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CORRELATION OF MLNERALOGT AND TRACE ELR4ENT

LEACHING BEHAVIOR Iti KK)IFIED IN SIZV SPENT SH&ES

FR@l LOCAN WASH, COLOMDO*

E. J. Peterson, J. A. O’Rourk, and P. Wagner
Chemistry and Materials Science Di~~ision

Los Alaunos Nat Ional laboratory
Las Alamos, New Mexico 87545

(’ii s?, alc rctcrting induces c.incral and cheaical reactions to occur on
t!m Y./iCrL}SCO~l~ and r,icroscoplc lc~’els in the keropcn-bwrin~ mrlstcme.
i?]~ n:lturu and extent of ~he reactions is d~pendent upon process variables
such as ~.;i~i?,uE t~=iperature, time at tcnperature, atmosphere, and raw shale
C$,:,p ~sitl an. This rc’port d~scrjbcs the investi~ation of the t:incrnl, che=i-
Cal, a:.d tra:c cl(’v,cnt rcle~sc properties of spent shales rctrlcved froa an
c:(;cr.:,,ntal i), cv:d rt.tort at Orcjdcntal Oil Shale, lnc.’s Lc~an Kash site
in Garfield C’unty, Colorad~. Correlation between mineralogy of the spent
r.:lterials and thr CIObil~LY of ~~jort u.her, ●nd trace el~=cnts arc ti~icateds
iltld rt,latic’nships with i:,portant process p~rameters are discussed.

The prt~ress o! carbonate decompositim reactions and silication reac-
tions 16 indicative of the processing conditions ●xperienced by the shale
matertils and Influences the mobility of major, minor, ar.d trace ●lements
when the solids are contacted by water. Shale minerals that are exposed to
the extreme conditions reached in underground retorting form high tecpern-
turc product p}m~cs includi.n~ akcrmanite-gehlenite and diopside-au~ite solid
solutions, k.alsllite, monticellite, and forsterite. The persistence of
rrlatlvely thermally stable phases, such ● s quartz, orthoclaae, and albite
proi”ldc insicht into the cxtrcrncs of proccssin~ conditions expcrlenccd by
the s]wnt s}wles. Leachate compositions sug~est that several trace elemcnta,
incli)i!in~ \’;lnndium, boron, fluoride, ●nd ●rsenic are not render~d irmobile
hy t)lr f~lnntion of the hi~h-temperature 6ili[”nte product p}lase nkcr~nnite-
F,rhlvnite.

* TlliK w~rk iR supported by thr l)ivi~ion of Environmental Control
1(’(hnology, Office of L% Environrnrnt, 1:,S. Drpartmcnl @f lh)rr~y.



Introductlm

Extraction of ofl from kerogen-bearing marlstone, referred to as oil
shales can be accomplished by either surface or in 8<ti~ ~eto~t”~lg.

Occidental OU Shale, Inc. has been =perfxnenting with a modified in situ
: technique (MIS) at ~gan Wash site in Garfield County, Colorado. This
- metkd involves mtitig to r=ove 20-25% of the rock from a climber, called
. a room, =plosive fracturing of the rock to uniformly redistribute the void,

and finally igniting the organic bearing rock to pyrolyze and then distill
the organic natertil frm the Eolid to the bottom of the retort where it
condenses and is pumped to the surface. Heat for the retorting process is
provided by combustion of the residual organic carbon left on the rock after
the major organic fraction has distilled away. Six retorts have been fired
by Occidental at Logan wash and tw more are in the ftial stages of prepara-
tion.

