm) of Elements in the Cover Pore Water

ii at Varying MoistureContents.

Moisture

I Saturation pH Eh I* Al HC03 Ca Fe Mg Mn PO4 S04 Si

I 100% 8.06 382 .183 0.55 61 268 0.16 260 0.13 0.38 6810 89
50% 8.13 378 .292 0.66 83 242 0,15 232 0.12 0.53 11420 86

I 40% 8.16 376 .359 0.73 0.61 14600
96 232 0.15 221 0.12 84

30% 8.18 375 c440 0.83 112 221 0.14 210 0.11 0.71 18800 82

I 20% 8.22 373 .581 1.03 141 206 0.14 195 0.11 0.86 27100 78

I 10% 8_26 370 .904 2.0 215 178 0.12 169 0.10 1.16 50700 67

i * Ionic Strength

Table 10o ThermodynamicSaturationIndexesof Minerals of Thorium,
Uranium, and Radium at VaryingMoistureContents as

I Calculatedby PHREEQE.

I Moisturef

Th02 UO2(OH)2 RAS04Saturation

I 100% -0.25 0.01 -6.09

•_ 50% 0.05 0.04 -5.74
| 40% 0.18 0,05 -5.60

i 30% 0.32 0.06 -5.45
20% 0.51 0.09 -5.26

I 10% 0.86 0.16 -4.93

!
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I
Uranium hydroxide maintains an equilibrium condition independent of the

I moisture content; whereas, Migra-
radium sulfate remains undersaturated.

tion of thoriummay be thermodynamicallycontrolled;whereas, the mobility

Im of uranium and radium is probably controlledby adsorptionand coprecipi-
tation reactions.

I CHARACTERISTICSOF THE COVER

In the characterizationof the cover, a temperaturerange between5 and

I 35 degreesC_Isiusand a range of partialpressure of CO2 (gas) from 10-2.0

to 10.4.0 were assumed to represent seasonal variations and the range of

I vegetative respirationin th'eroot zone to conditions with no vegetation.
High partial pressure (expressed as fugacity) of carbon dioxide gas

I (pfC02 = 2.0) represents conditions of high vegetative respirationrate;
pfCO2 = 3.5 is the equilibrium state with the atmosphere. _'rhereas,

I pfCO2 = 4.0 indicatesthe absence of respiration. The variableparametersof temperature and the partial pressure of carbon dioxide gas influence

i the geochemical environment,which controls the properties of the covermaterial and the migration of trace metals. The probable range of the

geochemicalenvironment as expressedby pH and Eh is shown in Figure 29.

I Comparison of measured and calculated conditions for the cover materi_l
shows close agreement.

I The maintenance of equilibrium,pH buffering, and Eh poising of the
aqueous phase with the solid phases requiresthe consumptionand precipita-

I tion of solid phases participating in the reactions. Dissolution-preci',;itationr_actions, in turn, affect the solid to void ratio of the

'i cover material. The net cumulativechangeswill take place as function of
m the geochemicalparameters and the direction a_idrate of water movement.

The resulting net changes of calcite, MnHP03, and volume are shown in

I Fi_lures30, 31, and 32, respectively.

At a fixed pfC02 dissolution of calcite to maintain equilibrium is

I affected by the temperature of the pre'tailingenvironmentand the pH as
shown in Figure 30. The equilibrium pH conditiG.isfor the temperature

I range of 5 to 35 deqreesCelsius and pfCO2 range of 2 to 4 varied between
7.3 and 8.5. High temperature _nd lower pH favors the dissolution of

I
I
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I GECR DWG #D-8393

'_- Eh-pH FIELD FOR

,|. Eh., m V COVER SOL"N ,

I 600 _x _ 2.0.
-x__,_. 2.5 . pfCO 2 '

I Sg8 _' _ \ /"\ _ 3.o,

I ' \"_ ,",_'_ _._
| 4ee . ,,."t_ "_I_/ "_ 4.o

| / \35
temp. C

I 2C)0 ' ' '7 7.E; 8 8.E;

| pH

!

I Figure 29. Eh-pH field calculatedas the function of temperatureand

carbondioxide fugacity (pfCO2 means the negativelogarithm

I of CO2 fugacity)and the solia phases maintainingequili -rium with solution (calcite,magnesite,silica gel, dawson-
ite, MnHP04,manganite,and microcrystallineferric hydroxide).

, Samplesfrom field are superimposed" O=RIV 166, A=RIV 165,
| E]=RIV164, and e=RIV I03. [1]
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CALCTTE

I g/kg
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I
I

Figure30. Behaviorof calcitein coveras the functionof temperature,

I and thecorrespondingpH. Gramsof calcitedissolved,p_c_,-,Ovrprecipitated(-)per kilogramof solution.
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I GECR DWG #D-8395

I
Figure 31. Behaviorof MnHPO4 in cover as a functionof temperature,

pfCO2 and the correspondingEh Grain of MnHPO4 dissolved

I (+) 6r precipitated(-) per kiiogramof solution.

I

I

I
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!
VOLUME CHANGE
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Figure32. Porevolumechangein coveras a functionof temperature,

I pfCO2, and the correspondingpH. Cm3 of porevolumeincrease(+)or decrease(-)per kilogramof solution.
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!
calcite; whereas, lower temperature, high pH, and low partial pressure

I the of calcite, providinga supply of calcium in the
causes precipitation

aqueous phase is available. If data describingthe rate and quantityof

I water movement through the cover are available, the amount of calcite
dissolved from or added to the solid phase can be calculated and the

capacity in the cover to maintain equilibrium conditions governed by

I calcite can be estimated.

Coupled oxidation-reductionreactions of manganese and iron are the

I major electroactivecomponent reactions,which poise the Eh of the system.

The dominant manganese containing mineral, as inferred from acid extract

I data, is MnHPO4. Figure 31 shows the as a
behaviorof this solid function

of temperature,partial pressure of carbon dioxide,and Eh. Hightempera-

I ture, low carbon dioxide fugacity, and lower Eh favor the dissolutionof
. the solid phase, hence, decrease of the Eh of the system. Similarly to

I calcite, quantitativeestimatesof the capacityof manganese poisingcan bemade if the appropriatehydrologic data are available.

The net result of volume change in the cover resulting from precipi-

I tation and dissolution of minerals as a function of the environmental

parameters for a system where equilibrium is maintained is shown in

I Figure 32. The dissolution of gypsum and precipitationof calcite most
significantlycontribute to volume changes. Temperaturehas the greatest

I effect on changing the pore volume because of the influence on calcite
equilibrium. Lower temperatureswill increase pore volume through time,

I whereas, pore volumewill tend to decreasewith higher temperatures.

INTERACTIONOF TAILINGS SOLUTIONWIIH COVER

'I" Two cases of probable interactionsof tailings solutionwith the cover

were investigated.

I 1. The cover has no capacity for maintaining the original
equilibriumcondition.

I 2. The cover has the capacity for maintaining the original
equilibriumconditions.

I Within the i-2 cm cover sample directly above the tailings interface,
the first (1) relationshipexists, despite the calcareous nature of the

I
I _
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material used for the cover. These samples have low pH (<6) and high Eh

I (>480 mV) characteristicof the tailingsmaterial. Mineralogicevidence,

the absence of calcite and the presence of natro-jarosite,gypsum, and

I hexahydratesuggests processes:
the following

1. The rate and total quantityof acid addition to the coveY'had

I exceeded the rate of dissolutionof calcite and Eh poisingcapacity of the minerals in the cover.

i 2. The capacity of the cover for maintainingoriginalequilibriumconditions had been exhausted.

3. Precipitation of acid-producingminerals such as jarosites

I maintains acidic conditions,as well as increasesEh.

Mixing tailings solutionwith the cover in quantities great enough to

I exceed the buffer capacity of the soil affects the ofmigration behavior

trace metals. The solubility of most components increase as the pH

I decreases. Furthermore, neari,_g or exceeding the isoelectric point toward
the low pH side, recudes the adsorptive capacity of the substrate or shifts

I it to an anion adsorber. Addition of acid to the cover where no mineralcontrol exists to maintain the original equilibrium profoundly lowers the

pH (Figure 33). One micromole acid added to one kilogram of cover solution

I will reduce the pH from about 8 to about 4; two micromoles will reduce the

pH to 3.

I The second relationship where the mineralogy of the cover maintains
the original equilibrium is generally the realistic situation for tailings-

I cover interactions. Calculations were made for mixing tailings into
cover solutions from 1:99 to 2:3 ratios considering the maintenance of

I equilibrium by calcite, magnesite, silica gel, dawsonite, MnHPO4 or bix-byte, and ferric hydroxide as a function of temperature and pfC02. The

i chemical environment resulting from the mixing varies as a function ofof temperature and pfCO2 (Figure 34). There is a tendency of lowering

the Eh by a maximum <I00 mV at high carbon dioxide partial pressure to a

I minimum <20 mV at low carbon dioxidepartial pressurewhen the mixing ratio

is 1"9, tailings to cover solution. The change in pH as a function of

I temperature carbon partial pressure is negligible. Mixing
and dioxide

of tailings and nontailings solutions does not significantly alter the

I
I
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!
ACID ADDITION

| ACID ADDED
tool e TO COVER

n _._1

!
Figure 33. Change of pH as the function of acid addition to cover solution

I under conditions of no mineralogic buffer 0=5°C, x=35°Ctemperatures. Acid added mole/kg of solution.
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i GECR DWG #D-B39B
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I Figure 34. Eh-pH field and its shift from original positionresulting
from mixing tailingswith cover solutionin I'9 ratio, as
the functionof temperature,pfCO2, and the corresponding
pH.
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i BB components which are sensitiveto Eh changes. The saturationindexes of
| the most mineral phases of the radioactivecomponents(radium,thorium,and

uranium) change little in the indicated chemical environment except for

I uranium.

Uranium is sensitive to the variations in the environmental conditions

I because of its oxidation-reductionbehavior and formation of carbonate
complexes (Figure35), Low temperatureand low partialpressure of carbon

I dioxide favor the precipitationof uranyl hydroxide. The dominantaqueous
species is the negativelycharged uranyl di-, and tri-carbonate,depending

I on the pH. In the relativelyhigh pH environment,the mineral substrate
is mostly a cation adsorber and the carbonate complexes of uranium are

probablymobile.

