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Origin of marcasite and its implications regarding the
genesis of roll-front uranium deposits

by Martin B. Goldhaber and Richard L. Reynolds

| Abstract
Study'of'five'rol1-tyoe uranium deposits (three in Texas and two in

Wyoming) has kesuited in the recognition of ore-stage marcasite in each
deposit. 'Oheéstage marcasite is identified by its c1ose assoCiatio; with
uranium- and vanadiumabeartng phases in the ore zones; by its close assocta-
tion with fekroselite at and near the redox boundary in some'deposits; by its
abundance and distrihution across depositsgeand by_its'textural relationships
with identffiable ore-ore iron dtsulfide minerals (primari1y‘pyrite). In
deposits that are essentia11y devoid of fossil vegetal debris, marcasite is
the dominant ore- stage sulfide and occurs. in a large volume of rock beyond the
ore zones. - In depos1ts that contavn organic matter, ore-stage pyrite is at
‘least as abundant asvore-stage ‘marcasite. - Many factors and processes may lead
to the formation of either marcasite or pyrite‘as an ore-stage mineral in
roll-type deposits. One of the dominant factors is the complex'interre]ation-[
ship of pH_and'su]fur species that are precursors of iron-disulfide minerals.
Experimenta1 work and study of geochemica] environments analogous to those
governing the formatjon of roll-type deposits indicate that relatively low pH
 (less than about six)5and the presence'of e]emental su]fur favor marcasite,
‘whereas higher pH and the presence of po]ysu1f1de ions favor pyrite.

Cond1t1ons that favor marcas1te as the dominant ore-stage ‘iron d1su7f1de are

Tikely to arise during uranium deposition in host rock without fossil vegetal
- matter. In host rock contaihing carbonaceous debris, the presence of

- polysulfide ions and pH buffering any anaerobic bacterial metabolic processes

apparehtly lead to the formation of orefstage pyrite.
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front uranium deposits. In these deposits an ore-stage sulfide is produced as

' , | Introduction

Iron-disul fide minerals are an extreme1y‘impoftant constituent of roll-

part of the ore-forming process (Rackley, 1972; Granger and Warren, 1969,

1974; Adler, 1974). Insight into conditions of iron-disulfide formation is

thus central to understanding the mechanisms-ofiore formation. For this -
reasonlwe have undertaken petrographic and geochemical studies on iron-

disulfide'phases in several ore bodies. 1In this‘paper we report on one facet

of these studies, the presence of ore-stage marcasite. The distribution and

abundance of ore-stage marcasite in a series of deposits is documented,

- followed by a general review of the geochemical cbndifions which favor the

formation of marcasite over pyfite, and then.by a discussion of these condi-

tions. as they relate to ore forming'processeé..-Fina11y, we attempt to inte-

- grate . this material in an exp]anatibn of observed marcasite distributions.

Marcasite Distribution in Roll-front Uraniuh Deposits

Anoma]ousTy high concentrations'of.iron-diSu]fide minerals in roll-type
uranium deposité result from an ore—stagé generation of.sulfide being super-
imposed on‘a.pre;ore‘generation (Hafshman, 1966, 1972, 1974; Granger and
Warren, 1969; Wafren and Granger,~197§; Me]in,_1969; Bailey, 1969; Daﬁ] and
Hagmeier, 1974). In fact,-ore-stage marcasite has been recognized 1ﬁ the ore
zones of ro]1-typé debosits-in Wyoming by Harshman, 1972; Bailey, 1969; Davis,
1969; and Melin, 1969. Detéilédfdéscriptions of the distribution of ore-stage

~ marcasite-are sparse, however, and petrographic distinction between ore-stage

and pre-ore sulfide is generally lacking.
Identjfication of ore-stage marcasite is based on 1ts'c1bse association

with uranium-and vanadium-bearing phases in ore zones, its association with

\
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ferroselite (itsé]f an ore-stage uineral) at and near the redox boundary in
some,depos%ts,'and by observed textural're1ationsh1p§ With'preaore sulfides.
Using theseiérﬁteria, we Have observed ore-stage marcasite in each of the five
deposits studied in detail (Reynolds and Goldhaber, 1979). Three of these
'depqsits are located on the south Texas Coastal Plain and two in the inter-
montane basins of Wyoming (fig. 1). Those in Texas are the Benavide§ deposit
ih\the_OligocéneaMibcene ‘Catahoula fuff, Webb County, Texas, the Lamprecht
deposit in the Miocene Oakville Sandétone Live QOak County, Texas,land:the
Paﬁna/Maria deposit in the Eocene Tordillo Formation Karnes County, Texas.
bne of the Wyomfng depoaits.occufs in the Eocene Wind River Formation of the
Shirley Basin, the other, in the Eoceué Wasatch Formation of the Powder River
Basin. | | _ | ' | ‘ |
v' We have dis¢usséd in other papers (Reyno1ds and Goldhaber, 1978;
.Go]dhaber and others, 1978), the geology, sample sufte,Airon-disulfide
minérals,‘and sulfur isotopes of the Benaufde§ deposit (fiQ} 2). The host
rock for.thjs deposit is devoid of fossil vegetal matter. . Before‘mineraliza4.
tion, sulfide‘mfnerals Were”fprméd in the‘hostirock by réaction.of iron-
' bearing phases with HZS fntroduced‘throuuh a fault<abOUt 1.5 km downdip from
the present roT1‘front. These pre-ore sulfides (dominantly pyrite) are
preseni‘as7textura11y simple forms and as‘rep]acéments of detrital ifon-
,dtitanfum (Fe-Ti) oxide minerals. In reduced rock of core 2, (not profound]y
-affected by mineralization processes) pyr1te composes about 90 percent or more