One of the small experimental retorts, referred to as retort 3E, has
cooled sufficiently and three spent shale cores have been retrieved from
this room. Several studies of materinls from the first of the? cores,
designated ~El have been accomplished (1,2). These studies indicated the
nature of the materials to be considered and provided insights into the
effects of p~st-burn operations on the characteristic of the spent shale.
However, the core drill lubricattin methods utilized In retrieving these
samples le6 to uncertai.ntic: concerning the utility of data generated froz
these samples. These doubts prompted retrieval of two more cores frc=
retort 3E, designated R3E2 and ~.5L3. The ~pent shales from these ccres have
hve been sublected to exten-lve characterl.zattin, includi.n~ cineral iden-.
Yification by x--ay dir:racticn. Host studies have dealt with laboratory

stidlated i}: 2i7~ spent shales, and thus retort 3E ~aterials are the first
field generated spent shales that have been made available for invu~tipation,

Background Sur.a~. .. —— —

‘,’urious ttUthOr6 have reported tivestipations of mineral species in rak’
oil shale (3-5). The mineral composition varies strotigraphically, but
carbonates and silicateb predominate in moat zones. Carbonate minerals
found in raw shale include dolomite/ankerite, calcite, and lesser amounts of
nahcnlite and dawsonite. Silicate minerals found in raw shale include the
thermlly stable phases a-quartz, alblte and potassium feldspars, a~ WC!.1 as
Ulite, other clay mtieralc and anmlclme. In addition, small amounts of
pyrite are widespread throu~hout the Green River formation. T}ICIcor,pos~titms
of these minerals are summarhed in Table 1.

The identity ●nd quantity of mlnernls present in spent shale are
dependent upon the ori~iml raw shale Cmposltion and the retorting condi-
tions (6). A variety of mineral and chemical reactiuns are possible, con-

sidering the typa of r=ctmts ●nd the retorttig variable~, such as
temperature ●nd input gas cnmposltion. Tempcrutures reached in i?: Eit-Iti
retorts are sufficient to dt’compose the cnrbonate minerels Or react thcm
with other raw shale mtileralu to form higth temperature silicate phases. The
~tert of carbonate decomposition and silicate fotmntion, as well as u-qunrtz,
albi:e and pntesgium feldspars disappearance, are indicative of the extremes
of ttunperature and retortln~ atmosphere ●xp~rimced by the spat shales.
Product mineral p“nases possibly fnrficd durin~ i?, “r: R4 rrtortln~ nre SI171:,fl-

rized in Table 1, As uitll most e’pcrinwntal Rtudies (7-9), tlIL pr(dor:lnnnt



Table I. WV and Spent Oil Shale Kinerals

RAW” SHALE MXXEIL4LS
kmlcime .

: Dolomite
Calcite

. Illltc
Pyrite

B]ot]tt

THERMALLY STABLE PHASES
Qaartz

Alblte
Onhoclase

DECOMPOSITION PRODL?~S
Periclase
Calcite
Dehydrated AnalcmelYamkiLe

}ilGH TE311’ER.4~RE PRO13U~ PH.4SES
A~;cmlt
A~l-manltc-GekknlI?
Knlh:llte
~f n.irf]]llf

F~ r.!t~.~e

HK(;EXER%TIOS PRODL”tTS
Arac-ml\e

Ctllcite

~} IJ~U~

NaAISi,O, ”xH,O ‘
(Mg.F~~Co(CO,). .
CaCOo
Clay mineral - KAl,:SI~l }O,,(OH ],

Fe&
R(Mg.Fe!,(Sl,A1 :O,JOH ),

SiO,
NaAISi,O,
IMlsl,o,

Mgo
Cnco,
CIIAI,[S1O,I,’2H,O

CaCO,
taco,

CaSO -2H,0

k.~h tc~pcrature sil icate products expected in f Iel+ samples ar~ akermmite-
gehlenite solid solution and diopside-au~ite solid soluttin. Other silicate

rinerals include blsilite, monticellite, ●nd the magaesim ol ivine,

f~rsccrice.