I As the mixing of solutions and the maintenance of original equilibrium

conditions occur, the dissolution of calcite and the precipitation of

I gypsum should be considered. For 1:9 ratio of tailings solution mixing

into the cover solution calcite dissolves in the range of 2.0 gram solid

I per kg of solution (t : 5°C and pfCO2 : 4.0) and 2.3 g/kg (t = 35°C and
pfCO2 = 2.0). Because gypsum occupies less volume than calcite, the net

pore volume reduction ranges between 0.55 cm3/kg of solvent (t = 35°C and
|

pfCO2 = 2.0) and 0.65 cm3/kg of solvent passing through the pore space.

i The significance of this process may be the enhancement of capil_arymoisture movement, because with reducedpore space the capillarypotential

increases.

I
I
I
I
I

I
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i . Figure 35. Changes in SI (saturationindex) of UO2(OH)2 as the functionof temperature,pfCO2, and the correspondingpH. Negative

SI indicatesdissolution,whereas positive indicatesprecipitation.
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I 7 CONCLUSIONS

The conclusions on the upward migration of salts and contaminants from

I tailings into an earthen cover are based upon a total of 30 samplestaken

from three locations through the cover into the tailings on the Riverton

I site. Data included chemical and analysis of bulk solid,
are isotope

water extracts and acid extracts, and x-ray diffraction analysis. A

I general conclusion is that the study of contaminant migration must be
preceded by a distinction between contamination from physical mixing and

I chemical migration. This was done by evaluation of conservative componentssuch as potassium and Pb-210 in the bulk solid. The quantity of tailings

mixed in the cover sampled from the Riverton tailings varied between 3 and

I 20 percent. Varying quantities of thorium, uranium, radium, and molybdenum

have contaminated the cover from chemical migration. Contaminants such as

I As, Cr, Ni, Se, are to pH conditions,were
and which sensitive and Eh immo-

bilized at the interface between tailings and cover. The contamination

I from chemical migration was primarily transported by fluid gradients
induced by evaporation. Thicker covers will minimize fluid gradients

into the tailings; consequently, the role of capillary potentials for

transporting contaminants will be increased.

The migration of Th-230 showed consistent behavior among the three

sampling locations. The concentrations increased toward the surface

within the range of 2 to 23 pCi/g. The mobility of thorium appears to

I controlled by the solubility of thorium oxides and hydroxides. The
be

presence of phosphate from the addition of fertilizer forms aqueous thorium

I phosphate complexes and increases the soluble concentration. Thorium
accumulates on the surface as oxides and hydroxides which become super-

I saturated due to evaporation.The migration of uranium was inconsistentamong the three sampling

locations. The concentrationsdue to migration ranged between 10 and 22

I pCi/g at the location on the west end of the tailings pile; whereas, there

was less than 2 pCi/g at the other two locations. At the pH and Eh con-

I dition_ of the uranium is availablefor and tri-
cover, migration as di-

carbonate complexes. Immobilization of uranium appears to be associated

I with the preLIp_,tation of iron hydroxides. The details of the mobilizatlon

!
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i and immobilization mechanisms to explain the observations were not a partof this investigation. The migration of mol3_bdenum follows the same

i pattern as uranium. The location on the west end of the site had concen-trations of molybdenum from migration ten-fold greater than background

concentrations. The greater magnitude of migration at the west end of the

I tailings may be related to the availability of water due to retention by a

pl_stic liner near the base of the pile.

I The distribution of radium showed some resemblance to the m:gration
of uranium. The location with high uranium concentrations had radium

I ,centrations du_ ' _nigration up to J pCi/g; whereas, the other twolocations had concen Lfations 'less than 1.5 pCi/g. The distributions of

i radium increased toward the surface, typical of upward migration profiles.Radium sulfate is undersaturated in the cover, which indicates adsorption

on various substrates and coprecipitation with BaS04. The retardation of

I radium at the locati_ns with less than 1.5 pCi/g appear' to be associated

with amorphous aluminosilicate components. The formation of amorphous

' I alu_ :nosilic_t_s from the weathering of primary silicate minerals, such as
U

feldspars, may represent a feasible mechanism to retard the migration of

I radium. As natural weathering processes occurr through time, the immobi-lization of radium would be extended.

i The major parameters affecting the mobility of contaminants werepartial pressure of CO2 and temperature, which varies seasonally and with

plant respiration. The partial pressure of CO2 influences the pH and the

I activities of bicarbonate and carbonate anions available for complexing
cations such as uranium.

I The moisture content, between i00 and 20 percent, did not significantly
affect the concentrations of components in solution because of the assump-

II rien that the solutions remain in equilibrium with minerals in the solid
g

. phase. The saturation indexes of ThO2 vary significantly as a function

i of moisture content. The saturation index of ThO2 fluctu;_tes positively
and negatively from equilibrium, which indicates a potential for thorium _/

J_
Oigration during wetting and drying cycles.

I The migration of sulfate t_ilings solution into the cover dissolves

calcite and gypsum precipitates. Becaus_ of the molar volume dif r _ces

J,| -
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between calcite and gypsum, the volume of the solid phase will increase,

I decreasing the pore volume. The decrease in pore volume will tend to

increase the capillary potentialsof moisture movement into the cover and

I needs to be considered in evaluationof capillarytransportof water.

The results of modeling the mixing of taiiings and nontailingsdid not _

I show significant changes of the mobilities of contaminantsexcept for
uranium. Assuming an adequate quantity of calcite in the cover to buffer

I the acidity of the tailings solution, the only change in the chemical
environment is a small decrease in Eh. The mobility of uranium is

I increased because of its electroactive nature and its tendency to formsolublecarbonatecomplexes.

I

I
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Surface Streams- I. Health Physics,Vol. 14, 1968, pp. 417-422.

! 18. Ring, R. d., D. M. Levins, and F. J. Gee. Radionuclidesin Process
and Waste Streams at an Operating Uranium Mill. Proceedings of a
Symposium Management of Wastes from Uranium Mining and Milling.

I Albuquerque,NM, May, 1982. IAEA and NEA.

19. United States Environmental Protection Agency. Radionuclide

I Interactions with Soil and Rock Media. Volume I" ProcessesInfluencing Radionuclide Mobility and Retention, Element Chemistry and
Geochemistry, Conclusions and Evaluation. EPA 52016-78-007, Office of

I RadiationPrograms,Las Vegas, RV, Facility,1978.
20. Lindsey,W. L. Chemical Equilibriain Soils. Wiley-lnterscience,New
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I APPENDIX A

METHODS USED BY BENDIX FIELD ENGINEERING CORPORATION

I FOR CHEMICAL AND ISOTOPIC ANALYSIS

I WATER AND HCI EXTRACTS" ,j
', i

Determination ,' Method

I .............I
Aluminum 2 Inductively Coupled Plasma Emission2
Aresenic EPA - 206.2 Heated Graphite - Atomic Absorption

I Barium EPA - 208.1 Flame Atomic AbsorptionCalcium EPA - 215.1 Flame Atomic Absorption
Cadmium EPA - 213.2 Heated Graphite - Atomic Absorption

i Cobalt EPA - 219.2 Heated Graphite - Atomic AbsorptionChromium EPA - 218.2 Heated Graphite - Atomic Absorption
Iron EPA - 236.1 Flame Atomic Absorption
Potassium EPA - 258.1 Flame Atomic Absorption

I Magnesium EPA - 242.1 Heated Graphite - Atomic AbsorptionManganese EPA - 243.2 Heated Graphite - Atomis Absorption I
Molybdenum Inductively Coupled Plasma Emission

I Sodium EPA - 273.1 Flame Atomic AbsorptionNickel EPA -249.2 Heated Graphite - Atomic Absorption
Lead EPA - 239.2 Heated Graphite - Atomic Absorption

i Selenium EPA - 270.2 Heated Graphite - Atomic Absorption lSilicon Inductively Coupled Plasma Emission
Strontium Atomic Absorption Spectrometry
Uranium (total) Fluorometric with Scintrex UA-3h I

I Vanadium Inductively Couple_ Plasma EmissionChloride Ion Chromatography
Fluoride Ion ChromatographyS

I Phosphate Standard Methods--_olorimetric--Method 424GSulfate Ion Chromatography

Thorium (total) Inductively Coupled _lasma Emission After
Solvent Extraction

I 21°'e d
L a Liquid Scintillation Counting B

22GRadium EPA - 904.09

SOILS OR TAILINGS- Io
Aluminum Atomic Absorption Spectroscopy

Silicon Atomic Absorption SpectroscopyIron Atomic Absorption Spectroscopy
Manganese Atomic Absorption Spectroscopy

Potassium Atomic Absorption Spectroscopy_a_ni um Fused-Pel I et-Fl uo_metri c
_oRadi um Gama Spectroscopy B
23_Lead Liquid Scintillati_ Counting

I °Thorium Alpha Spectroscopy
232
234Thorlum Alpha Spectroscopy
23_Uranium Alpha Spectroscopy

BUranium

I Alpha Spectroscopy

!
-
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I FOOTNOTES

'I I ICP/5000 InductivelyCoupled Plasma System° Perkin-ElmerCorporation,
January 1981.

i Winge, R. K., Peterson, J. V., and V. A. Fassel, 1979, InductivelyCoupled Plasma--AtomicEmissionSpectroscopy: ProminentLines,
Spectrosc_y, Vol. 33, No. 3.

i 2 United States Environmental Protection Agency, Methods for ChemicalAnalysis of Water and Wastes, EPA-600/4-79-020.

i 3 United States Geological Survey, Techniques of Water-ResourcesInvestigationsof the United States Geological Survey, Book, Chapter
Al, Methods for Determination of Inorganic Substances in Water cqd
Fluvial Sediments, Shangstad, M. W., Fishman, M. J., Friedman, L. C.,

I Erdmann, E., Duncan, editors. U.S. GovernmentPrinting
D. and S. S.

Office, ]979.

i 4 Korte, N. E. and R. B. Chessmore, 1980, Interference Effects ofInorganic Ions in Natural Waters When Using the Scintrex UA-3 Uranium
Analyzer. United States Department of Energy Open-File Report,
GJBX-I09(80).

Swee, B. W., Hall, g. E. M., and D. d. Koop, 1978, Analysis of
Fluoride,Chloride, Nitrate, and Sulphate in Natural Waters Using IonI

I Chromatography,Journal of GeochemicalExploration,Vol. 10, pp. 245-m 258.