of the 1ron-d1su1f1de population and occurs' most commonly as subhedral and

euhedral crystals. In'most samples of reduced rock in and beyond ore in cores

. 3 through 8, however marcas1te is more abundant than pyrite and occurs

commonly as overgrowths on subhedra] and- euhedral pyr1te crysta?s and as

overgrowths on pyritjzed Fe-Ti oxide minerals. In ore, marcasite is

3
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Jintimately associated with uranium-bearing phases'(Reyno1ds and others, 1977).
These textural relationships point to marcasite as the dominant ore-stage

iron-disulfide mineral. Ore-stage marcasite occurs as much as about 3 m

vertica]]y'fren limb ore and at least as far as about 200 m downdip from the
redox interface (fig.'Z). J | |
Similar to the;BenavideS'deposit host rock of the Lamprecht depesit ‘

(also a f]uv1a1 sandstone devo1d of organrc matter) underwent an initial (pre-
ore) stage of squ1d1zat1on‘related to fau]t-1ntnoduced HZS. Ak1n to those of
the Benavide$, pre=ore iron-disulfide minerals are dominantly pyrite and occur
in'textura11y simple forms (Goldhaber and others, 1978); Above and'be]ow the
altered tdngue, marcasite.is-more abundant than pyrite and increases in abun-
dance (relative to pyrite) with increasing proximity to the limb ore where it
composes as mnch as 90 percent of the total.FeSZ ﬁopu]ation. In this bart of

the roll depos1t textura1 re1at1onsh1ps among the iron- d1su1f1de minerals are

similar to those seen in rock enve10p1ng the ox1d1zed tongue of the Benav1des '

“deposit, in that marcas1te occurs common]y,as overgrowths on pyrite. The

pyrite nuclei, constituttng the earliest recognizab]e su1fide-generation
consist of subhedral and euhedral crysta]s and of re]1ct Fe- T1 oxide m1nerals
replaced completely or in part by pyrite. Such textural re]at1onsh1ps are

observed as far as about 400 m downdip from the roll front in core 10 (fig.

Unlike host rocks of the Benavides and. Lamprecht deposits, the host rock

‘of the Panna Mar1a is a coasta1 barrier sandstone body that 1s assoc1ated with

- lagoonal-facies sed1ment, Both facies contain Tocally abundant fossil vegetal

matter. The host sand is bounded on its upber surface by a bed of mineralized .

lignite. Evidence for an extrinsic source of sulfide such as fault-introduced

HoS is lacking, and the earliest recognizable forms of ihon-disu]fide minerals

6
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depos1t are: d1agenet1c (probably biogenic) framboidal pyr1te and aggregates of

t1ny pyr1te crysta]s (about 10 m across).

One core penetrating the upper and ]oner Timb ore and the_a]tered tongue
hae beentstudied (fig. 4). Marcasite is abundant in the upper limb ore (60‘
percent of the Fe52 popu1at1on), and marcasite increases 1n abundance with
increasing prox1m1ty to the upper and lower redox boundaries (f1g 4).

" Marcasite is common]y present as overgrowths surround1ng framboids and aggre-
gates/of;pyr1te-crystals; In this core, however, marcasnte is confined to the
ore zones and does not even occur within the full extent of ‘mineralized rock
of the 10wer‘1tmb.' In addition, pyrite overgrowth§ on pyrite and marcasite

“grains, andrpnvaggregates of pyrite crystals have been,observed throughout
much of the reduced portion of‘the‘COre and may represent ore-stage pyrite.

The Irtgaray_deposit comprises at least two superimposed. rolls in
, different'stratigraphic-positions within arkosic: sandstone host roek that -
Tocally contains'abundant fossid organic matter. The stacked rol1-front
' geometrtcs are'best“defined chemica11y and petrographically in core 7, in
which the two altered tongues, each bounded by 1imb -ore and separated by
reduced barren ground are present (fig. 5).

From slightly above the uppermost ore zone in core 7 and.in.strati-
graphically equivalent beds. in cores:s'and 9, pyrite‘constitutes.the enttrev
popu]ation of iron—disu1fide minerals. Thtslpyrtte isAthe pre-ore sulfide
generat1on and occurs as frambo1ds as subhedral to euhedral crystals, as
interstitial cement and as replacements of detr1ta1 Fe-T1 oxide m1nera]s and
plant'fregments. | |

| Marca51te however is typieally confined to the ore zones, to -rock
adJacent to ore, and to beds downd1p from and stratlgraph1ca11y equivalent to

the ore rolls. In ore, marcas1te together with pyrite is intermixed with -

8.



40 g

45

pepthln‘meters

§$§0 &

KARNES COUNI'Y TEXAS

” \\\ NN
\\\\\\\\\\\. -

. Altered tongue

NN

S R R B

20. 40 60 80

100

Relative abundance of FeS , minerals in percent

Figure 4.--Plot showing relative amounts of marcasite to the total FeS
population as a function of depth in one core of the Karnes County
Minerallzed rock is 1nd1cated by a stipled pattern.

deposit.



oL

D KT )

9 o 10

‘5 METERS

R R KA RN AL
R SAELIIEFOIIRTNT Ry o e

WALLREIAOFINO IR
Wdf&wzz«%ﬂd&oﬁ»’p

L]

30 METERS

'ORE-STAGE MARCASITE
. | ALTERED TONGUE(OXIDIZED)
= one o

W REDU‘C'ED |

Figure 5.--Cross section of the eastern part of the Irigaray deposit (cores 7
.. through 10) showing the distribution of the core holes, major geochemical ~
zones, :and ore-stage marcasite (cross-hatched pattern). . ‘



uranium- and vanadium-bearing grains; and at tne lower redox boundary ot the
deeper- ore roll in core, 7, marcasite is intergrown wtth:fefrose]ite.