‘-rbanate dt~crzpcsit ion involves evolu”lon of Cc: . a readily ranitcrcde.
Fraduc. t . Several studies have investigated rates of carbonate dcccxpcs]t ion

in c:l shale by n~suring CO? ●voluttin rates (~.a) . ho:)-cr study has

ln~.”,sti~ated tl.e ~rc Fress of laboratory rctorttip by k-ray diffraction (9).
These studies lndicatc that dc!omitp decomposition prnct=eds at 925-1025 K

with evolution of CO: and f~rra.’.on of periclase and calcite. I]ie periclase

persists at the lever ternpera:ures, but disappears at the hi~her tt=npera -

tures due to silicate fO=t’.onm The c?lcite formed is (heroically indist in-
F“.:ishable from the or!~i.nal calcite (7). Calcite decompenea with ●volution
of CCZ atwve 1075 K. but at this temperature (or higher) a compctmc reac-
tion hns been recognized (7) . It ia also possible for the calcite to react

wltt, quurcz to form calcium silicates or, perhap~, feldspars to form calcium
alurcinum silicates. TIIUS tL IF arp~rci.t that the disappearw. ce of rtiv
~~nle ~~ncra16 and t~le fcr, ,at~or of a new nuite of minerals ti tl. e rroccssed

stale rwr be ficcor~l ished throu~h a variety of reaction patiw-avs Kklc?. are

d(ternined by process variables such as maximum temperature, thnc aL maximum



temperature, heating rate, and Eit30SFhe~e. Thus, the minerals present in
the spent ‘1”1 provide insight into the conditions experienced by the
solids du~ .~ processing. The experimental studies (7-9) suggest relation-
ships bet~.een retorting parameters and spemt shale mineral compositions that
are useful for ●valuation of field generated materials.
:
.

The mineral reactions described above are accompanied by dmnical reac-
tions of the minor and trace elments. Both the mineral and chemical reac-
tions which occur during retorting affect the mobility of the major, minor,
and trace =lements from tbe shale when contacted with water (1,9). The
mobility of elements can be affected by a number of factors including decom-
position or reaction of the original mineral hosts, the abiiity of newly
formed spent shale minerals to accommodate majcr, minor, and trace elanents
in their crystalline structures, and the oxidizing or reducing nature of the
atmosphere. These factors, as well as solution chemical considerations,
need to be considered when leachate compositions generated from ix situ spent
shales are investigated. Thus, uiineralogy of i- aih generated spent shales
is important in the process assessment and in the evaluation of the environ-
mental acceptability of groundwater leachability of the spent tihales.

E>~erixnental Techiques.— —

Infrared and X-Ray Diffraction %thods--—.-—. ---

Infrared spectra were recorded on a Perkin Elmer model 621 spectrometer
in the range of 4000-500 cm-], as ~Br pellets. Comparison of C-O and S1-0

stretching vibrations were employed to dctclmine the relati~we anount of
carbonates c~.~rained in the sa=.plcs. C-O stretching frequencies wore used
to identfiy carbonate t>-pe (doloriite, calcite, and/or aragcinite) in each
sanple.

X-ray diffractim methods were employed for all ❑ineralogical phase
identifications. The samples to be &nalyzed were ground to -325 mesh and
tlmroughly ❑ixed. Portions of these samples were then pressed into alu=inum
holders and examined vi’:h precision aligned vertical diffractometers equipped
with diffracted beam monochrometers. Copper ~ characteristic radiation was
utilized in all instances. Scanning rates of 1/4° and/or 1/8° per ❑inute,
together with selected combinations of scale factors and time constants,
pemltted excellent sensitivity of peak detection. In reading the diffrac-
tion patterns, all peaks were recorded which exhibited consistent intensities
gr-ter than two standard devtitions above background. Critical overlapping

peaks were resolved with the aid of a DuPont cume resolver. All indexing
was accomplished by reference to the mineral subfile of the general JCPDS
powder diffraction file. All reflections within the pattem:s were identi-
fied, except the occasional wmk or trace phases. For those mineral con-
stituents which were obviously mmbers of an i~omorphous series, the lattice
parameter were also obtained to establish the relative positions of these
phases within the series (Table I for these isomorphous compositions).
Estimntes were made of the relative abundances of the mlncral constituents
by compartig the background normalized intensities of the stron~cr rcflec-
tiona from each phaae.

