UNCLASSIFIED

THE METASOMATIC REPLACEMENT OF LIMESTONES

IRC
ATKALINE, ¢LUCRIDE-BEARING SOLUTIONS \}EADquO% COPY ’

RECE|

© MAY ¢4 pg
L. L. Ames, Jr.% A
e gREIURN 10

Chemical Effluents Technology
CHEMICAL RESEARCH AND DEVELOPMENT OPERATION

Geochemical and Geophysical Research

HANFORD LABORATORIES OPERATION

HANFORD ATOMIC PRGDUCTS OPERATION

General Electric Company
Richland, Washing*on

*General Electric Company, Richland, Haahj.ngton

Work performed under
Contract No. AT (45-1)-1350 for the U.

- Atomic Energy Commission
-w—-"“"nﬁ--vv"‘"‘n- -wre. .“:..',H-».]M —
\ -""""'"_f

R LA ¥

|
|
L
i

AREA




.‘{:"tt’ {A 77477

THE METASOMATIC REPLACEMENT OF LIMESTONES BY
ALKALINE, FLUCRIDE-BEAKING SOLUTIONS

L. L. Ames, Jr.*

ABSTRACT

A laboratory study of the kinetics of limestcne
replacement by alkaline, fluoride-bearing solutions
is presented. Data on the effects of temperature,
concentration (fluoride lon and cations), pH, calcite
surface area, and flow rates on fluoride ion, Sr+2,
Ce*3, and UVt removal are included. These data are
discussed in relation to field occurrences of fluo-
rite replacement deposits.
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INTRODUCTION AND PREVIOUS WORK

Tluorine was added to the alkaline limestone-altering solution as KaF.

During a study of the replacement of limestone by phosphorite (Ames, in press)

It was

determined that the presence of F did not appreciably affect the rate of formatiocn

of apatite, and also led to the discovery that alkaline, fluoride-bearing
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3.
solutions, in the absence of Poh'3, can readily alter limestone to fluorite
at 25°C and one atmosphere of pressure. A literature search revealed that
Grayson (1956) previously reported the acid reaction of HF with calcite.
This paper presents a portion of the study of the fluoride-calcite replace-
ment reaction in alkaline systems and the inclusion of UVI, Sr+2, and Ce*3
within the fluorite lattice during this reaction.

Garrels and Dreyer (1952) and Holser (1947) discussed metasomatic replace-
ment ore deposits in general, the former authors by studying replacement of
limestone with supergene copper minerals. McKinstry (1955) discussed the
criteria of, and some reasons for, the occurrence of limestone replacement
deposits.

The replacement of limestones by fluorite has been known f£~r some time.
Many authors have previously reported field occurrences of fluoride metasgo-
matism (Currier, 1937, 194k, Gillerman, 1953, Grogan, 1949, Heiarich, 1958,
Lladoo and Myers, 1951, lovering, 1954, Petere, 1958, Staatz and Osterwald,
1956, Thurston et al., 1954, Wilmarth et al., 1952, and Weller et al, 1952).
Most of these authors either directly postulated that acid replacing solutions
containing HF reacted with the limestone to form fluorite, or alluded to this
reaction. Weller et al. (1952) were the only authors to conclude that the
fluorite-forming solutions must have been neutral to alkaline. Sahama (1945)
reported in a thermochemical study of the stability relations between fluo-

rite, sellaite, and dolomite that both fluorite and sellsite ure stable in

dolomite at low temperatures.
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Peters {1958) mentioned the reversibility of the reaction between flucride
solutione and limestone as a probable explanation for the corrosion or removal
of existing fluorite.

The occurrence of minor amounts of various catious in fluorite including
the rare earths, Sr and U, was previcusly knowm (Bray. 1942, Goldschmidt, 1954,
Rankeme and Sahame, 1950, Dana, 1951, Heinrich, 1958, Peters, 1956, Staatz and
Osterwald, 1956). It was postulated by Heinrich (1958), Green and Kerr (1953),
and Staatz and Osterwald (1956) that UIV was substituting for 2Ca*2 within the
crystal lattice of uraniferous fluorite. Weyl (1951), on the other hand, re-
Ported that U'L could substitute for Ca*? in CaF, if four fluoride ions in the
neighborhood of the T vere replaced by four oxygen ions. These uraniferous
fluorite deposits included the Thomas Range, Utah (Staatz and Osterwald, 19%6,
Thurston, et al., 195h4) where uraniferous fluorite cccurs in pripes replacing a
dolomite, the Daisy fluorite mine near Beatty, Nevada (lovering, 1954), the
Monarch deposit in Beaver County, Utah (Thurston, et al., 1954), the Bagle
‘lountains, Texas deposit (Gillerman, 1953), and the Marysvale, Utah deposit
(Green and Kerr, 1953).