Marcasite is present but confined to w1th1n about 1.5 m of limb ore in reduced
barren ground between the two ore rolls in core 7 where it occurs as over-
growth rims on pre-ore pyrite. Volumetrically minor amounts of marcasite as
thin rims on framboids of pynite are found downdip in front of the ore rolls
in cores 9 and‘ld (fig. 5). Samples that contain marcasite also contain |
pyrite as,distinCt‘oyergerth rims on framboids andfon.p]ént fragments
prevtouslyurep1aCed'by pyrite, and as intergrowths within marcasite rims. The .
‘ paragenetically late pyrite appears to be contemporaneous with ore-stage
marcasite;_ | | | | _ ' |

Akin to the Irigarary, the hust rock of the Shirley Basin deposit
(Petrotomics section 9 pit) locally contains fossil.vegetal matter. The
dtstribution of nineteen samples collected by E. N. Hershman across the‘
reduced barren, ore, and oxidized zones of the uraniun roll is shown in figure
6."Hershman (I972)‘deSCrTbed-textufes and occurnenCes'of the iron-disulfide
minerals in these sdmb]es and he,recognized pre-ore pyrite and ore-stage
marcasite and pyrite. He also noted that, in ore, the abundance of marcasite
decreased with increasing distance downdip from the redox boundary (samples 19
to 12). -

Qur supplemental study of the same 19 samp]es supports Harshman's inter-
pretat1ons and has a1so resulted in the recognition of ore-stage sulfides in
reduced barren ground. vOre—stage marcasite is present as overgrowth. rims on
pre-ore frambeidaT;pyrite as far as 2 m in front of the‘ore roll. Marcasite,
of indeterminate orgin, occurs, but 1s rare 8 m from ore and is absent 10 m
,from ore (sample 4). In addition, pyrite forms d1st1nct rims around frambo1ds

througnout reduced barren‘ground and may represent ore-stage pyrite.

J
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Diécussion df Marcasite Génesis

In order to eva]daﬁe the significance of the observed marcasite distribp—
tion with'regard to the genesis of the~uranium deposits, it is nécessary to
have an understanding of the origin'of the marcasite itsg]f;' In this section
we review fhe available experimental and observational data on the origin of
marcasite. ‘Although the roll-type deposits presumabiyuform at near-surface
témperatu}es (T) and pressures. (P), marcasite forms over.a relatively large T
‘range, and data for the entire T range is valuable and will be discussed.

. For some time it has been argued that pyrite and. marcasite are not
strictly dimorphs, but rather, that marcasife is slightly sulfur deficient
'(Buerger"1934 Risfng'1974) This hypothesis was or1g1na1]y formu]ated

(Buerger 1934) on the basis of chemical ana]yses of the two phases.
Recons1derat1on of the analytical data (Ku]]erud and‘Yoder, 1959) demonstrated
that conciusions Baséd upon;fhese data are at best equivocal. However, addi-
tiona1'1inés of_évidehce tehd to support the conclusion tﬁat marcasite is a
“squur=defﬁcient phase. - Kelly and Turneaure (1970) documented the alteration
sequenbe in Bolivian tin deposits: hexagonal pyrrhotite (Fegslo) mbnoclinic.
pyrrhotite Fe;Sg marcasite (FeSz_x) pyrite’(FeSZ). -A]thquéh some overlap was
observed betweenvmarcasite and pyrité deposition, the sequence nevertheless
'suggest‘s' prog‘res‘sive -enrichment 1n sulfur.

Kullerud (1966)'heatedfmarcaﬁfte with elemental sulfur in & dry system at
2Kb preSSUré‘and T>1509C and observed that,pyrité-iﬁitialiy fofmed on the
surfacé-of;mércasife. ‘With_time,.the coﬁversion to pyrite moved inward
towards the center of thé marcasfte grafns. These fesu]ts,weré interpreted as
1nd1cat1ng that su]fur add1t1on to marcas1te forms pyrite. Rising (1974) |
“documented the. inversion of marca51te to pyrite at temperatures between 157

and 331°C at sulfur fugacities buffered by the assemblage pyrite-pyrrhotite.

13
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He neted a marked dependence of the rate of this reaction on marcaeite grain' '
sfze‘and concluded that the results were best exp]ained by a.process of eu]fur
diffusion into marcasite leading to pyrtte. |

| If marcasite is in fact sulfur deficient, it cbu]d-have a stability -field ’
intermediate between the pyrite and pyrrhotite fields (Rising, 1974); yin a
. series -of experiments designed to test this hypothesis, Risingrwas able to
deﬁonstrate that”marcasite'was not-deposited from a'so1ution equiltbrated hﬁth
pyrite and pyrrhotite. Marcas1te therefore, is metastab]e with respect to
pyrite at T>157°C, This conc1u51on was extended over a wider temperature
range (5 to 700%K) by Gronvold and Westrum (1976) from calculations based on
heat-capacity_measurements of the two phases. It_fo1lows (Gronvold and
-Westrum; 1976) tﬁat marCasite is thermodynamica]ly metastable with respect to .
pyrite over ‘the entire temperature regidn of its geologic occurrénce and must
therefore owe its formation to k1net1c factors.