LeachinE Experiments——. —-

Leaching expertients were utilized to determine tllc volubility of major,
mtior. ●nd trace elements as ● function of mtieralotxic and chemical



properties of the ix situ spent shales. These experi.nents consisted of
48 hour static shaker l=ches of -100 mesh material with sclid:liquid:con-
talner volume ratio of 1:5:10. The eolutions were separated from the solid
phase by centrlfugation and filtration through 0.45 v millipore filtern.
Analytical data were obtained by Direct Current Argon Plasma ~ission Spec-

trometry (DCAPES), Atomic Absorption Spectrometry (AAS), and ion selective
@lectrode for fluoride. Leachates generated by this procedure;may approach
Qaximum concentrations of most elements because of the particle size distri-
bution of the solid material.

ltineralo~ic Characterization of Core Matertil

Infrared Studies

The results of Infrared analysis of core material from R3E2 are indi-
cated in Figure 1. ThlE figure is a graphical representation cf the persist-
ence of carbonate minerals (dolomite, calcite and/or aragonite) as a function
of depth in R3E2. The quantity and identity of carbonate minerals suggests
s-veral obs-ations about this core and more generally about retort 3E.
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or as regcnerattin prod~cts due to post-burn chemical or mineral reactions
in the ret~rt. Since retort 3E was run vith recycle of product gases t+,ich

continued after 6hutdWn, C02 exposure is certain. Since vkter was also

injected, the possibility of solution reacticms atists. In determining the
reasons for existence of carbonate minerals and, subsequently, the conditions
experienced by various coze sections, the infrared data provides information
vhich complements x-ray diffraction data.

:
.

The identity and quantity of carbonate ❑inerals i.n R3E2 sa;ples suggest
subdivision into at least three zones. Zone 1 extends from 460-495 ft and
is characterized by quantities of carbonate mineralE, mainly aragonite.
Presence of aragonite indicates that most, if not all, of the carbonate
minerals present in this zone are regeneratim products formed because of
post-bun conditions. At this time the recarbonation of CaO in varm vater
or carbonation of CaSOi (gypsum is Identified by XRD) are possibl~ synthetic
pathvays to this mineral species. X-ray diffraction data confims th16
assessment. The presence of high temp=ature product silicates and lack of
silica support the infrared results.

Zone 2 continues from 495 to 525 ft and is characterized by lesser
mounts of carbonate minerals, predominantly calcite. This obsewation and
the x-ray diffraction data indicate tht ca~cite has sumived the retorting.
However, core sections 8 and 9 lack any carbonate minerals. The third zone
extends from 525 to 560 ft (the bottom of the retort chaaber) and the
carbcza[e persistence suggests much lower tenmratures as expected. Infrared
data :CU section 14 indicate ttat this r.atertil is essentially raw shale.

X-WV !)iffractim Studies.——.. ————-—— —

The nincralogic composition of <ore R3E2 is tabulated in Table II,
while inforr,ation is graphically depicted in Figures 2-6. Figure 2 indicates
th extent of sil!cate fo=ation and the disapp-rance of a-quartz in core
DE2, and, as expected, they are inversely related. Silic-te phases pre-
dcwinatc and quartz is essenttilly absent from 475 to 530 ft. Fever silicate
rnincrals and varyL~g amounts of quartz =Ist above 475 ft md belov 530 ft.
Examtiation af Figure 3 indicates the relative amounts of carbonate mtierals,
o-quartz, and high temperature silicate product phases. Above 500 ft.
carbonate ninerals, predominantly aragonite, exist in the presence of high

t=.perature silicate product phases and Im the ●bsence of a-quartz. Recycle
of product gases and water injection for cooling purposes provide condi-
tions suitable for precipitatim of soluble calci~ as arbgonite from wam
solutions. Below 500 ft. trends in persistence of carbonate minera16,
predominantly calcite, and relative quantl?.ie~ of a-quartz ;Ire quite similar.
This SUgC[?StS that the core materials retrie~’ed frr- this rccion of the
retort are survivors of the processing and not rekcneration products.

Relative amounts of high temperature silicate proiuct phases listed in
Table 11 should be evaluated coFnizant of unknom variables, such as raw
slwle composition and retortjmg conditions. These vartibles have not been
~,el~ characterized for retort 3L, but several observations can be made.