6

I American Public Health Association, American Water Works Association,Water Pollution Control Federation, 1981. Standard Methods for the
Fxamination of Water and Wastewater, American Public Health
Association, 1015 Fifteenth Street, N.W., Washington, DC 20005.

Extraction and ICP parameters are detailed in - Korte, N., Hollenbach,
M., and S. Donivan, 1983, The Determination of U, Th, Y, Zr, and Hf in

I Zircon, AnalyticaChimica Acta, Vol. 146, pp. 267-270.
B

Fairman, W. D. and J. Sedlet,1968, Direct Determinationof Lead-210 by

I Liquid ScintillationCounting, Analytical Chemistry, Vol. 40, No. 13,p. 2004.

9
United States Environmental Protection Agency, Prescirbed Procedures

I Radioactivity Drinking Water, EPA-600/4-80-032.
for Measurementof in

10
Samples dissolved by acid digestion. Analysis follows procedures in

l reference2.
11

Centanni, F. A., Russ, A. M. and M. A. DeSesa, 1956, Fluorometric

I Determination of Uranium" Analytical Chemistry, Vol. 28, pp. 1651-1657.

!
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I FOOTNOTES (CONTINUED)

I Gamma SpectroscopyManual in preparation. Method Summary" Samplesare
12

B_und and sealed in a can for 20 days to permit_aughter in-growth.
Ra is quantitatedbased on gamma emission from -Bi.

Donivan, S., Hollenback,M. and N. Korte, 1982, The Determinationof
Uranium and Thorium Isotopes in Water, Rock, and Soil Samplesby Alpha

I Spectrometry. United States Department of Energy, Open-File Report,GJBX-121(82). Specific details of our procedures are listed in our
proceduremanual. The manual is undergoingrevisioncurrently. Copies

I should be availablein September,1983.

I
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APPENDIXB

(I" CHEMICAL DATA FROM RIVERTONTAILINGS SITE

I Table B-I. Data for Solid Samples: Riverton,Wyoming
Table B-2. Data for Water Extracts: Riverton,Wyoming

i Table B-3. Data for HCI Extracts: Riverton,Wyoming

!

I NOTES ON APPENDIX

The locations'of the site numbersare shown on Figure 1 of the text.

I Descriptionsof the three-digitcodes for sample types in the data tablesare as follows"

i 120 TAILINGS - solid130 TAILINGS - water extract
140 TAILINGS - HCI extract
520 COVER - solid

I 530 COVER - water extract540 COVER -HCI extract
(

!

!

!
!
!
!
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I TABLE B-I Dmtm for solid s_ImPles; RIVERTON, WYOMI[NG

(

Site & I Sam- I SamPle I Eh I PH
SmmPle I ele I ToP I Bmse I mV I

I Number. I TYPe I cm I cm I I
164.01 520 1 5 385 8.20 I

'm 164.02 520 5 10 340 8.70 _"

i 164.03 520 10 15 400 8.30 3
164.04 520 15 23 420 8.10 4
164.05 520 23 26 570 5.40 5

I 164.06 120 26 30 635 4. O0 6164 07 120 30 37 680 3 2( 7
( 164.08 120 37 43: 750 .=.o_,j-,_ 8

i m I_:._': r'

164 09 120 43 53 7,..,_, 2.90 9
164.10 12C) 74 79 77C) _._'5(:) 10
164. 11 120 86 93 785 2.40 11
164 12 120 96 104 765 o 70 12

I m km

165.01 52C). 1 5 490 7.60 I_,_'
165.02 520 = I0 485 I 7.70 14• _I

165.0 _'_, 520 14 19 490 I 7.60 15

i 165 04 I 52('_ 19 o-, 405 I 7.9C) 16165.05 I 52(]) 28 _: 41 =...... , I 7.90 17
165.06 I 520 35 37 590 I 3.80 18

I ,, o 42 625 I 3 50 19
f 165 07 I 120 3"' o_165.0E: I 12(').I 44 51 715 I 2.7() _(J_'"

165.09 I 120 I 52 63 720 I 2.60 21
165.10 I 120 i 82 _4 770 I 2.30 22

i 166 Oi I 520 I 1 5 430 I 8 i0 o_166.02 1 520 1 5 I0 435 I 8.00 24
166.03 I 520 i 13 20 I 450 I 8.00 25

(_ 166.04 I 520 I 20 23 I 500 I 5.10 26
| 1.66.05 ; 120 _ 2E: 26 1 620 1 3.5C 27

1.66.06 I 120 I 27 33 I 655 I 3.30 28

i 166.07 i 120 I 33 I 4:2 1 665 _ 3.2(} 2'-T_
166 08 I 1°" _' .• _() _ 61 I 66 I 655 I _,.10 :_:0

f NOTE: Zero value indicates no deter.minati0n was made.

I

!
,!
i

- I
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i TABLEB-] (contlr, u_tior,) 87
I , _

ii Al I Si I Fe I Mr, I K I
I uele I u_19 I uele I uel_ I uele I

i I z z z

6.32E+004 3.21E+005 2.37E+004 I 3.70E+002 2.17E+004 1
6. 15E+004 3.32E+005 2.40E+0C)4 1 3.9_E+002 2.05E+0C)4 .9I

6.42E+004 3.11E+005 2.41E+004 I 3.90E+002 2.08E+004 3

I 6 36E+004 3.09E+005 2 40E+004 I 3.90E+002 2.09E+004 46.03E+004 3.16E+005 2.47E+004 I 2.60E+002 2.68E+004 5
m ?" -__jl I_. m m5.72E+004 3 3_E+O0_ 2 22E+004 I 9.50E+001 3 16E+004 6,

I 5.58E+C)04 3.29E+005 2.80E+004 I 9.50E+001 3.39E+004 76.02E+004 3.16E+005 3.76E+004 I 1.4QE+O02 3.06E+004 8
5.65E+004 3.27E+005 2.99E4004 I 1.20E+002 3.36E+004 9

i 6.22E+004 3.26E+005 1.38E+004 I 8.00E+O01 3.16E+004 i0
7.36E+004 I 2.62E+005 2.78E+004 I 1.65E+002 2.42E+004 Ii
5.00E+004 I 3.82E+005 2.80E+003 I 4.00E+001 3.63E+004 12
6.49E+004 I 3.11E+005 2.31E+004 I 3.60E+002 2.22E+004 13

I 6.57E+004 I 3. 12E+005 2.29E+004 t 3.40E+002 2.27E+004 146.52E+004 I 3.16E+005, 2.31E+004 I 3.35E+002 I 2.27E+004 15
6.40E+004 I 3.20E+005 2.43E+004 I 3.65E+002 I 2.20E+004 16

I 6. 18E+004 I 3.28E+005 2. IIE+O04 I 3.30E+002 I 2.34E+004 176,.E:2E+004 I 3.07E+£)05 2.56E+004 I 2.20E+002 I 2.49E+004 I:_,
=_,.80E+004 I 3.46E+005 1.44E+004 I 8.50E+001 I 3.18E+004 19
7.72E+004 I 3. 13E+005 1.78E+004 I 9.50E+001 I 3.03E+004 20

I 7 77E+004 I 3.13E+005 1 65E+004 I 9.00E+O01 I 3.22E+004 21
Ii

8.65E+004 I 2.83E+005 2.91E+0C)4 I i. IOE+002 I 2.57E+004 22
6.32E+004 I 3. 16E+005 I 2.36E+004 I 3.75E+002 I 2,08E+004 23

I 6.40E+004 I 3. 10E+005 I 2.36E+004 I 3.95E+002 I 2,00E+004 246.42E+004 I 3. 16E+005 I 2.25E+004 I 3.65E+002 I 2.08E+004 25
6.76E+004 I 2.87E+005 I 2.56E+004 I 3. IOE+O02 I 2.28E+I:)04 26

I 8. 14E+004 I 2.84E+005 I 2.82E+004 I 8.00E+O01 I 2.35E+004 278.60E+004 I 2.77E+005 I 3.52E+004 I 7.00E+001 I 2.47E+OOZl 28
6.99E+004 I 3 4_ = , . 29• _E+OOw : 9 50E+00:2: : 5 50E+001 : 3.35E+004
9.90E+004 : 2.69E+005 I 3.53E+004 : 9.50E+001 : 2.12E+004 30

I
I
I
I
I
I

z

!
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i TABLE B-I (continuation)

I U I Th-]ot I
]a

u_/_ 1 ue/9 I
I I

7.20E+O01 1. IOE+O01 1 1
5.10E+001 1.90E+001 I 2

'm 3.30E+001 I. 20E+O01 I 3

| 4.50E+001 I.90E+001 I 4
I. 33E+002 I.90E+001 I 5
7.80E+001 1.70E+O01 I 6,

I 6.60E+001 1.10E+001 I 7I.06E+002 1.30E+001 I 8
&. 30E+001 1. OOE+O01 I 9

I 1. OOE+O02 I. 30E+O01 l i01.63E+002 1.70E+001 I 11
1.80E+001 1.10E+001 I 12

I 1.00E4001 2. IOE+001 I 132.20E+001 I •30E+001 l 14
i I.60E+001 I. 40E+O01 I 15

1.50E+001 2.2OE.C)O] I 16

I 1.60E+001 I.60E+001 I 179. OOE+O01 2.80E+O01 I 18
3.30E+O01 8. OOE+O00 I 19

I 6.9OE+OO 1 I. 2OE+OO 1 I 20
:I 7.20E+001 1 1.40E.001 I 21

1.24E+002 1 1.90E+O01 I 22
8.00E+O00 I 1.80E+001 I 23

I 700E+O00 _ 2. OOE+O01
D 24

9.00E+O00 I 1.50E+O01 I 25
8. IOE+O01 I 2.20E+001 I -60

'l 1.06E+002 I 1.80E+001 I 27
J 1.06E+002 I 1.80E+001 ; 28

4.80E+001 I 1.00E+C)OI I 29

i 1.75E+002 I 4.00E+O01 I 30
r'

I
I
I
I
I
I
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I TABLE B-1(continuatior,)

I I I I I I

Ra-'226pCi/g II Th-230pCi/g II Pb-210pCi/g li U-234pCi/g II U-238pCi/g II

_ , _ _ _ _ _ _ _ _ _ _ _ _L__ _
2.32E+001 2.40E+001 2.35E+001 2.20E+001 2.40E+001 1
i. 21E+001 I.306+001 I.256+001 I.4C)E+001 1.70E+001 2

i 1 186+001 8,406+000 1 IOE+O01 8.40E+000 1 IOE+001

• u ii I_i

9.60E+000 i. IOE+O01 I.OOE+O01 I.40E+001 1. 506+001 4
1.30E+002 1.256+002 I. 12E+002 4. I06+001 4.40E+C)OI 5
2. 446+002 i.076+002 2. 296+002 2. 806+001 2. 606+001 6