The maJor 1dent1f1ab1e hypothes1s for the k1neth favorab111ty of marca-

51te ‘over pyr1te is that of R1ckard (1969) who argqued that marcasite forms
: _from the react1on of mackinawite (FeSO 9 tetragona]) and sofid elemental
su]fur, whereas pyrite formation occurs via reaction of»po]ysulfide
jons 5;2, where X is typically 3 to 6) and ferroué iron. Polysulfide jons and.'
ferrous ions are prdduced-auring theﬁdissoTution of mackinawite and thus it
was argued that it could be a precursor to both marcasite and pyrite. In
,support of the propoSed-mechanism for marcaéite formation, Rickard cites an
experiment in which'mackinawite was heated in a»dry.system‘with'elemehtal
su]fur.v Marcasite'and.Tinor'amounts of elemental sulfur Qere observed. as -
products when the mixture was. heated to 709C for two months. Wheﬁ heated to

higher temperatures, the. same initial reaction mixture produced marcasite and

pyrrhotite (100°C, 24 hours), or pyrite (150°C, 48 hours). Furthermore, in

14
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studies of the reaction between ferrous iron and sodium polysulfide in aqueous
soTution, Rickard found that the proportion of marcasite to pyrite increased

with decreasing pH. This effect was attributed to the decomposition of

‘po]ysu]fide jons at moderate to low pH values. . Polysutfide ion decomposition

is illustrated in figure‘7,‘modified'fr0m Boulegue (1974); invwhich the
equilibrium dfstribution of sulfur specfes js sbown.as'a fonction of pH for
fiXéd total dissolved sulfur at 259C. Polysulfide ion concentration.decreases
obrupfly,be1ow pH 8. Invafiab1y,vhowever, fhe po]ysu]ffde decomposition
reaotﬁon occurs under nonequilibrium conditions and leads to a mixture of
colloidal sulfur and HZS rather thao HZS and HS® as shoWn on figure 7.

In addition to its postulated formation from mackinawite, marcasite is

'knOWn‘to be produced as én alteration product of pyrrhotite. Kelly and

Turneaore (1970) carefu]]yldocumented'theAtexEural relationships between
pyrrhotite and marcasite. .They noted that the marcasite fofming from pyrrho-
tite is high]y pokoué and pointed out.that if pyrrhotite alters via loss of

iron (a constant sulfur process), a 26% volume increase would occur; this is

_consistent with the observed textures. This reaction may be written as:

e L aee 4 a2
Fe 58 = 4FeS2 + 3Fo

5 + Be-. (1)

Iron loss is further suggested by the association of marcasite with siderite

(Kelly and Turneaure, 1970) which apparently consumed a portion ofbthe iron_

- produced by equation (1). A similar mechanism of iron‘loss from pyrrhotite to

produce marcasite (and pyrite) was confirmed by Fleet (1978). Ramdohr (1975)

reviewed the Tow temperature weathering of pyrrhotite which yie]ds‘FeSZ

- (pyrite and marcasite) with a characteristic range of textures, and concluded

that the major product of this reaction may be pyrité rather than marcasite.

15
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Although it is cTear from the above thatvharcasite may form from a]tera-p
tion of a “monosu]fideﬁ-type'phase (méckinahite or pyrrhotite), we be]ieve
that?the major pathway for marcasite formatioh in sedimentary uranium deposits

“does not ihvolve these mechanisms. An important consideratiOn in reaching
this conclusion is the complete lack of textures in polished sectioh of the‘
type observed from authentic cases of monosulfide a]teration. There-are,'
however, additional 1ihes‘of evidence and these are.discussed below.

Of the experimehtal,studieseon marcasite synthesis, the most extensive
and-well documented work to date was dohe by Allen and his coworkers (Allen
and others, 1912; Allen and others, 1914). They succeeded in.synthesizing
marcasite over a wide range of temperature (25-300°C). Their experiments
conducted at 25°Cvproduced 96%'marcasite and 4% pyrite and invo]ved the
fo]lowiﬁg'initia1‘reectants: FeS0,, 0.18 molar; H,SO,, 0.0015 moiar;
elemental 3u1fur§ and,HZS‘at 1 atmosphere pressure. We have calculated the
saturation state_of.the pertinent iron-sulfide phases for'these starting
" conditions (for detai15“of the~ca]cu1ation see below) - When compared to the
solubility product for mackinawite (Berner 1967) it may be shown that the
1n1t1a1 ‘solution was undersaturated with respect to mack1naw1te. As .precipi-
tation of marcas1te proceeded, the degree of undersaturation with mackinawite
1ncreased. Itvmay be concluded therefore, that mackinawite could not have
been an 1ntermed1ate in marcasite format1on in thlS experiment.