Figure 4 indicates the occurrence of ak.enlanlte-gehlenite oolid solution and
diopsidc-auFite solid solution ale inversely related. Akcrmanite is the
predcminnnt silicate phase from 475 ft to cc. 500 ft. while diopside is the
major phasu above 475 ft and from 500 to 530 ft. Below 530 ft, diopsidc is

still the major silicate phase, but the inverse relationship of aiemmnitc
and dlopside i. not obvious. This could he a consequence of tile retorti.n~



Table II. Mineral Phases in Spent Shale Core R3E2
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temperature or evidence of friable material not retrieved from the upper
regions of the r.?tort. Other trcmds in silicate product phase mineralogy
include the direct co=elatim of ake-nite and monticellite and the
presence of forsterite in core sections vhe~e diopside-augite solid solution
predominates.

Minor phase mineralogy listed in Table II also provides insight into
the relationship of process conditions and presence of mineral phases.
Gypsum, hydrated CsSO~, was identified in core sections between 455 to 480 ft.
m explanation of sulfur ret-tion ti spmt shales, first as sulfides, and
then oxidtied to sulfates, has been reported by Smith et cl. (5). The fact
tht the CaSCt~ is hydrat~ IS cong~stent with water injections be~g ahsvrbed

III the upper part of the retort. Other hydrated minerals, biotite and
analcime/vairakite (partially dehydrated), exist from 530 ft to 565 ft, and
are consistent with the lover temperatures and/or shorter heating times
suggested by the persistence of carbonate minerals and a-quartz in the lower
depthb of the retort.

Di~cussion

h integration of infrared and XR.D data from this core sup~ests that
the informati.cm is complem~tax7. Evaluation of core R3E2 data, conbined

with the mfieralogic characterization reported by Park 6: al. (9), indicates



the existence of at least five major zones In retort 3E. Zcne 1 is irI the
vicinity of 440 ft t~ 445 ft which was sampled in R3E1 (1,9), and consists
of almst no carbonate minerals, very little quartz, and a large quantity
of high temperature afiicate products (akermanite-gehlenite, diopside,
monticellite, and ~lsflite)m These obsetwations suggest that ignition of
the retort was accomplished at these depths. Zone 2 extends from approx-

.~ateiY 445 ft to 460 ft and ia characterized by comparable amounta of
‘calcite and aragonite, moderate quartz, and very few high temperature
‘silicate products. The mineral composition fndicatea that calcite has
probably sumived decomposition reactions , while aragonite is a regeneration
product of dolomite decomposition due LO post-burn operation. The appear-

ance of quartz and the lack of high taperature sflicates suggests these
sections have ●xperienced inte~ediate temperatures (800-1000 K) and/or
short hating duration [see mineral ktietlc study in (9)1.

The n=t two zones from 460 ft to 495 ft and 490 ft to 525 ft are the
most difficult to interpret. However, the infrared and XRD data indicate

that these regions differ markedly. Zone 3 from 460 ft to 495 ft is char-

acterized by the presence of some calcite and aragonite, almost no quartz
(except at c=. 480 ft) and large amounts of high temperature silicate

products. The high temperature silicates in this region are predominantly
akermanite-getienite solid solution and lesser anounts of diopside. Zone 4
extends from 495 ft to 525 ft and consists of very few carbcnate rinerals,
little quartz, and large amunts of high tc-=.pcrature silicate products.
Tkle product p!iases h. this r~gion are prcdc~.ir-ntly diopsidc with lesser
a~ounts of akr==nite-gehl cnite. It is also si~ificant tl~at forsterite
was detected in this region. ~nf~rtU3ately9 the kplications of these
obse.xwations are not certain because of a lack of bzseline tifor=.ation about
the raw shale h tk.is regior. The most probable reasons far the indica~ed
r,ineralogic ch~ages fro= zone 3 KO ;.me 4 are hi;hcr t~;peratcres andlor

different h=ting durattins for one s~ction Co=pared to the other or a
change in the bulk composition of the raw shale in the vicinity of 500 ft.

which would alter the mineralogic r=ctivity patterns. It is not certain
what combination of ret=ttig conditions will favor particular high tempera-
ture silicate products, altkugh a recent Investigation suggests that there
are tradeaffs betwem maxtium t=perature and time at temperature (9).
HOWeJer, it is apparent that these tw regtins have experienced the mst

extxeme proces; conditions. The possibility of r~~- shale compositional
changes at 500 ft is plausible cousidertig t~t the prominent mineral phases
im zoce 3 (akennanite-gehlmite and monticellite) are calcium rich ccwpared
to the minerala in zone 4 (diopside and forsterite). Investigations of a
raw shale core from the Logan wash site are undetway.