I 1.66E+002 6.40E+001 1.61E+002 2.50E+001 2. 206+001 72. 166+002 9. 606+001 2. 306+002 3. 706+0C) I 3.50E+001 8
i.50E+002 5.60E+001 I.32E+002 2.40E+0C)I 2. IOE+O01 9
2 37E+002 8.206+001 2 39E+002 3.7C)E+001 3 3CE+O01 tO
4.42E+002 1.526+0C)2 3. 926+002 5.90E+0C)I 5,406+001 11
2. 616+002 I. 80E+001 2. 976+002 8. OOE+C)O0 5.90E+OOC) 12
4.98E+001 2. 606+001 4. 806+001 4. 106+000 3. 306+0(:)0 13

| .°6.84E+001 4.40E+001 6 .,0E+001 8.00E+000 7.206+000 14
6.79E+001 3. IOE+O01 6.30E+001 7. 206+000 5.40E+000 15
6.056+001 ; 2.20E+C)01 5.506+001 6.40E+00C) 4.90E+C)C)C) 16

n .... c_ .
3 98E+001 I 1 40E+001 4 506+001 5 ..0E+O00 5 30E+00C) 17
2.58E+002 I 3.31E+002 2.256+002 3.5C)E+0C)I I 3.C)OE+O01 18
2.78E+002 I 8. IOE+001 2.48E+002 1.70E+001 I l.iOE+OC) i 19

mm • _ w N a m _ (" ""

6 316+002 I 1 256+002 6 28E+002 4 306+001 l 2 3C)E+O.)I 20
5.55E+002 I 1.24E+002 5.31E+002 4.20E+001 l 2.406+001 21
9.976+002 I _,'_.38E+002 9.51E+002 7.40E+001 4.106+001 22

mm • m m _ " •1 70E+001 l 1 70E+001 l 2 40E+001 3 .0E+000 2 7061+0C)0 23

I 1 58E+001 I 1 60E+0C)I I 1 90E+001 2.90E+000 2.20E+000 241.566+001 I I. IOE+O01 I 1.606+001 I 3.00E+000 2.906+000 25
3.776+002 I 1.406+002 I 3. = _ _'_,IE+002 l 3.30E+001 2.70E+001 _:,

I 1.05E+003 I 2.98E+002 i 1.03E+003 I 6.20E+001 3.506+001 276.02E+002 I 3.33E+0()2 I 8.19E+002 I 6.80E+0C) I 3.50E+001 28
4.05E+002 I i. IIE+0C)2 1 4. 19E+002 I 3.C)0E+001 I 1.60E+001 -_'_

i 8.12E+002 I 7.92E+002 I 8. 16E+002 I 7.60E+001 I 5.8C)E+001 30

|
!
I
I
|
I :-

_-- mNR
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I TABLE B-2 Data for water extracts; RIVERTON, WYOMING

(

I Site & I Sam-- I Sample I Eh I PH
SamPle I Pie I ToP I Base I mV I

i Number I TYPe I cm _ cm I I164_01 I 530 I 1 I 5 I 410 I 7.90 I
164.02 I 530 I 5 I 10 I 385 I 8.10 2

i 164.03 I 530 I 10 I 15 I 370 I 8.00 3164.04 I 530 I 15 I 23 I 355 I 7.80 4
164.05 I 530 I 23 I 26 I 455 I 6.50 5

I 164.06 I 130 I 26 I 30 I 535 I 4.00 6164.07 I 130 I 30 I 37 I 670 I 3.20 7
164.08 I 130 I 37 I 43 I 700 I 2.80 8
164.09 I 130 I 43 I 53 I 710 I 2.80 9

I 164.10 I, 130 I 74 I 79 715
I I 2.30 10

164.11 I 130 I 86 I 93 I 715 I 2.30 11
164.12 I 130 I 96 I 104 I 715 I 2.50 12

I 165.01 I 530 : 1 I 5 I 485 I 7.90 13165.02 I 53(} I 5 I 10 : 440 I 7.80 14
165.03 I 530 I 14 I 19 I 410 I 7.70 15

I 165.04 I 530 I 19 I 28 I 405 I 7.80 16
165.05 I 530 I 28 Z 35 I 470 : 7.60 17
165.06 I 530 I 35 I 37 I 540 I 4,20 18
165.07 I 130 I 38 I 42 I 620 I 3.50 19

I 165.08 I 130 I 44 I 51 I 695 : 2 70 20165.0.9 I 130 I 52 I 63 I 700 I 2.50 21
165.10 I 130 I 82 I 94 : 740 I 2.20 22

I 166.01 I 530 I 1 I 5 I 380 I 8.10 23166.02 I 530 I 5 I 10 : 385 : 8. 10 24
166.03 I 530 I 13 I 20 I 380 I 7.80 25

i 166.04 I 530 I 20 I 23 I 465 I 6.20 26
166.05 I 130 I 23 I 26 I 635 I 3.20 27
166.06 I 130 I 27 I 33 I 655 I 3.00 28
166.07 I 130 I 33 I 42 I 655 I 3.10 29

I 166.08 I 130 I 61 I 66 I 635 : 2.80 30
NOTE: Zero value indicates no determination u_s made.

I Negative sign indicates below analytical detection limit.

I

I

!
I

I
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I TABLE B-Z:(cont inuat ion) gl

I I A 1 i As I Ba 8 C_ I Cd
II u.ql._ I usl_ I us319 I ugl_ I u_19 I

' I i i LI I

I -1.00E+O00 I 2.80E-001 I 6.50E-001 I 1.05E+003 I -1.00E-001 I 1
-1.00E+O00 I 1.60E-001 I 4.80E_001 I 6.00E+002 I -1.00E-001 I 2

I -1.00E+O00 I 1.60E-001 I 4.00E-001 I 7.90E+002 I -1.00E-001 I 3-1.00E+O00 I -1.00E-001 I 3.30E-001 I 2.68E+003 I -1.00E-001 I 4
-1.00E+O00 I -1.00E-001 I 2.10E-001 I 5.50E+003 I -1.00E-001 I 5
1.80E+0()2 I 1.60E-001 I 1.60E-001 I 5.80E+00:3 I -1.00E-001 I 6

I 5 5C)E+002 I 7.60E-001 I -100E-O01 I 5.80E+003 I -100E-O01 I 7
ii m

1.60E+003 I 1.45E+000 I 1.20E-001 I 5.40E+003 I -I.OOE-OCI I 8
1.20E+003 I 9.60E-001 I 1.20E-001 I 5.60E+003 I -1.00E-001 I 9

I 3.30E+003 I 1.50E+001 I -1.00E-001 I 4.30E+003 I 1.40E-001 I 103.90E+003 I 2.10E+001 I -1.00E-001 I 4.20E+003 I 1.50E-001 I 11
4.00E+002 I 7.30E+000 I 1.90E-001 I 5.60E+003 I -1.00E-001 I 12

i -1.00E+O00 I 6.50E-001 I 6.90E-001 I 8.30E+002 I 1.00E-O01 I 13
-1.00E+O00 I 7.30E-C)01 I 3.70E-001 I 5.30E+003 I -1.00E-001 I 14
-1.00E+O00 I 6.50E-001 I 2.40E-001 I 5.20E+003 I -1.00E-001 I 15
-1.00E.O00 I 6.0C)E-001 I 1.80E-001 I 4.43E+003 I -1.00E-001 I 16

I -1.00E+O00 I 2.50E--001 I 2.10E-001 I 3.25E+003 I -1.00E-001 I 172.00E+002 1 8.00E-002 I 1.60E-001 I 5.10E+003 I -1.00E-001 I 18
4.00E+002 I 5.50E-001 I -1.00E-001 I 5.40E+003 I -1.00E-001 I 19

I 1.60E+0C)3 I 1.38E+000 I -I.00E-001 I 4.84E+003 I -1.00E_001 I 202.40E+003 I 1.96E+000 I -1.00E-001 I 4.15E+003 I -1.00E-001 I 21
3.20E+003 I 2.60E.001 I -1.00E-001 I 3.54E+003 I -1.00E-001 I 22

-1.00E+O00 I 1.60E-001 I 7.20E-001 I 4.60E+002 I -1.00E--001 I 23

I -100E+O00 I 1.10E-001 I 5.40E-001 I 5.60E+002 I -100E-O01 I 24
I I

-1.00E+O00 I -I.00E-001 I 2.90E-001 I 2.10E+003 I -1.00E-001 I 25
-1.00E+O00 I -1.00E-001 I 1.50E-001 I 4.89E+003 I -1.00E-001 I 26

I 4.00E+002 I 3.30E-001 I -1.00E-001 _ 3.93E+003 I -1.00E-001 I 276.00E+002 I 5.20E--001 I -1.00E-001 I 4.20E+003 I -1.00E-001 I 28
4.50E+002 I 3.60E-001 I -1.00E-001 I 5.40E+003 I -1.00E-001 I 29

I 8.00E+002 I 8.90E-001 I -1.00E-001 I 4.38E+003 I -1.00E-001 I 30

I
I

I

I
I

!
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TABLE B-2 (cor,t ir,uat ion)

!
,J

C1 I Co I Cr I F I Fo I

I uel9 I u9 I.-:, I uel_=, I u.=,I-=, I ,..,_I_ II I I I I

I -I.OOE+O02 I -I.OOE-O01 I -I.OOE-O01 I I.OOE+O00 I -I.OOE+O00 I I-I.OOE+O02 I -I.OOE-O01 I -I.OOE-O01 l 2.00E+O00 I -I.OOE+O00 I 2
-.I.OOE+O02 ¼ -I.OOE-O01 I -I.OOE-O01 I 4.00E+000 I I.OOE+O00 I 3
-I.00E+002 I -1.00E-001 I -1.00E-001 I 4.00E+000 I -I.00E+000 I 4

I OOE-O01 I -100E-O01 -I OOE+000 I -100E+O00 I =
-I.00E+002 I -1. . I • • _'
-.I.00E+002 I 5.20E-001 I -I.00E-O01 I 4.00E+O00 I I.OOE+O00 I 6
-I,OOE+O02 I 9.10E-O01 I 3.30E-001 I 2.00E+000 I 1.90E+001 I 7