On the other hand, where mack1naw1te and an iron-disulfide phase are
' observed forming together, the iron disulfide is almost 1nvar1ab1y pyr1te
rather than marcasite. This is true of experimentally produced su]f1des
(Berner 1964) and of ‘natural occurrences of sedimentary sulfides. Recent
nearshore.marine sediments commonly contain abundant pyrite aslwe11 as "mono-

su]fidef—type‘iron‘su]fide phases. The pathway for pyrite formation is known

17.
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to involve both mackinawite and zero-valent sulfur species as intermediates

(Berner, 1970; Sweeney, 1972; Rickard, 1969;.Goldhaber and Kaplan 1974), and
“to proceed both by'su]fidization of a monosulfide phase and direct precipita-
tion from solution (Go]dhaber-and Kaplan, 1974; Howarth, 1979).. Yet despite
the complexity and'variety of geochemical transformations Tnvo]ving-iron'end

'sulfur in’recent marine sed1ments, no marca51te has been reported.
of part1cu1ar lnterest w1th regard to the conversion of iron monosu]flde
tq iron dasu]f1de‘1s the common occurrence of the frambo1da] texture in marine
“(Love and,Aﬁstutz, 1966; Sweeney and Kaplan, 1973) and nonmarine (Vallentyne,
1963) sediments.  Experimental evidence on the mechanism of framboid formation
(Sweeney and Kaplan, 1?73)~has demonstrated. that precursor epherica1 iron.
monosu1fides‘are-convefted to pyrite by addition of elemental su]fur; Because
marcasite framboids ha?e not been recognized from mafine sediments, this
-constitutes. a fdrther line of evidence that suifidization of the mdnosu]fide
mackinawite to disulfide favors pyr1te. | o
'- We conclude from the preced1ng ana]ys1s that env1ronments which favor
mackinawite precipitation are not'conduc1ve to marcas1te-format1on, and that
pyrite is the end product -of sulfur-iron transformations™ in-such systems.
. Because mackinawite is many orders of magnitude more soluble than either
}pyrite (Berner, 1967) or' marcasite (Gronvold and Westrum, 1976) 1t.follows
~ that high degreetof supersaturatton with respect tofthe'FeSZ phase favbre
pyrite tormation over marcasite.. |
o As.was'thevease_with~maekinawite, the strongest evidence that pyrrhotite |
need not be involved in marcasite‘formetion comes from the work of Allen end
others, (1914). Their most extensive date were obtained at 200°C and 300°C in
runs which 1asted 1-4 days. The results from 200°C are reproduced in figure

8A. F1xed amounts of ferrous sulfate elemental sulfur, hydrogen sulfide, and
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Flgure 8. -—A Plot of percentage yield of pyrite of total iron disulfide as
reported by Allen and others (1914) for experiments at 200°C against the
initial pH of their starting mixture calculated in this paper for
200°C. B, Plot of the percentage of pyrite of total iron disulfide for

the same experiments as A), against the saturation state of the initial
solutions with respect to pyrrhotite at 200°C (see equation 2).
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water were heated with various amounts of'sulfuric acid. They found that the
proportion of marcasite to pyrite‘inereased witﬁ increasing initial acid
concentration in the range 0.01 to 0.20 molar (pH 4.4 to 1.6), whereas pyrite
content increased at acid concentratiens greater than 0.20 mo]ar.(pH 1.6). We
have reana]yied,the data of Allen and others, (1914) in order to determine the
initial saturationlstate of fhe solution with reseect to pyrrhotite at 200°C,
by solving a simultaneous set of equations fo} all protolytic equilibria in
the system fh‘terms of the hydrogen-ion -activity. Activity coefficientﬁ'were
calculated. using an extended form of the Debye-HJCkel equation (Helgeson,
1967) and -an initial estimate of fhe ionic strength. The self-consistent set
of thermodynamic data'frbm Helgeson (1969) was used for the required joniza- .
tioﬁ equj]ibria; stability ofvphases, and solubility of H,S. In some cases a
- second iteration of the calculation was required to correct the initial ionic
strength estimate. Ferrous'ioﬁ-comp1exing witheeulfate and bisulfide iens is
minor and was neglected (Risiné, 1974; Crerar and Barnes,’1976); Hydrolysis
of elemental sulfur to HoS plus H2504'is'quantitat1ve]y 1nsignificent under
the conditions‘of the experiments (E11is and Giggenbach, 1971). Figure 8B is
a plot of the results of this calculation. The saturation state (S.S.) of
pyrrhotite, expressed as the 1og7of the initial ratio of activity of ferrous
'iron times activity of sulfide ion in the.experimenta] solution to the same
product for pyrrhotite saturation (equation 2), is plotted againet the
percentage of pyrite obsefved in | |

e o (R (s gy
S.S. =1 ce _ - (2
0og ,. KSp(T) , (2)

the final products. Values of the S.S. >0 indicate supersaturation with

respect to pyrrhotite; 0 indicates saturation, and values <0 indicate under-:
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saturation. Clearly the percentage ofAmahcasite is inverseiy related to the
degree of oversaturation over most of the pH fange of the experiments. The
ﬁakimum experimental percentage of marcasite (96%) occurs when the initial
solution is. only slightly over Saturated with respect to pyrrhotite at 200°C.
As acid fs édded tonthe starting hixture, undersaturation with respect to
pyrrhotite oceurs aﬁd the pyrite contéﬁt increases,valthough marcasite is
still by far. the dominanf phase. The'imp]icatiqns of the results at pH 1Q67,
which yié]ded 96 percent marcasite are of particular interest. As this solu-
“tion was.abptqkimately just saturated with pyrrhotite,'the precipitation of
~any iron-sulfide phasé decreased iron and sulfide activity such that unde;;
saturation with pyfrhofite occurred (the pH also decreasés during the course
of.the precipitation; see Allen and others 1914).~ Furthermore, calculations
(not illustrated) uéing'the same starting reactant concentrations demonstrate
that, for a given Set of conditfons, thevéysten becomes progréssive]y less
séturated wfth pyrfhotite as the temperature decfeases. Thevmixture which
"broduced'Qﬁ”perceht‘maréasfté was never'supersaturatédjwith pyrrhotite, and
pyrrhotite thus cannbt be an intermediate in marcasite formation at'pH.1.67‘or
any lower pH. On the othér hand, the data are consistéht with pyrrhotite
servihg as a‘reattiQE and transient intermediate inipyrite fdrmation at pH ‘
>1.67 in a manner ana’logdus to the behaw;or of mackinawite at. Tower tempera-
_vture. AReqction pf pyrrhotite with elemental sulfur has independently beeh
shown to rapid]yﬁprodute'pyrite at temperaturés greatef'than 80°C (Rifkard,
1969;.Sweeney and Kaplan, 1973% Allen and others,'1912).- This pfoﬁess must be
veny‘fapid at 200°C as pyrrhofite was not observed ahong théfproducts in runs
~ lasting qn]y a. few days. The increasg in pyrite.below pH 1.67 may represent
the inversion of the earliest mgrcasite to pyrite. This inversion is rela-