Zone 5 (530 ft tc 565 ft) represent the “botto~ plug” of t!)e retort.
I%is region is characterized by lar~e anounts of ctirhcnate rinrrals wl,ich
appear to have been unaffected by pest-bum operations, l:irFr ql::l~titics of

quartz and feldspais, and fc’x high tcznpcri,ture silicate p%ascs. These ccre
segments have =perienced only moderate t~~prraturcs ?~d it IS po~sihle
that the small quantities of product silicates may be friable m~terials
which previously existed in zones 3 and 4.

Selected analytical rcwlts for cations and fluoride, p}! and rmiduc-
tivity in leachates are shokm in Table 111. R[.suits for lcachatcs ~(’neratcd
f=om IUE2 app=r to corroborate c~nclusilms based on mineral data. Tile p};
value of the leachates ranre from 8.8 for section 3 to 11.6 for srrtion 11.



Ta51c XII. Selected Trace IlennLs, pH, and Specific
Conductivity in L~chates fror Core h3E2
(in ppm).

.— —.
spec. .

: Section Depth pH cond. As B Ca F m v
who /cm .

1

2

3

4T

4B

ST

5Y

5B

6T

6B

7

b

9

10

11

11A

~~

1 H

13B

14

—.—

461.5

4e7.5

472.5

477.5

482.5

487

493

509

513

523

533

5L0

550

560

—. —

9.09

9.07

8.78

10.28

10.20

10.41

10.19

10.24

10.34

10.CJO

10.02

9.43

9.76

9.47

11.6CJ

11.54

9.82

10.24

10.55

9.6?

2260

2780

2250

2210

1490

1350

1500

1120

bBO

1400

1450

995

~390

lp40

:15(’

1460

2660

~3B0

330

..—— — .. ..——

0.010 1.93

<0.01 2.69

<o.o~ 2.4

<o.oo2 1.96

0.008 2.41

0.010 2.11

<o.002 1.63

0.006 1.91

0.026 6.55

0.034 5.33

<0.01 4.13

0.021 1.86

0.016 1.91

-- 1,93

<().01 0.330

<C).clm (1.292

<b. 00’! 1.1O

<().0[)2 1.11

a.ol (’.917

0.020 0.262

133

566

352

223

237

39.6

48.7

64.0

4.51

2.54

14.8

106

46.1

42,3

1W6

2E’5

: op

493

372

3.8

3.9

0.3

5.2

4.3

5.2

5.2

4.4

5.3

12

21

17.0

2.1

5.4

-.

9

12.O

:*9

2.4

3.0

4.2

0.84

1.88

0.293

0.474

0.429

0.541

0.528

0.520

0.814

0.659

0.726

0.768

0.64

1.65

1.26

lm~},

(,. 522

-,mJfii

0.456

0.R38

0.163

0.618

0.129

0.401

0.437

0.87

1.08

0.77

1.90

1.72

(1. 569

n,~]z

om~3

~,~:g

(.:OCI

() -1...G.-

(1.jL&

[1. 3(J5

0.(’.45

().25]

— —.——— -—— . .-—. .

Sections 4T through ‘ have pH values of approximately in.2, ● G wmld hc
expected for solutions in contact tith silicate •ineral~ (PH of amtlictic
akermanitc solutim = 10.2). The relatively lowar pH’e of mc!ion 1-3 and
the hi~h Ca+2 ion concentrations auggeet the presence o! cnlriuIz sulfate
Inqtcad of cnlcium oxid~: and this Is cfin=lstent with the mfnormlo~v. Tho
higher pH and larger Ca ion concentrations in the lower oeccions could

indiute the presence of SWI1l amountL of ma~nesium G: calcium cxidcs (PII
of MgO ‘ 10.0, CnO = 12.4), not detmtable by x-ray diffraction.