I --1,00E+002 I 2.27E+000 : 1.13E+O('JO : -1.00E+000 I 1.44E+002 I 8-1,00E+002 I 1.77E+000 : 1.02E+O00 I 1.00E+O00 I 1.59E+002 I 9
-!.00E+0C)2 I 4.86E+00C) _ 3.63E+000 I -I.OOE+O00 t 1.81E+003 ; 10

I -1.00E+002 _ 5.70E+000 I 9.16E+000 I -I.00E+000 I 2,23E+003 I 11-I.00E+002 I 7.20E-001 I 6.50E-001 I -I.00E+000 I 1.63E+003 I 12
-1.00E+002 I -I.OOE-O01 I -I.OOE-O01 I 2.00E+000 I -I.OOE+O00 I 13
-1.00E+002 I -I,00E-001 I -1,00E-001 I 4.00E+000 I 1.00E+0C)0 I 14

I -I 00E+002 I -I OOE-001 I -I.OOE-001 I 300E+O00 I -I 00E+000 i 15
o ii

3.50E+002 _ -I.00E-001 I -I.00E-O01 I 3.00E+000 I -1,00E+000 I 16
3, 10E+002 I -I.OOE-O01 I -I.OOE-O01 I 4.00E+000 I -I.OOE+O0(') I 17

I 7.70E+002 I 7.50E-001 I -I,OOE-O01 I 7.00E+000 I 1.00E+000 I 18
B 5.30E+002 I 7.00E-O01 I 2.00E-O01 I 3,00E+O00 L 3.00E+000 I 19

1.33E+003 I 2.39E+000 I 1.81E+000 I 4.00E+000 I 7.20E+001 I 20

i _.60E+002 _ 3. 12E+O00 I 2.93E+000 I 3 OOE+O00 I 1 50E+C)02 _ 21

$..I a •

2. IOE+002 I 6.84E+000 I 6.59E+000 I -1.00E+000 I 2,08E+C)03 I 22
-I.00E+002 I -I.OOE-O01 _ -I.OOE-O01 _ 2.00E+000 I -1.00E+000 I 23
I. 00E+002 I I.C)OE-001 _ I.OOE-O(:)I i 6. OOE+000 I I OOE+O00 i °4

I -I.OOE+O02 I -100E-O01 I -1 00E-001 _ 1 20E+OC) I I -I 00E+000 I 2=
• al ai m ,,_I

-I.00E+002 Z -1•00E-001 I -I•OOE-O01 i I•OOE+O00 i -I•OC)E+OOC) _ 26
-1.00E+002 ; 9.20E-001 I 2.80E-001 I 4.00E+000 I 2,00E+OC)O I 27

I -I. 00E+002 I I.50E+000 I 5.00E-001 I 4 00E+000 I 5.00E+000 I 28-I.OOE+O02 _ 9.60E-001 I 3•4C)E-001 I 3•00E+000 I 5.0C)E+OC)O I 29
al • "" ")-I.00E+C)02 I 2. IOE+O00 I 6 70E-O01 I 4.00E+O00 I 5 C30E+001 l _(.

| --

!
!
!
!
!
!
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TABLEB-2 (cc,ntinuation)

I
I< I M_q I Mn I Mo I !_a I

I uel9 I u_=,/_=, I u.=,ID I u_=,l_ I u_Is, II I I I I

I 1.48E+002 I 2.10E+002 I -I.00E+O00 I 4.90E-001 I 2.00E+002 I I9.40E+001 I 1.80E+002 I -1.00E+O00 I 6.40E-001 I 4.10E+002 I 2
9.00E+001 I 3.20E+002 I -1.00E+O00 I 8.90E-001 I 7.90E+002 I 3

I 9.90E+001 I 1.01E+003 _ -1.00E+O00 I 7.10E-001 I 1.05E+003 I 42.90E+001 I 9. 10E+002 I 5.00E+O00 I 1.08E+000 I 6.00E+002 I 5
1.20E+001 I 6.70E+002 I 1.60E+001 I 1.40E-001 I 4.10E+002 I 6
3.00E+C)O0 I 5. 10E+002 I 1.80E+001 I 4.50E-001 I 2.40E+002 I 7

I 400E+O00 I 8.40E+002 I 4.40E+001 I 8.50E-001 I 1.70E+002 I 8
I

4.00E+O00 I 5.20E+002 I 3.20E+001 I 3.70E-001 I 4.00E+001 I 9
3.00E+O00 I 1.22E+003 I 8.90E+001 I 2.90E+000 I 6.00E+001 I i0

I 1.00E+O00 I 1.43E+003 I 1.01E+002 I 3.35E+000 I 6.00E+001 I 115.00E+O00 I 1.50E+002 I 1.30E+001 I 3.60E-001 I 2.00E+001 I 12
1.70E+002 I 8.00E+001 I -1.00E+O00 I 1.30E-001 I 4.00E+001 I 13
1.24E+002 I 3.80E+002 I -1.00E+O00 I 3.20E-00] I 1.70E+002 I 14

I 1.22E+002 I 6.30E+002 I -1.00E+O00 I 3.70E-001 I 4.
50E+002 I 1

1.24E+002 I 1.04E+003 I -1.00E+O00 I 6.20E-001 I 1.69E+003 I 16
1.09E+002 I 1.04E+003 I 1.00E+O00 I 4.40E-001 I 1.67E+003 I 17

I 2.80E+001 I 1.08E+003 I 2.40E+001 I -I.OOE-O01 I 1.39E+003 I 181.0C)E+O01 I 5.40E+002 I 1.40E+001 I -1.00E-001 I 6.70E+002 I 1.9
1.30E+001 I 9.40E+002 I 4.20E+001 I -1.00E-001 I 9.30E+002 I 20

I 1.00E+001 I 7.4C)E+002 I 4.90E+001 I -1.00E-001 I 4.00E+002 I 214.00E.O00 I 9.20E+002 I 8.00E+001 I 4.00E-001 I 7.00E+001 I 22
1.32E+002 I 8.00E+001 I -1.00E+O00 I 1.30E-001 I 5.00E+001 I 23
1.00E+002 I 1.60E+002 I -1.00E+O00 I 2.40E-001 I 1.60E+002 I 24

I 1 43E+002 I 7 50E+002 I -1.00E+O00 I 1.60E-001 I 3 10E+002 I 25
I

5.40E+001 I 6.60E+002 I 4.0C)E+O00 I 4.60E-001 I 3.40E+002 I 26
3.50E+001 I 5.20E+002 I 1.20E+001 I -1.00E-001 I 4.10E+002 I 27

I 3.50E+001 I 4.C)C)E+002 I 1.80E+001 I -1.00E-001 I 3.60E+002 I 282.30E+C)01 I 2.0C)E+002 I 1.20E+001 I -1.00E-001 I 1.50E+002 I 29
3.6C)E+001 I 3.50E+C)02 I 2.30E+001 I 1.80E-001 I 2.30E+002 I 3(:)

i -
I
I
I
I
I
I
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TABLE B-2 (cont ir,uatior,)

!
I Ni : Pl:, Z PO4 1 Se I Siuel_q : ugle : ugl.q : u_.'._ : ugl_ :

I -1.00E-001 : -I.00E-001 : -3.00E+O00 i 1.80E-001 i 6.90E+001 I 1
-I.OC)E-O01 : -I.00E-001 : -3.00E+000 : 1.60E-001 I 7.30E+001 : 2
-1.00E-001 : -1.00E-001 : -3.00E+000 : 2.00E-001 I 8.0C)E+001 : 3

I -I.00E-001 : -1.00E-001 : -3.00E+000 : 3.40E-001 : 4.60E+001 : 45.50E--001 I -1.C)OE-O01 I -3.00E+O00 I 7.50E-001 I 1.lC}E+001 I 5
1.99E+000 I -I.OOE-OC) I I -3.00E+O00 _ 5.80E-001 I 2.10E+O01 I 6

I 2.56E+000 : -I.C)OE-O01 : -3.00E+000 : 3.80E-001 : 1.50E+001 : 75..80E+000 I -I.OOE-O01 l -3.00E+000 I 3.40E-001 l 2.30E+001 I LE:
4,,09E+000 I -I.OOE-O01 I -3.00E+O00 I 1.20E-O01 I 1.60E+C)01 I 9
i, 18E+001 l -I.00E-001 I 2.50E+001 l 1.90E-O01 I 4.30E+001 ; 10

I . E+001 I -1.00E-001 I 4.0C}E+001 : "-C.60E-001 : 4.40E+(')01 : II
1 2 1
2.74E+000 : -1.00E-001 : 7.00E+C)O0 I 1.42E+000 : 7.00E+0C)0 : 12

-1.00E-001 : -I.00E-001 : -3.00E+000 : 2.80E-001 : 9.90E+001 : 13

I -1.00E-001 : -1.001E-001 : -3.00E+000 : 3.70E-001 : 9.70E+001 : 14-I.00E-001 : -I.00E-001 I -3.00E+000 : 4.40E-001 : 1.04E+002 : 15
-I.00E-001 : -1.00E-001 : -3.00E+000 : 1.74E+000 : 1.00E+002 : 16

I -I.00E-C)OI : -1.00E-001 : -3.00E+0C}0 : 1.73E+000 : 7.4C)E+C)01 : 173.21E+000 I -1.00E-001 : -3.00E+('}C)0 : 7.50E+00(') I 4.10E+0C) I : 18
2.47E+000 ! -I.OOE-O01 I -3,.00E+000 I 3.40E+000 I 1.80E+001 I 19
7.89E+000 : -I.OOE-O01 : -3,.00E+0C)0 : 6.70E+000 I 4.70E+001 I 20

I 9.23E+000 : -I 00E-001 I -3.00E+000 I 1 70E+O00 I 5 40E+001 I 21
ii m

1.74E+001 I -I.OOE-O01 I -3..00E+000 : 3.07E+000 I 4.00E+001 I 2,,"-'
-I.OOE-001 : -I.00E-001 I -3.00E+000 I 1.20E-001 : 5.70E+001 : 23

I -I.OOE-O01 : -I.OOE-O01 : -3.00E+000 : 9.00E-002 : 5.80E+001 : 24-1.00E-001 : -I.00E-C}OI : -3.00E+000 : 1.40E-O01 I 5.30E+001 : 25
... . }5.70E-001 I -I.OOE-O01 : -3.00E+O00 : 8.80E-001 : 2.30E+0C I : 26

i 3.26E+00(') I -I.00E-001 l -3.00E+000 I 1.09E+000 I 4.00E+O01 l 27
4 3'_'E+C)(')OI -I OC)E-001 I 300E+000 I 1 13E+O00 I 4 30E+001 I o_-,
3.48E+000 I -I.C)C)E-001 I -3.00E+00C) I 6. 10E-OC) I : 2.5C)E+001 I 29
6.32E+000 : -I. OC)E-OC)I I -,.,">.00E+OC}C) I I.24E+000 I 4.80E+0(')I I "-'(',...)