Gableman (1955) pointed out the relationship between temperature of fcrmation
and U content of Western United States fluorites. The radioactive fluorite de-
posits were characterized as low-epithermal while the non-radiocactive fluorites
were high-epithermal.

METHODS OF INVESTIGATION

The experimental equipment is shown in Figure 1. Prepared influent so-

lutions were passed through standard Pyrex columns by & Lapp ™icroflo" pump




5.
calibrated to deliver standardized flow rates through the calcite colwms.
Temperatures were maintained with blade heaters controlled with a thermoswitch.
Influent and effluent solutions were collected and submitted to the Analytical
Laboratory of the Hanford Laboratories Operation for radicanalysis. Caleite
surface area determinations and chemwical analysiz were by the same laboratory.
The high-purity Sr85 &na C'elhh used in this study were obtained from Oak Ridge,
and the uranyl nitrate was a Hanford product. The other chemicals used were of
reagent grade in distllled water s»ylutions. There are no sufficiently long-
lived F radioisotopes to use as tracers, which necessitated a different approach
for the F removal studies.

A large volume (6 liters) of the NaF influent was passed through a calcite

column under given experimental conditions. Instead of trying to analyze the

effluent solution for F, the amount of CaF2 in the calcite columm at the termi-

nation of the run was determined by a modified Berzelius method (Hillebrand, 1953).

To allow direct comparisons between cation end aninn removals, a dimensionless
index, C/CO, is utilized. C0 is the influent radioisotope or F concentration and
C is the effluent concentration. Thur (l-C/Co) (100) equals the per cent remov-d
from solution by the reaction while (C/Co) (100) equals per cent remaining in so-~
lution.

There are several independent variables in a kinetic system of this type. These
include flow rate, pH, temperature, calcite surface area, F concentration, and
Ce*3, Sr*e, or UVI concentration. To completely study this system, a factorial

design would be required (Gore, 1949). Taking four points on each of six varia-

bles (pH =7, 9, 11, 13; F = 0.1, 0.05, 0.03, 0.0lM, etc.) would necessitate
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(ll»)0 separate experiments. The experimental approach actually utilized here

was not factorial, but was designed to yleld trende between dependent and in-
dependent variables that would be comparable in their effect on F~, UVI, Sr*z,

and Ce+3 removal.

"Standard conditions" were arbitrararily chosen that assured a reasonable

reactlion rete. While five of the abovementioned variablee were held at these

standard conditions, the sixth was varied over ranges on both aides of the

standard conditions (Figures 3, 4, and 5). This procedure ylelded a series

of six curves that theoretically passed through a single point at "standard

conditions."

Thus one mey directly compare the data of Figures 2, 3, 4, and 5, except
for the concentrations of the specific radinisotopes with that of F removal.
RESULTS

Table 1 gives a partial chemicel analysis of the relatively pure calcite
itilized in this study.

TABIE 1. PARTTIAL CHEMICAL ANALYSIS (OF THE
CAICITE USED IN THIS STUDY

Constituent Weiggt Egr cent '

Cal 5
COo L
810o

Mg0

Sro

Total Fe

Al203

H0¥
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Plate 1 is a photomicrograph of an optical grade calcite rhomb partially

replaced by fluorite. This replacement was accomplisned by placing a cal-
cite rhomb in & stirred, 0.5M alkaline NaF solution for twc weeks and photo-
grarhing e thin-section of the partlally replaced calcite by reflected light.
Note the well-preserved outline of the original calecite rhomb now composed
cf CaFe, ard the banded appearance of the CaFg. This CaF2 layer is 0.5 mm
at its greatest dimension. Much of this outer replacement layer wae torn
awvay during grinding and polishing of the thin-section, as can be observed
in Plate 1 and Plate 2.

The subject of Plate 2, fluorite replacement alorg & cleavage crack in
the original calcite, can be seen in the extreme lower left of Plate 1. A
vestigial outline of the original calcite crack can be seen in the resulting
fluorite. The fluorite crystala are elongated between the present calcite-
fluorite interface and the outline of the original crack. It is obvicus
from Plate 2 that F~ has diffused down the original calcite crack and 003'2
back out. It is quite likely that this material transfer was intercrystal-
line. One cannot explain the high replacement rate if the material transfer
took place via any other route (intracrystalline).