Conductivity datn cm h corrrlm~er! wit;~ the ldrntity of t!,r w“lid

mntcrinl~, which i~ rclntcd to procc!.fiinF CIIII!itirms. Conductivity V:IIIMK
rirc rt’lilt~v~hl~ low for krcticms 5’f thmwh 9t but not as lcw H!, f(lr t:)plrnl
ril~ shale lt.nrhaces. Scctionn 47, 4M, and 1(] are :u]ntl\”cly !lli~ it t*v(w

t.lb-wyh th~y have ~iynlficant qunn:itle5 oi produ..t silir:lt[, p},:Isi”:. !l~t in:ls.
AT ;IW.I ti}, hnw rl’:lsonah]y hirh (.:.’”. L’mltuntfi, ,wyywntlnr tlir p.IKsil~l!itv of

mall ql:antitirs of cnlciu= oxidr. (conductivity of fi~’rtion 1(” it IIi:ll dlIc tn



higher alkali cictal ion concentrations. Candllctivlty and clcr.untal asalyscs

of section 14, as well as mineralogy data, suggest that the m~~crial is
essentially raw shale.

It is obvious from Table III t~t Calcium ion concentrations are
directly related with conductivity values and so through ● qinimum in

. secticn 6T and 6B. This is consistent with the low volubility of ●lluline
earth b.licates, such as ake~an~te and diopside. However, several elsments
indicate trends wh~h are ~versely rel~~ted tO the solubili~ behavior of
the alkaline earth ●lenents. These flenents, including arsenic, boron,

fluoride, molybdenum, and vanadium, are listed in Table 111. These data
suggest that trace elements of potential concern are ~bilized from spent
sh es contalntig ahe~anite-gehlenite solid solut~n as the major high
teqxature silicate phase. Trace elements appear not to k: ● s mobile from

spent shales containing diopside as the major silicate phase. ThiB observa-
ttin is indicated grap~iically in rigure 7, which is ● comparison of
akermnjte-peh-lenlte and diopside occurrence with percentage vanadium
sclubility. (Comparison of percent solubilitles is routinely done for those

elements kno~m to vary significantly ● S ● function of depth. The percentage
vanadium salubllity is obtained by dividtig the solid Concentration by the
leachate concentratmn (both in vg/g). $nen comparing trends in leachate
compositicm, it is Importmt to negate vartitf.m6 of ●lemental concerltratlnns
in the solids. ) It is possible that the retorting conditions which favor the
forrwtion of akcrmnitc-gehl~.~ite also favor the Bobilbation of these trace
elcnents or that al.vrranite wathcrs in a manner which releases lar~er

t these trace elc=mts :O=plred with other product silicatequant~tlcs o.
pblses. Anotllcr pvssibl~ rc~%on for tIM c?unges in mobility fro= rcpion 3
to reFion 4 ceuld be the ~bility of the diopside crystal structure to
a,co-.-,r,d: tc a Varictv of trace e]LJ-(mtS as suhSl~tUtCS for Calciuz,

~,,~~c~iua! ~r silicon, w?lcrcas t}lc o;f”;r.~nitc-grhlcnite structure is not
quite so flexible (10).

An nltcrnatc cxpl;lnnt tin. which r;~nnot be ruld out bcrausc of ● lack
of bnscline Infom.ntion (Ill rw sha]c, is t}mt ccmlpositicnal variations in
L\IQ row slialr could haVC (llanycd in tllc vi~~ity of 495 lL with conco~itant
e! iect on the final ror.pnsit ion and lrachi.n~ Lehavior of th~ product phnscs.
I: IS noted thnt ai.crmnn itc-gi~hlcrlitc und cmnticellite are calcium rich

cvmpared to dicpsldc nnd forsteritc, which mny give credibility to this

scenario. Turth(’rmorc, compositional vnrinttins jn the raw shale may have
hccn accn::pnnicd by vnrinti~nfi in trace elrnrmt concentration, but varia-

tion= wrxc nl)t rcflcrted in th~ oolid spmt shalec analyzed by neutron
artf !tinn analysis (11). Fhch more work in the rclationahipa of ~incralogv

w~rml truer elcmnt rclenso br}Liii’iorp bo.h thcrmodpnrnic and kinetic lr,forma-

tion, wIII b~ n~ ccssnry to unr~~vnl thesr prohlcms.