!
!
!
!
!
!
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I TABLE B-2(cor, tir, uatior,)

I SO4 I SR I U l V I HC03 * Iuele I uele I uele I uele I uel9 I
I I I I I

3.72E+003 I 4.30E+000 I 1.20E+001 I 2.00E-001 _ 1.10E+002 : 1
2.99E+00-: I 2.70E+000 I 7.66E+000 I 3.00E-001 I I.OOE+O01 I 2
4.72E+003 I 3.80E+000 I 5.85E+000 I 3.00E-O01 I 6.80E+001 I 3

I I.04E+004 I . 7.00E+O00 I 2.00E-O01 I 2.
8 60E+O00 76E+003 4

1.45E+004 I 5.20E+000 I .9.00E+O00 I -I.OOE-O01 I 6.10E+003 I 5
1.50E+004 I 4.40E+0C)0 I 1.50E+O01 I -1.00E--O01 I 0.OOE+C)O0 1 6

I 1.51E+004 I 4.10E+000 I 1.70E+001 I 3.00E-001 I 0.00E+000 I 72.65E+004 I 4.70E+000 I 3.50E+001 _ 1.90E+O00 I O.OOE+00C) I 8
2. 17E+004 I 5. IOE+O00 I 2.60E+001 I 6.00E-001 I O.OOE+O00 I 9

I 3.94E+004 I 5.50E+000 I 1.04E+002 I 7. IOE+O00 I O,00E+C)O0 I i04.60E+004 I 3.90E+(z)o0 I 1.22E+002 _ 8.40E+000 _ 0.00E+000 I II
1.79E+004 I 3.60E+000 I 1.20E+001 I 3.00E-001 I 0.C)0E+000 I 12
2.26E+003 I 2.31E+000 I 1.90E-O01 I 1.00E-001 I 2.15E+004 I 13

I 1 41E+004 I I 03E+(')OI I 8 50E-OC) I I -I OOE-OC_I I 6.00E+002 I 141.45E+004 I 1.04E+001 I 6.60E-001 I 1.00E-001 I 1.80E+003 I 15
1.72E+004 I 1.30E+001 I 7.60E-001 I 3.00E-001 I 9.30E+002 I 16

I 1.49E+004 I 1.02E+001 l 6.20E-001 I 2.00E-001 I 2.60E+002 I 171.8'?E+004 I 4.30E+000 I 1.60E+001 I -1.00E-001 I 5.80E+004 I 18
1.75E+004 I 2.30E+000 I 1.60E+O01 I 1.00E-001 I O.00E+O00 : 19

i 2.54E+004 I 3.40E+000 I q. lOE+O01 I 2.00E-001 I O.OOE+000 I 20
2.08E+004 I 3.30E+OCx') I 4. 10E+C)OI I 4.00E-O01 I 0.00E+000 I 21
3.66E+004 I 3.50E+000 I 8.60E+001 I I.60E+000 I O. 00E+000 I 22
1.53E+003 I 2.50E+000 I 2.90E-001 I 3.00E-O01 I 2,30E+001 I 23

I 2.29E+003 I 3.10E+000 1 2.20E-001 I 3 00E-O01 I 1.00E+001 I 248.2(')E+003 I 9. OCiE+000 I 5.6C)E-O01 I 2.C)0E-001 I 5.80E+0C)2 I 25
1.29E+004 I 6.70E+000 I 1.09E+000 I 2.00E-001 I 4.78E+003 I 26

I I.:31E+004 I 4.60E+000 I 1.40E+001 I 1.00E-001 I 0.00E+000 I 271.56E+004 I 4.40E+0C)0 I 2.20E+001 I 1.00E-O01 I 0.OOE+OOC) : 28
I. 56E+004 I 3.80E+000 I I.30E+C)01 I 1.00E-001 I 0.00E+000 I 29
I. 64E+004 I 2.70E+0(')(')I 3.20E+001 I 7.00E-C)01 I O. 00E+OC)O I 30

I * Calculated as the missing anion in the charge bala_,ce.

!
!
!
!
!
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I TABLE B-'2(c.or,t inuat ion)

4

! •I Th-230 I Ra-"i:!6 I

: pCi/g . I ug/g I
: l i

,' 6. OOE-O03 I ":'.,-.OOE-O02 I 1
I 9'.00E-003 I -1. OOE-O02 I 2

I I 1.00E-002 1 -1.00E-002 I 3I 1.10E-002 I -I.00E-002 I 4
I 1.10E-002 I -2.00E-002 I 5

I l 1.50E-002 I -2.00E-C}02 I 6,
I 1.30E-001 I -2. C)0E-002 I 7
I 8 30E-002 I 1 50E-C)01 I oi • I!1

I 3.00E-C)01 l 8.30E-002 I 9

I I 1.50E+C)00 I 2.30E-001 I 10l 2.90E+001 I 1.80E-001 I 11
I 3 70E-OOI I 3 67E+00C) I 1°m t

I I 1.6C_E-002 I -1.00E-002 I 13I 1 00E-002 I _o• _. 0C)E-002 1 14
I 2.40E-002 I __.o00E-002 I 15

i _ 4.00E-003 I -2.00E-002 I 16
I 4.00E-003 I -2.00E-0C)2 I 17
I 2.50E-0C)1 I 9.20E-0C)2 I 1 o"
I 7.90E-002 I ..,_,,IC)E-0021 19

I I 1.5C)E+OC)O I 8. IOE-C)02 I 2(:)1 I .=".80E+000 I 6.90E-002 I 21
I 1.20E+002 I 2.40E-0C) 1 I 22

I I 2.2C)E-002 I -2. C)0E-0C)2 I 23I 4.30E-002 I -2.0C)E-002 I 24
: I.60E-002 I 2.0C)E-002 I 25
I 4.30E-002 I 6,80E-002 I 26

I I 5.00E-0C) I I 3. IOE-001 I 27I 6.50E-001 I 1.60E-C)C)I I 28
l "-'60E-001 I 3 30E-001 I ":-.'¢,.i..ii . ii _g, ,,

I I 1 30E+0C)(')I 4 70E-001 I
• • 30

I
I
I

I
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I TABLE B-3 Data for. HCf extracts; RIVERTON, WYOMING

Site & I Sam- I SamPle I Eh I PH I
Sample I Pie I Top I Base I mV I I
Number. I TYPe I clt, I cm I I I

I 164.01 I 540 I 1 I 5 I 0 I 0.00 I 1
164.02 I 540 I 5 I 10 I 0 I 0.00 I 2

I 164.03 I 540 I 10 I 15 I 0 I 0.00 I 3164.04 I 540 I 15 I 23 I O I 0.00 I 4
164.05 I 540 I 23 I 26 I 0 I 0.00 I 5
164.06 I 140 I 26 I 30 I 0 I 0.00 I 6

I 164.07 I 140 I 30 I 37 I 0 1 0.00 I
7

164.08 I 140 I 37 I 43 I 0 I 0.00 I 8
164.09 I 140 I 43 I 53 I 0 I 0.00 I 9

I 164.10 I 140 I 74 I 79 I 0 I 0.00 I 10164.11 I 140 I 86 I 93 I 0 I 0.00 I 11
164.12 I 140 I 96 I 104 I 0 I 0.00 I 12

I 165.01 I 540 I 1 I 5 I 0 I 0.00 I 1316,5.02 I 540 I 5 I 10 I 0 I 0.00 I 14
165.03 I 540 I 14 I 19 I 0 I 0.00 I 15
165.04 I 540 I 19 I 28 I 0 I 0.00 I 16

I 16,5.05 I 540 I 28 I 35 I 0 I 0.00 I 17165.06 I 54(:) I 35 I 37 I 0 I 0.00 I 18
165.07 1 140 I 38 I 42 1 0 I 0.00 1 19

I 165.08 1 140 I 44 I 51 I 0 1 0.00 1 2(I165.09 I 140 I 52 I 63 I 0 1 0.00 1 21
165.10 1 140 I 82 1 94 I 0 I 0.00 I 22

I 166.01 I 540 I 1 I 5 I 0 I 0.00 I 23
166.02 1 54(:II 5 I I0 1 0 I 0.00 I 24
16,6,.03 I 540 I 13 I 20 1 0 I 0.00 I 25
166.04 I 540 I 20 I 23 I O I 0.00 I 26

I 166.05 I 14C1 I 23 I 26 I 0 I 0.00 I 27166.06 I 140 I 27 I 33 I 0 1 0.00 I 28
16,6.07 1 140 I 3:3 I 42 I 0 I 0.00 I 29

I 166.08 I 140 I 61 I 66, I 0 I 0.00 I 30
NOTE: Zero value indicates no deter minatior, was made.

I Negative sign indicates below analytical detection limit.