The elteration product was definitely identified as fluorite from X-ray

diffraction patterns. The presence of one-molar concentrations of the com-

- -0 -
mon anions N03 , soh and Cl1 along with fluoride ilons in alkaline solutions

did not significantly affect the CaCO3 replacement by fluoride. On the other
hand, the presence of Poh'3 with fluoride ions always caused the formation of

apatite (rather than fluorite) as the reaction product at alkaline pH.
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Because several fluorite replacement deposits are known to occur in dolo-

mite, a portion of the dolomite-magnesite-Naf Bys.em wes3 examined. Sellaite

did not occur as a replacement product of dolomite or magnesite under the

experimental conditions of this study. Fluorite wms the only stable fluc-

ride up to 60°C, 0.5M NaF, and one atmosphere of Fressure

The passage of s 0.5M NaHCO3 solution through a 10g column cf reagent

grade CeF, ylelded an initial Caco% that was repidly dissolved in the same

solution as the bicarbonate.

Figure 2 shows the effect of the several indicated variables on C/Co values

for F. Note that the relationship between F rermcval and calcite surface ares

is approximately linear and directly proportional. Doubling the calcite sur-

face areas approximately doubles the amount of F removed from the system. Al-

80 of interest is removal of F with Influent pH, which increases with decreas-

ing CaCO3 stability in the system. Standard conditione are indicated on the

various scales by the arrow that cuts across them. The reader should remember

that only one varisble st a time was chenged while the rest were meintained at

stendard conditions. The failure of these curves to intersect at a single

point representes the effects of experimental error. The magnitude of this devi-

ation from the single theoretical point is an indication of magnitude of experi-

mental error.

Figure 3 illustrates the effects of the several variables on C/Co values

for UVI removal. The etate of the uranium in this system was Previously

studied by McKelvey, Everhart, and Gerrels (1957) and there is little doubt

that the uranium is present as UVI ag specified. Here the c/co values rise
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with increasing temperature as contrested with the comparable bebavior cf the

other cations studied. Caicite surface ares and influent flow rates have leas
effect than with some of the other cations.

Figure 4 gives the effects of the several indicated variables on Ce*3 C/CC
valuzs. Note that these values are, on the average, corsiderably less than
the corresponding values of VI or F. The falling C/C0 value for increasing
Ce concentration is probably due to the precipitation of increasing increments
of Ce(OH)3 which effectively removes this Ce*3 from the kineti. system.

Figure 5 shows the removal of Sr*2 as affected by the indicated varisbles.
Note that the effect on Sr C/CO values is quite pronounced at the lower flow
rates.

DISCUSSION

It i eovident that acidic < pH 7.0) fluorine-bearing sclutions are nc*t re-
giired to replace limestones and dolomites with fluorite. Experimental results
indicated that the altering solution must be alkaline to avoid violent evolution
of 002. A 003'2-r1ch influent solutlon replaced the fluoride with carbonate
and may either result in a calcite deposit or complete removal of the calcite
in solution.

The phenomenon of increased cation removal and decreased anion removal with
rising pH was encountered ag reported previously by Ames (in press) when Pob'3
was the active anicn.

Diffusion of anions tc and from the reaction interface is rate-determining
and independent of the diffusion rate of UYL, 8r+2, and Ce*3. Diffusion in

this instance is considered to be intercrystalline, i.e., the anions move
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between the resulting fluorite crystals to the reaction irterface and back
out, ar postulated ty Holser (1947). The crystallites formed by this reaction
are very small {(Plate 1), and there is no necessity to pozxtulate Lovement of
anions back and forth through fluorite crystal lattices. Phcsphate {PO,~3)
diffurez in this seme manner between apatite crystallites that replace lime-
stone. The cations of the original CaCO3 do not meve during the replscement
process, i.e., the CaCO3 does not go into solution snd then precipitate the
alteration product. The rate of diffusion does not change appreciably through
0 to 0.5 mm of CaF2 or apatite crystallites, 1f experimentsl conditions remain
conetant, but one cannot calculate diffusion rates for these anicns wnless all
of the system variables are known. These replacement reactlons, calcite-apatite
and calcite-fluorite, unlike the copper and iron chlecride nevtralizetion-precipi-
tation limestone reactions reported by Garrels and Dreyer (1952), do no* cease
due to the layer of reaction product formed on the limestcne. The react’cn re-
ported here proceeds un%il the limastone, up to & known diameter of cne wmi,){-
meter, 1s completely converted tc fluorite.

Factors controlling Ce.CO3 solubility are not the keys to limestone replace-
ment processes, as postulated by Garrels and Dreyer (1952). In the presence of
NaHCO3—contain1ng solutions, CsF, was altered to calcite, which was also extreme-
ly soluble in this same solution. The solubility of the replacement product in
& given solution in relation to the molubllity of calcite in the eame solution
is a better guide to replacement processes, although this 1s also a simplification.
Certain replacement reactions that would result in highly insoluble products do

not proceed at measureble rates at temperatures up to 75° C. The replacement of
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SrCO3 by SrSeOh is an example, or Mgco3 by MgFQ. The activation energy for
these replacement reactione ie probably prohibitively high, reeulting in ex-
tremely slow replecement rates. |

Field occurrences ..dicate that the temperature of formation of non-
uraniferous fluorite deposits 1s higher than that of uraniferous deposits
(Gabelman, 1955). Thne reverse trend of UVI removal with temperature accounts
for this low-temperature, uraniferous-fluorite association, aszuming that
there ls uranium present in the limestone-altering solution. The W1 at
higher temperatures may occur in a separate phase under the right conditions,
or remain in solutilon.