tively‘rapid at~200°C (Rising, 1974). An additional observation concerning .
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the results of ‘Allen and co-workers is that iron species in solution was not
2+

affect1ng the results as. 1ron ‘was present as Fe ~on1y.
~ Unfortunate]y, the demonstration that marcasite can form without a mono-
35u1f1de precursor (mack1naw1te or pyrrhot1te) st111.1eaves undeflned the
mechan1sm by which marcasite does form. One probable pathway may be
identified, %n which marcasite is precipitated by a direct reaction”of aqueous
selfide and ferrous .iron with zero- valent (elementa]) sulfur. Rising‘(1974) '
4pofnted out that elemental sulfur as a separate,pﬁese was a reactant ih
esséﬁtial]y'a11 §UCCe$sfu1 mercasite'synthesis. Ouriown experimenta1 work
' béars,direcf]x on this question.. We saturated & mixture of 0.18M acidified
ferrous chloride and excess USP flowers of sulfur witH HZSV(pH<4).in'a ground-
. glass stoppered bottle. No precipitate formed initially, but when the mixtqre
was heeted to 80+5°C a b]ackvprecipizate started to_form“at the interface .
between the solution and the sulfur floating on the §urface of the 1ﬁquid.,
fhis b1ack‘materia1 gradua1]y detacﬁed itself fkom>the sulfur layer and
accumulated at the bdttem of the bottle to be rep1aced"by additiona] precipi-
tate formed at the_sulfur-so]ution interface. When examined by X-rey diffrac-
tion~ahd visually ihipo1ished sections, the precipitate Qas found to consist
“dominantly of marcasite (>90 percent) in thin sheets which still retained the
irregulér]morpho]ogy of the su]fur.substrate. ‘ | |
Control of 1ron-d1su1f1de morphology, if related to: the presence of a .
separate e]emental sulfur phase, is not likely to be 1nf1uenced by the crystal
structure of this sulfur because marcasite has been producednexper1menta11y at
Afemperetures.above the transition from orthorhombic-to moﬁoc]inic sulfur y
(95°C), ebove the melting point of monoclinic sulfur (114°C), and even above
the temperature at whieh liquid sul fur undeeres a polymerization reaction -

(160°C).
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Fufther éorroborative evidencé,for the pfoposgd significahce of solid
‘elemenial sulfur in marcasite formation is provided by the temperature-depen-
dence of the pH at which one hundred:perdentAmarcasite is. produced under
| laboratory conditions. At 200°C, this pH is approximately 1.67 (fig. 8). At
room temperature this pH rises to about 4.4 (Rickard 1969). It has been shown
(Barnes and Kullerud 1961) that, with all other conditions. held constant, the -
stability fie1diof elemental sulfur itself shrinks to progressﬁve]y Tower pH
values with increasing temperature,‘thus necessitating the lower pH valués to -
stabilize marcaSite; o | |

Although the-mechanfsm of ‘marcasite formation in the presence of
elemental sulfur (and the absence of po]ysu]fﬁdes) seems well founded on the
bas1s of laboratory studies, certaln occurrences of marcasite in nature ra1se
‘a note of caut1on“that other mechanlsms or pathways may be possxble.

Marcasite commonly forms as rep1acement3‘of ‘woody material in which the
original ce]] structure is pseudomorph1ca11y reta1ned (Edwards and Baker,
"1951). " It is difficult "to envision a process by which elementa] sulfur cou]d
- be transported to and localized w1th1n these cell wal]s although perhaps
sulfur formation via acidification of a polysulfide solutioﬁ by a process
voccurfing within or near the cell wall might be invoked. '

In sumﬁary, mércagite formation is favored by(]ow pH. This pH effect
opérates via pH control on sulfur geodhemistry. Reactjdn between po]ysu]fidg
ahd ferrods jons favors pyrite or dron monosulfide and furfher sulfidization
of monosulfide Tikewise leads td pyrite.. Interaction of ferrous iron, aqueous

sulfide, and solid elemental sulfur produces marcasite.
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Copditions‘of Marcasite Formation Related to Uranium Mineré]ization

At the redox interface of roll-type uranium deposit, oxygen dissolved in
ground‘water'réacts with oxidiéab]e substances in the solid phases. These
reactions remove oxygen from solution and producé so?ub]evprdducts that are
.fhen carried down dip into rgduced-rock as well as insoluble products which
remain 1in the=solid phaée. The major reduced phases reactiﬁg with and consum-
ing this oxygen are ironvdisulfide (Granger and Warren, 1978) and organic

matter. - Hydrogen ions -are produced by'both these reactions (equations 3 and

4a and b)
[CH,0] + 0, = COp + H0 | e
2FeS, + 7-1/2 0, + 5H,0 + 2Fe00H + 8H* + 4503" - (4a)
- e - ot o2
2FeS, + 3-1/2°0, + 0 + 2Fe00H + 4H" + 25,03 @)