I

I

I

I

I
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TABLE B-3 (cor,tir,uetior,)

I
_,,

I Al : As ' Be : Ce : Cd 1

!

ugl.q : uel_ : u.ql9 : u.ql_ : u919 X

I 2.55E+002 I 1.67E+000 i 1.88E+001 : 1.41E+004 I -I. 02E-001 I 1
| 2.04E+002 I 1.07E+000 : 2.31E+001 : 1.50E+004 I -1.02E-O()1 : 2

_:.o55E+002 : I.IOE+O00 : 2. 15E+001 : 1.53E+004 :-I.02E-001 : 3
3.08E+002 I 1.06E+000 _ 1.03E+001 I 1.63E+004 _ -I.03E-001 I 4

I 8.61E+002 : 1.35E+001 : 7.37EI-001 : 4.99E+003 : -I.04E-001 I 5
1.95E+002 I 9.77E+000 : -I.03E-001 : 2.28E+003 : -I.03E-001 I 6
8.28E+001 : 1.82E+001 : -I.04E-001 : 2.55E+003 Z -I.04E-001 : 7

|
1.24E+002 I 8.3C)E+000 I -I.C)4E-OC)I 1 2.34E+0(')3 I -I.04E-001 : ,:,
8.32E+001 I 7.17E+000 : -I.04E-001 : 2.39E+003 I -I.04E-001 : 9
1.36E+002 I 4.50E+000 : -I.05E-O01 : 2. 17E+003 I -I.05E-OC) I : 10

I 2.11E+002 : 3.55E+000 I -I.IIE-O01 L 2.05E+003 : -I.IIE-O01 i II6. 15E+000 : 1.84E+000 : 1.02E-001 _ 4.61E+002 I -I.02E-O01 : 12
3.24E+002 : 2.43E+000 : 2.42E+001 I 1.40E+004 : -1.01E-001 : 13

i 4.57E+0(')2 : 4.47E+000 : 9.39E+000 : 1.49E+004 i -I.02E-001 : 14
3.82E+002 I 4.03E+000 : 6.76E+000 I 1.33E+004 I -I.03E-001 : 15
3.78E+002 : 2.45E+000 : 8.9_E+000 I 1.50E+004 : -I.02E-001 I 16,

_ iC'_o )2.97E+002 : l..,oE+00C : 8.72E+000 : 1.29E+004 : -I.02E-001 : 17

I 6 89E+002 : 1.81E+000 : 1.03E-001 : 2.:_:6E+003 ; -1.03E-001 : 1_'7.14E+001 : 9.69E+000 : -I.02E-001 : 2.03E+003 : -I.02E-001 : 19
1.54E+002 I 8.32E+000 : --I.03E-O01 : 1.75E+003 I -1.03E-C)01 : 20

I 1.43E+002 : 5.33E+(')00 I -I.02E-O01 : 1.67E+003 I -1.02E-001 : 214.93E+002 : 5.92E+000 : -I. IOE-001 : 1.49E+003 _ -I. 10E-001 : 22
4.40E+002 : 1.23E+000 : 3.02E+001 : 1.9'9E+004 I -I.02E-O01 I 23
4.21E+002 : 1.18E+000 : 3.00E+001 : 1.97E+004 : -I.03E-001 : 24

I 3.50E+002 : 9.88E-001 : 1 33E+001 : 1 7'-9E+004 : -I.03E-O01 : 251.74E+003 : 8.37E+000 : 5.79E-001 : 4.33E+003 : -1.03E-001 : 26
1.54E+002 : 6.25E+000 : -1.0=E-001 : 1 68E+003 : -I 02E-001 : 27

I 1.75E+002 _ 6.67E+000 I I. 03E-001 I I ==,,'-+003: -I 03E-001 I 288.75E+001 : 8.53E+000 : -1.09E-001 : _:.o29E+003 : -1.09E--0C)I : 29
.... - . ...,_,E+O03I -1.05E-001 : oC2 7'?E+(')C)2: 7.43E+000 I 1 05E-O01 : 1 == _)

| --

I
I
I
I
I
!
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TABLE B-3(cont ir, uat ior,)

I
C1 I Co I Cr I F I Fe I

I ugl_q I ugle I u.ql9 I ugl.q I u_ql.q II I I I I
mm _

I O. OOE+O00 I 8.47E-001 i 1.94E-001 I 1.33E+001 I 8.78E+001 I 1O. OOE+O00 I 4,.29E-001 I 1.33E-001 I .,:..-'::',04E+OOt I 1.53E+001 I 2
0.00E+000 I 4.68E-001 I 1.63E-001 I t.63E+O01 I 4.79E+001 I 3
O.OOE+O00 I 4.11E-001 I 1.64E-001 I 1.75E+001 I 1.64E+001 I 4

I I I 05E+O00 1 1 23E+000 I 6 22E+000 1 1.23E+002 I 5
O. OOE+O00
O.OOE+O00 I 3.70E-001 I 4.12E-O01 l 2.06E+000 I I. 17E+002 I 6

• - .... +00.,. I 70 C)OE+OOC) I i 04E-O01 I 1 45E-001 I I 04E+C)00 I 2 37E ....

l " _'i

O.OC)E+000 : -1.04E-001 I 1.45E-001 I 1.04E+000 I 3.16E+00. I 8
0. OOE+O00 I -1.04E-O01 I 1.04E-O01 I 1.C)4E+C)00 I 2.68E+002 1 9
O. OOE+OC)O I 1.05E-O01 I 1.67E-0C)I I 1.05E+000 I 4.86E+0C)2 I IC)

I 0.00E+00(:) I 2.22E-001 I 2.88E-001 I 2.22E+000 I 6.50E+002 I ii0.0C)E+000 I -I.02E-0C) I I -I.02E-O01 I 1.02E+000 I 8.81E+001 I 12
O.OOE+OC)O I 7.59E-001 I 1.92E-001 I 1.01E+001 I 3.54E+C)01 I 13
000E+C)O(') I 9 04E-001 I _ 56E-001 I 1 12E+C)OI I 6. 10E+00I I 14

I 0. OC)E+OOC) I 7.02E-C)01 I 2./:,9E-C)01 I 1 24E+0C) I I 5.79E+001 I 15O.OOE+OC)(Z) I 5.92E-001 I 2.24E-001 I 1.43E+001 I 1.84E+C)01 I 16
O.00E+O00 I 2.97E-001 I 1.33E-001 I 1.64E+001 I 9.20E+0C)C) I 17

I O. OOE+O00 I 8.74E-0(:)I I I. 17E+O00 I _ 09E+00C) I 2.57E+001 I i"'0.00E+000 I -1.02E-001 I -I.02E-O01 I I O=E+O00 I 5.92E+001 I 19
0.00E+000 I 1.54E-001 I 1.33E-001 I 1.0:3E+000 I 1.37E+002 I 20

."i .":i

i O. OOE+00C) l 1.64E-001 I 1.43E-001 l 1.02E+00C) I 1.6_E+C)C)_ I 21
...... c,_E+oo.. I0 rl(.')E+O00 I 1 06E+O0(:) : 1 t5E+O00 : 3 2':)E+0(.')0 : 4. _-'" --o _...o.-,

O.OOE+C)O0 I 9.71E-001 l 3.07E-001 I 8.18E+000 I 4.91E+001 I 2:3
0.00E+C)00 I 8.32E-001 I 2.77E-001 I I.I:3E+001 I 6. 16E+001 I 24
0.00E+0C)0 I 5.76E-001 I 1.75E-001 I 1.44E+()01 I 1.75E+001 I 25
0.00E+000 I 9.09E-001 I 1.26E+000 I 7.23E+000 I 4.65E+001 I 26
0.00E+000 I 1.33E-001 I 1.84E-001 I 1.02E+000 I 6.76E+001 I 27

I 0.00E+000 I 2.57E-001 I 2.36Em001 I 2.C)5E+0C)0 I 7.80E+001 I 280.00E+000 I -I.O'_E-O01 I 1.09E-001 I 1.09E+00C) I 7.33E+001 I 29
0. C)OE+O00 I ..,_.......75E-001 I 4.81E-001 I 2 09E+000 I 20lE+C)02 I _,(.)'_"

!

I
I
I
I
I



I I00
TABLE B-3 (cor,t inuation)

I
K I M_ I Mn I Mo I Na I

I uglg I u_l_- I u.-l_q I u.qle I uel_ II I I I I

I 1.27E+002 I 1.43E+003 I 8.67E+001 I -I.02E-001 I 5.10E+001 I 18.78E+001 I 1.57E+003 I 8.16E+001 I -1.02E-001 I 8.16E+001 i 2
8.25E+001 I 1.46E+003 I 7.84E+001 I -I.02E-O01 I 9.16E+001 I 3
6.16E+001 I 1.68E+003 I 8.42E+001 I -I.03E-001 I 9.24E+001 I 4

I 3.11E+O01 I 3.94E+002 I 4.05E+001 .46E-00
I 4 1 I 5. 19E+O0 1 i 5

1.03E+O01 I 4.01E+O01 I 7.20E+000 1 3.91E-001 I 2.06E+001 I 6
5.18E+000 I 1.55E+001 I -I.04E+000 I 1.33E+000 I 1.04E+O01 I 7

I 6.22E+000 I 1.97E+001 I 1,04E+000 I 1.40E+000 I 1.04E+001 I 84. 16E+O00 I 1.35E+001 I -I.04E+O(')O I 1.08E+000 I 1.04E+001 I 9
5.23E+00(') I 2.30E+001 I 2.09E+000 I 2.82E+000 I -I.05E+001 I 10

I 6.65E+000 I 5.65E+001 I 3.33E+000 I 2.17E+O00 I I. lIE+001 I Ii5.12E+000 I 3.07E+000 I -I.02E+000 I 3.28E-001 I -I.02E+001 I 12
1.62E+002 I 1.54E+003 I 9.82E+001 I -I.OIE-O01 I 4.05E+001 I 13
9.45E+()01 I 1.81E+0C)3 I 1.05E+002 I -I.02E-001 I 5.08E+001 I 14

I 7 02E+O01 I 1 65E+003 I 8.68E+001 I -i 03E-O01 I 6.20E+001 I 15
I U

7.86E+001 I 1.91E+003 I 9.08E+001 I -I.02E-O01 I 1.02E+002 I 16.
7.67E+001 I 1.64E+003 I 7.06E+001 I -I.02E-001 I 1.02E+002 I 17

I 1.85E+001 I I. 13E+002 I 1.85E+001 I -I.03E-001 I 5.14E+001 I l,S7. 14E+000 I 1.63E+001 I 1.02E+000 I -1.02E-001 I 1.02E+001 I 19
1.03E+O01 I 4.00E+O01 I 2.05E+000 I 1.33E-001 I 1.03E+O01 I 20

I 7. 17E+000 I 2.66E+001 I 2.05E+000 I 1.84E-001 I -I.02E+001 I 21I. IOE+001 I 1.43E+002 I i. IOE+O01 I 2.63E-001 I -I. 10E+001 I 22
1.74E+002 I 2.42E+003 I 1.27E+002 I -I.02E-001 I 5. IIE+O01 I 23
1.23E+002 I 2.40E+003 I 1.13E+002 I -I.03E-O01 I 6.16E+001 I 24

I 8 54E+001 I 2. 19E+003 I 9.57E+001 I -I 03E-O01 I 7.20E+001 I 254.44E+001 I 3.41E+002 I 3.20E+001 I 1.76E-001 I 3. 10E+001 I 26
1.84E+001 I 5.64E+001 I 1.02E+000 I 2.05E-001 I 1.02E+O01 I 27