The probeble cause of this lessened UYL removal with rising temperature is

the reguirement that four F~ lons in the neighborhood of the Wl jon be re-

placed by four 0°2 ions, or (UOL‘)'2 substitutes for the zroup (CaFu)'a. oxy-

gen must be avellable in the influent solution for this substitution to occur,
and the amount of oxygen dissolved in the solution is inversely proportional
to the solution temperature. For example, in Figure 3 there are approximate-
ly 0.0016g of oxygen dissolved in 100g of water at 75°C and one atmosphere.
The UV C/C, value associated with this temperature is 0.47. At 25°C 0.0039g

of oxygen are dissolved in 100g of water ..d the asaociated C/CO value should

eqml 0-0016 = X
0.0039 0.47

, or 0.139. The C/C, value obtained experimentally at 25°C

was 0.1685. It does not follow that natural fluorite replacement depopits de-
veloped under one atmosphere of pressure, but it does follow that temperature

affects the quantity of dissolved oxygen that in turn affects U'I gubstitutions.
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Sr*e, on the other hand, requires no lattice changes, and cet3 substitutions

can be compensated electrostatically by omitting an occasional cat*? (2 ce*3

for 3 Ca*2). Reduction of the UL to ULV

1a not required Tor subatituvion in
fluorite any more than in apatite (Ames, in press). The subatitution of QVI in

apatlite during the calcite-phospbaté reaction follows the normel trecd of in-

crearing V1 removal witkh increasing temperature.

The inclusion of Ce*3 apd sr*2 within the fluorite lattice is rather aimilar
as regards C/Co values, while UVI shows consiaerably diminished C/CO values under
comparable experimental couditions. The low C/Co values obtained focr Cet3 and
Sr*° indicate that these two cations can be present in all flucrites, regardless
of temperature of formation.

Sellaite was not a & .able phase in the kinetic system dslumite-NaF. Field

2ccurrences alec indicate the abgence of sellaite in fluorapar replacement de-

posits of dolomite. The X-ray patterns of several samples from the Tl mas Range,

Utah deposits showed no sellaite. Magnesite is the stable phase in the magnesite-

NaF system within the experimental conditions of this study. During dolomote re-

Plecement, the stable CaF2 remelins bebind while the magnesium i3 removed. The re-
sult 18 a boxwork structure for the remaining fluorite.
It should be noted that surface area ie directly proporticnal to the rate of

rzaction ¢ calcite with alkaline, fluoride-bearing solutions. It follows, then,

thaet higher permeability limestones should be replaced to a greater extent theu

lower permeability limestones in contact with the same replacing solution (Fove,
1947).

district, as postulated by McKinstry (1955).

Therefore, the "most favorable bed" becomes relative from district to
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One carnot assume that present-day limeatone Permeability measuremen+s will
necessarily be of value in indicatirg which beds were favorable for replacement
at the t'=e of ore deposition. Further, it is unwise to emphagize the importance
of this single variable in CaF2 deposition. There are at least five more systen
variables that can >e jusi as important and have little or eothing to do with
the physical or chemical state of tte iimestone. One cannot flatly state that
PH, temperature, coe pressure, or some other simple variable 18 the moet important
in the rcplacement of CaC03 by Ca.F2 when ore deposites cculd result from favorable
conditions of any variable.

During both the calcite-aspatite and caleite-fluorite replacement reactions,

only the anions of the replaced solid move intc the solutions. The cations are

essentially "fixed" during this lattice rearrangement. GJarrels and Dreyer (1952)
reported a2 type of replecewment reaction that involved movement =& Lutn anions and
cetions. Reactic.s lavelving movement of cations only, or movement of first the
cations and then the anions, are now under study. The point is that the term I
"replacement"” is exceedingly broad and includes many reaction types.

The importance of these replacement reactions to geological processes in
easily discernible. By adding a few parts per million fluoride to an alkaline

solution, and passing tnis solution over a calcite bed, a fluorite deposit is

formed by replacement with a solution whose calcium and fluoride concentrations
never exceed the Ksp for CaF2 in that solution.
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Plate 1. A caleite rhomb, s>ctioned parallel to 1011, showing
the fluorite replacement layer.

Cal = calcite. ¥l == [luorite.
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Plate 2. Fluorite replacemant of calcite along a cleavage crack
in the originel calcite.

Cal = calcite. Fl = fluorite.
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