} - \

The hydrbgén ions prdduced by these- reactions will reducé‘the pH in thé
vicinfty of the redox inperface (Harshman i972). Thé magnitude of this pH
decreaée depends upon a number of .complex and interrelated factors. The rate
of hydrogén-i.on' generétion i’s re]"ated\ to the rate of del i‘v‘ery‘ of >d1'sso'l ved .
oxygen to the redox boundary. ‘Since thé‘oxidizab]e substances fn a given
volume-of uranium host rock.are typica]iy present far in excess of the concen-
tration‘of_disso1ved oxygén présent.(Granger and Warren 1978), oxygen ;upp1y .
becomes the 1im%ting factor in the oxidative processﬁ(equation§A3 and 4a and
b). This factor is more important in determining hydrogén-ioﬁ production than

the ratio of organic matter to Fesz undergoing oxidation, as both reactions
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Tead to-approximate]y 1 mole of H+'produced per‘mole 0, consumed (actua]]y'l
to-1.07). The controls on the rate. of dé]ivery of Oz-to thg:redbx boundéry
-_ are discussed by Granger and Warren (1978), and are in genera]xthe same
- factors that govern bulk trénsporf ¢f the ground watef'itself, but also
include the initial concentratioﬁ of 0, in recharge waters and partial removal
of 0, in the soil zdne. Deposits forming in similar host rock settings,wfth a
hjéh hydrostatic head or hﬁgh permeability will havé a proportionally higher
rate of hydrogen-ion'generatiOn than deposits forming from ground wateré with
identical concentration of'oz but ]owér head and permeabiiity. Unfortunatelf,'
we do not have sufficient ihformation on the paleo hydrostatic}head or perme-
abilfty-of the deposits studied to make a valid comparison between them. We
| can point out that the length of the altered (6xidized) tongue varies widely
between deposits. 1In the Shirley Easfn, for example, oxygenated ground water
wou]d_ha?é had to trave] approximate]y‘s.l km aftér entering the recharge‘areé-
befére intersecting the.present:position of‘thé'rojl-frOnt.. In the Lamprecht
deposit tﬁe'correspondihg~distance is only 2 km, and the Irigary is probably
 intermediate between these twoiextkemes (E.‘S, Santos; oral commun., 1979).
During\transport of oxygenated ground water toward the redox interface slow
chemica] or'bioéhemica]‘reactions migﬁt reéove appreciable amounts of 02 and
Tead to.]eSS intense ﬁydrogen-jbn érodﬂction at fhe redox interface. Included
- among these possible reactions are: oxidation.of_resistant ferrous-iron-
f-bearing phaSes'and oxidation of residual unreacted organic matter in thé host
| bed or in thevadjaéent confining beds at the'upper and iower‘mafgins 6f the
~host_unit. | .
Hydrogen‘ions‘generated by oxidative processes at the redox boUndary will
be subjected to a yariety of remoVa] mechanisms as the 1owpr grdund water

© flows .into reduced rock. These include interactﬁon wifh indigenous host-rock
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cbnstituents; destruction of feldspars, exchange reacfions oo clays aod
destruction of deﬁrital'and (or)4authigenic carbonate. Immature arkosic host
sands, as well as sands with ad appreciable clay matrix, will presumably be a
more effective sink for hydrogen ion than more mature quartzite.sapds.

An additional and potentially major influence op pH of ground water in
reduced rock is ‘governed by the presence or absence of. anaerobic bacterial
metabo]isﬁ, A number of scudies, reviewed by.Go]dhaber and Kaplan (1974),
paVe shown that bacterial sulfate reduction is a dominant influence on the pH
of pore fTuids of recent marine and non-marine sediments. Because sulfate is
‘a charoed jon, its removal fran solution‘by reduction requires that the
products of th1s metabol1c act1v1ty (HS™ HCO3) must likewise be charged to
maintain e]ectr1ca1 neutra11ty. Aqueous sulfide is highly reactive and will
be rapidly removed to form Fe$S dnd FeSz; thus 1eeving the charge in solution
residfng on aqueous cdrbonate species SUCh;as'HCOE_pjus Cog'. These reactions
serve to'maintaiﬁ the pH‘at re]ative]y high va]ues_wfthin the range 7 to 8.4
(Goldhaber and Kaplan, 1974)..'This'behavidr contrasts sharply with what will
occur yie'aerobic dEStruction of organic matter which produces an acidic
species, .COé'(equation 3), or destruction of organic matter by anaerobic
process in the absence of su]fate reduction (Martens and Go]dhaber, 1978)

The h1gher pH values wh1ch are establlshed in ;he presence of sulfate-
'reduc1ng bacter1a produce polysulfide ions in much greater concentrat1on than
solid e]ementa] sulfur and thus favor pyrite over marcasite precipitation. In
addition, these higher pH values cause a shift in su1fide‘equ15fbria awdy,frmn..
- HpS and towards HS” (and'§‘2) ions (fig. 7). This.has_the effect of increas-
ing the.degree of _saturation of these solutions with iron-monosu]fide phases
(such as mackinawite) thch will then.precjpitate-in,preference to either

pyrite or marcasite (Goldhaber and Kaplan 1974, Howarth 1979). Further sulfi-
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'_ dization of this mackinawitefwill, as has been discusseg previously, lead to
pyr1te preferent1a11y.