The enlmnccd rnebiliLy of the nformwntimled truce elements onrc they
have brcn rclcnscd from the solid patir~clcs, can br plac~d in nn npprll:’rintc
framrwork by consideration of fundnrnrntnl solution chenititry. T\w mobllitlrs

of nrscnic, flumridc, nnd molyhdenurn are indicated from chemical equilibrium
cndcs to tic controlled by alhline enrth ion concontrationrn. Adcqunte
nllmline m“:h eCIIIL’entratl~n8 will precipitnt~ ~nAsOk~ CaF?* and Cn:fOOL.
Thus thus{ sccondarv minrrnla will cxrrt mluhillty control cm the%e trnce
rlm:entfi as 10NF, ● s ● rekervoir 01 alklline ●arth ions i% ●vn{lnble. h

cxaaple o! Lhis control is SiVm in FiFurc 80 which ~hauk tllr ●ffcct of
dccrcaging cnlrium co!lcentrncions in cor? k7E2. Srction~ h*itl\ wmll cnlciur

conccntratinns uxhibit tllc lnrKrst fliloridc ion conrcntrationfi. l’~iin~ the
~~,lubflity product Of C.uF:, N = 3.4 x ~~-il ac lR’C, nnd n(’rlcc~ in~ rrmpliL:l-

tin., nhunomcna Fuch as the cl’mxln iOII effect, ralcl’lntion lndicntrfi that
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calci~ inn concentrations in excess of 8 ppa will depress and control the
fluoride ion concentration. Calculations such as this can albo be made for

fiolybdenum and arscmic. l%us the previous observation of the inverse
relationship of conductivity and alkline earth concentrations with ●rsenic,
fluoride, and molybdenum concentration data are r=dfiy understood.

.
In contrast, the mhanced mobi-lity of boron and vanadium does not

“appear to be affected by short te- volubility controls. (Thim doeB not
suggest that solution co~~sitlon will not be altered tc ●n ●ktent that will

“favor remol’al of these elmmts from so:~tion ● s the leachate moves through
the g-logic medium.) Thus, the increased volubility of these elements
could be due to decomposition or racti~ of their original mineral
residences with conco~itant change b their chemical form. If they ●re not

incorporated into the newly formed mineral phases, they could be more
susceptible to leaching.

Summar\—.

Solids characterization nnd leachlng bc~.rvior of spent. shales retrieved
from Occidental Oil Shal~. Inc. retort 3E at Logan L’ash, Colorado, ha~-e been
described. rnree cores have been retrie~’ed and core FUE2 was discussed in
some detatl. F’atertil reccvery was lC.S than 20X from these drlllings, but
mineralogical clmractcri:at ion revealed n wide range of clneral suites
representing varied rctnrting conditions while leaching cxperxmnts indicated
the Influtmce of :huse mincrnl suites on the major and trace ele:ients

nobili:ed from these rtatertils.

It. is impossible to assess the magnituda of trace element releases to
tie -xpected from ● cor.aercial i?; s;~~ facility once banb of aetorts or the
w)tlre facility is abandoned and deuatering of the ● r~ 1S concluded. iiow-
ci’er, laboratory scale studies can identify the relative environmental
acceptability of spent shale rl~ltrrials gcnerat~ by in ~~tid processing. In
this pdrtlculnr study an attc.npt was rt:lde to relate mineralogy and leachinb
behavior of fi(,ld g(’ncrntcd m,ltcrl~ls with Icachate cn=positlon and ●olution
chuKirnl processes. The fntcrnction of these factors will ultimately ●tfect
the environ:mn~al ir:pnct of i~: c;::4 l,roc~hs~ing on groundwater quality.
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