I 1.54E+001 I 5. 13E+O01 I 2.05E+000 I 1.95E-001 I 1.03E+O01 I 281.20E+001 I 1.09E+Oq) l I -I.09E+000 I 3.50E-001 I 1.09E+001 I 29
1.99E+001 I 7.95E+001 I =..,23E+000 I 5.2ZRE-O01. I 2.09E+001 I 30

I
I
I
!
I
I



I 101
TABLEB-3 (cor, tinuatior,)

I
' Ni I Pb I PO4 I Se I Si I

I u_qle I u__19 I u.qle I u_ql9 I uel_ II I I I I

I 1.62E+000 1 -1.02E-O01 I 4.88E+002 1 -1.02E-OOI I 1.36E+002 1 19.08E-001 I -1.02E-OOI I 5.35E+002 1 -1.02E-O01 I 1. 13E+002 I 2
8.04E-001 I -1.02E-O01 I 4.56E+0()2 1 -1.02E-O01 I 1.42E+002 I 3
1.06E+000 1 -1.03E-O01 I 4.78E.002 I -1.03E-001 I 1.59E+0C)2 I 4

I I 90E+O00 I -I.04E-O01 I 2.03E+002 I 9.75E-001 I 3 20E+002 I 54.01E-O01 I -I.03E-O01 I 2.88E+001 I I. 16E+000 I 5.04E+001 I 6
-I.04E-O01 I "I,04E-O01 I 1.34E+001 I 5.59E-0C) I I 2.28E+001 I 7

I 2.28E-001 I -I.04E-O01 I 7.30E+00C) I 1.04E-O01 I 2.39E4001 I 8-I.04E-O01 I -I.04E-001 I 7.30E+000 1 -I.04E,001 I 2.39E+001 I 9
3.77E-001 I -I.05E-001 I 4.20E+000 I -I.05E-O01 I 2.93E+001 I I0

I 7.76E-001 I -I. IIE-O01 I 5.50E+000 1 -I.IIE-O01 I 4. IOE+O01 I ii1.02E-O01 I -I.02E-001 I -3. IOE+O00 1 4.92E-001 I 7. 17E+0_0 I 12
1.23E+000 I -1.01E-001 I 5.09E+002 1 1.42E-001 I 2.26E+002 I 13
3.85E+000 I -1.02E-001 I 5.92E+002 I 1.22E-001 I 2..91E+002 I 14

I 2.61E+00C) I -I 03E-O01 I 4.81E+002 I 1 24E-001 I 2.69E+002 I 15
ii

1.55E+000 I -I.02E-001 I 4.94E+002 1 -1.02E-001 I 2.30E+002 I 16
1.37E+000 I -I.02E-O01 I 4.98E+002 1 -I.02E-001 I 2.06E+002 I 17

I 1.06E+O00 1 -I.03E-O01 I 2.16E+001 I 4.73E-001 I 2. 17E+002 I 18-I.02E-001 I -I.02E-O01 I 1.02E+001 I 7.04E-001 1 2.35E+001 I 19
3.80E-001 I -I.03E-O01 I 1.03E+O01 I 1.04E+000 1 3. 18E+O01 I 20

I 3.38E-001 I I.02E-O01 I 6. IOE+O00 1 7.48E-001 I 3.07E+O01 I 212.50E+0 r'_ I -i. IOE-O01 I 1.31E+O01 I 1.07E+000 I 3.73E+001 I 22
1.78E_ ; -I.02E-001 I 7.83E+002 1 -1.02E-001 I 2.33E+002 I 23
2.06E _ I -I.03E-001 I 7.36E+002 1 1.13E-001 I 2.30E+002 I 24

I 2.25E ,) I -1.03E-O01 I 5.30E+002 I -1.03E-O01 Z 2.00E+002 I 253.38E+0C)0 I -I.03E-O01 I 2.15E+002 I 1.51E+O00 I 8.25E+002 I 26
3.38E-001 I -1.02E-001 I 1.02E+O01 I 7.48E-001 I 2.77E+001 I 27

I 5.24E-001 I -I.03E-O01 I 1.03E+001 I 7.60E-001 I 2.67E+001 I 28- I.09E-001 I -I. 09E-001 I l.31E+O01 I I. 59E+000 I I.86E+001 I 29
1.57E+000 I -1.05E-001 I 1.78E+001 I 2.21E+000 I 3.45E+001 I 30

I
I
I
I
I

(

I
I



I I02
TABLE B-3 (continuation)

!
i S04 I Sr I U 1 V I HC03 I

I uele : uel_ : uel9 : u_le : u_le I|

I -1.02E+002 I 1.90E+001 I 2.04E+001 I 1.33E+000 : 5.46E+004 I 1-I.02E_002 I 2.21E+001 I 8.16E+000 I 4.08E-001 I 5.82E+004 I 2
-1.02E+002 I 2.26E+001 : 9.16E+000 I 7.13E-001 I 5.87E+004 : 3
3.08E+002 I 1.96E+001 I 8.38E+000 I 4.11E-001 I 6.28E+004 I 4

I 5 39E+003 I 5 08E+O00 I 4 67E+001 I 1 97E+000 I 5.14E+004 I 5
I

4.87E+003 I 1.79E+000 I 1.75E+001 I 3.09E+000 I O.OOE+O00 I 6
5.68E+003 I 4.25E+000 I 7.25E+000 I 9.11E+000 I O.OOE+O00 I 7

I 5.20E+003 I 2.28E+000 : 7.26E+000 I 1.30E+001 t O, OOE+O00 I 8! 5.71E+003 I 2.08E+000 I 6.20E+000 I 9.25E+000 I O.OOE+OOO I 9
5.17E+003 I 1.88E+000 I 8.37E+000 I 8.58E+000 I O.OOE+O00 I 10

I 5.31E+003 I 2.11E+OOO _ 9.98E+000 I , 6.76E+000 I O. OOE+O00 I 111.03E+003 I 3.59E-001 I 4.61E-001 I 5.12E-001 I O.OOE+O00 I 12
-1.01E+002 I 1.87E+001 I 9.51E-001 I 9.11E-001 I 5.49E_-,04 I 13
5.08E+002 I 1.79E+001 I 3.29E+000 I 5.08E-001 I 5.85E+004 I 14
6.51E+002 I 1.54E+001 I 3.29E+000 I 4.13E-001 I 5.22E+004 I 15
4.49E+002 I 1.81E+001 I 3.00E+O00 I 3.06E-001 I 5.97E+004 I 16,
3.27E+002 I 1.51E+001 I 1.43E+000 I 2.04E-001 I 5.14E+004 I 17

I 4. 18E+003 I 1.75E+000 I 2.16E+001 I 2,06E-001 I 2.66E+003 I 18_4E+00_ I 8.16E-001 I 8.63E+000 I 7.14E-001 I O.00E+O00 I 19
4.29E+003 I 1. 13E+O00 I 7.19E+000 I 9.24E-001 I O.00E+O00 I 20
4.281--+003 I I. 13E+000 I 5.28E+000 I 9.22E-001 I 0.00E+000 I 21

I I 1 32E+000 I 1 IOE+001 I I 97E+000 I 0 00E+000 I 22
7 93E+003 ii ii li ii

-1.02E+002 I 3. 13E+001 I 7.57E-001 I 1.64E+000 I 7.89E+004 I 23
-I.03E+002 I 2.59E+001 I 8.93E-001 I 8.21E-001 I 7.81E+004 I 24

I 2.06E+002 I 2, 13E+O01 I 9.36E-001 I 3.09E-001 I 7. 10E+004 I 253.90E+00:3 I 4.44E+000 I 2.69E+001 I 6.20E-O01 I 1.02E+004 I 26
3.94E+003 I 1.43E+000 I 1.23E+001 I 1.02E+000 I 0.00E+000 I 27

I 3.73E+003 I 1.44E+000 I 1.33E+001 I 2.26E+000 I O. OOE+O00 I 285. IOE+O03 I 1,53E+000 I 4.68E+000 I 1.64E+000 I O. OOE+O00 I 29
4.27E+003 I 1.01E+()00 I 1.88E+0()1 I 8.89E+000 I 0.00E+000 I 30

!
i Calculated as the missing anion in the charge balance.

I
I
I
I
I
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I TABLE B-3(continuation)

I

! -I, Th-230 I Ra-226 1
I ! '

, pCi/g , uele :

i I I I
l 1.40E+000 I 2.90E+000 I 1
I 3.80E-001 I 1.70E+000 I 2

I l 3.60E-001 I 1.07E+000 I 3I 4.00E-001 l 3.59E-001 I 4
I, 2.00E+001 I 6.02E-002 I 5

I l 2.20E+001 I 1.04E-001 I 6I 1.60E+001 i 3.11E-002 I 7
I 1.80E+001 I 3.84E-002 I 8
I 1.10E+001 I 1.13E-001 I 9

I I 9. IOE+O00 I 9 94E
_0 0_ I 10

I 1.90E+001 I 5•21E-002 I 11
,' 3.70E+000 1 1.82E+000 I 12 r

I I 1.30E-001 I 1.2zE+O00 I 13i.80E-O01 I 7.32E-001 I 14
I 2.80E-001 I 5.17E-001 I 15

i I 3.40E-001 I 5.20E-001 1 16I 2.50E-001 1 2.97E-001 1 17
I 1.10E+002 I 5.76E-002 I 18
I 1.70E+001 I 5.92E-002 I 19

I I 3 80E+O01 l 4.41E-002 I 20l 5.60E+001 I 3.89E-002 I 21
I 4.60E+001 I 4.82E-002 I 22

I I 1.80E-001 1 4.19E-001 l 23I 2.80E-001 I 3.80E-001 I 24
I B.OOE-O02 I 2.16E-001 I 25

i I 1•20E+001 I 3.41E-001 _ 26
I 1.70E+001 I 2.66E-001 I 27
I 3.60E+001 I 1.23E-001 I 28
I 1.30E+001 I 2.19E-001 l 29

I l 7.60E+001 _ 2.41E-001 l 30

I
I
I
I
I
!
I
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I ,

I

i APPENDIX C

X-RA( DIFFRACTIONRESULTSFORMINERALOGYOF

BULKSAMPLES,<5 MICRONFRACTIONS,AND

REPRECIPITATEDWATER-SOLUBLESALTS

!

I
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I
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