Polysulfide ions are apparently a common constituent of su1f1d1c ground
© waters in organ1c-r1ch.aqu1fers (Bou]egue, 1977) as well as the pore'f1u1ds of
" organic rich recent'merine“sediments'(Berner, 1963). TheSeienvironﬁents bear
'ta strong geochemical resemblance to the heducing side of a roll front (or
"unaltered rock) within en‘organic+matter-bearing uranjum-host;sandstone, and
the ground Water participating in the ore-forming process should, therefore,
contain polysul fides except perhaps 1oc311y near the redox boundary where the'
pH may decrease to 6 or less (fig. 7). |

In ore forming environments without organic mattet:or in which heterotro-
phic bacterial metabolism is otherwise inhibited, geochemical sulfur transfor-
mations may be expected to proceed via d1fferent pathways than in organ1c -rich
hosts. Granger and Warren (1969, 1974) have postulated a range of possible _
mechanisms; They hypothesize that pyrite oxidationﬂdOES not lead exclusively
”"to'sﬁ1fate’(equatioh 4&) but rather, that it produces metastable‘and
chemita]]y reeéttVe'oxidation products (such as thiosulfate,

szog equation 4b; and sulfite sog') whose‘oxidatton~state is- intermediate -

between sulfate and sd]fidef These jons would be carried by oxygen-dep]eted
ground water. Once in the reducing envihonment, thiosp]fate-or related meta-
stable species could tepreseht the sulfur source for ote~stage pyrite by
reecting with fefrousTiron according to a disproportionation reaction of the
type: o o

2+ 2-. o - 2 _
e 4 25,037 K0, = Fes, + HSOZ + KT + 50, (5)
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~ They further propose (Granger and. Warren, 1974) a link betwéen\metastab1e

sulfur species and production of elemental sulfur (equation 6);

- + - _ 0 2+ 2- +
2Fe(5203) + FeS, + HCO5 = FeCQ3 + ZS, + 2Fe” + 25,05 +H (6)

\

Elemental sulfur production is pqstulated to occur during oxidation of iron

" ‘disulfide by ferric iron contained in.a ferric-thiosulfate complex. In order

to test forgpfoduetion of meta;tab]e su]fur species during pyrite oxidation,
we have carried out a series of inorganic pyrite-éxidation experiments. The
studies indeed confirm that metastable sulfur oxy-anions are produced by this

process (Goldhaber and Reynolds, 1977). Some results of these experiments,

-  which'were carried out under»conditibnS'of>constant pH (using a pH stadt),

temperature, and oxygen ¢oncentration arevsumﬁérized}in figure 9. This figure
illustrates the distribution of soluble sulfur species as a perceﬁtage of the
total sulfur ansolution arisihg-from short-term (less thén‘Z-day) oxidation
expetiméhts. ;Cleafly,'speCies'sucH-qs thiosulfate and su]fite are dominant at
the higher pH values, Whereas tetrathionate (3402') ahd‘su?fate become

dominant as the pH at which oxidation occurs is decreased. Because pyrite

~

- oxidation at the.roll front is likely to occur at _pH values less than 7, it is '

necessary to consider the possible geochemical role of. the tetrathionate

ion. Whereas thiosulfate can be_shown to reaét with ferrous ikon\td produce
an iron;§u1fide.phase (eqéati6n 5) the same is apparently not so for tetraf'
thionafé.l Férrous-tetréthionate so]utioné were prepared in-our‘lébbratory and
they produced a yellow nonsulfide precipitate. However,.tetrathionate‘reacts
rapidly with dissolved sulfide to produce thiosulfate ‘and colloidal elemental

sul fur (equation 7). -
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Figure 9.--Results of pyrite oxidation experiments conducted at 30°C at -
constant pH (in a pH stadt) and with 0, at saturation. Data are
expressed as percentage of the total sulfur in solution represented by a
given species during the curse of a run against pH of the run. The"
variation of this percentage during an experiment i's shown as a vertical
bar. :
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- - -0 | '
2= . HS” = 25,05 +HO +S ~ (7)

COHT + 5406
Th{s»feactibn'is favored by increasing pH (Kilroy, 1979) and thus tetra-
“thionate conversion to‘thiGSUIfate may be more cbmp1ete as solutions move away
from the redox boundary and ére-progressively»neutra1ized by:hydrogen-ion
interactions with the host rock. |

Thiosulfate itsé]f, whether produced directly by pyrite Qxidatioh (equa-
fion 4b, fiq. 9} or by chemicél transformation of'tetrathfonate'(equation'7);
is also a source of elemental sulfur. This is so because thiosulfate decom-
poses to a mixture of co]]oida]“e]eméntal sulfur and sulfite (although minor
reactiohs invo]ving‘po]ythiqnates and sulfide also may 6ccur). The rate
~ equation describing the 1ag.time prior to inifial appearance of sulfur in
‘dilute §b]utigns ha§‘the,approximate-form (Zaiser and LaMer, 1948; Dinegar and
others, 1951; Davis, 1958). '

Ve (sody¥e o (8)

1_ ot
T k(Ho) o

where t is the time after mixing of reagents at whfch e]eméntaT sulfur (Sg)
appears and'(H+)o and (5205')0 are the initial éoncentrations‘of hydrogen ion
and thiosu]fate.respéctive]y, _Equation'8 predicts that the initial time of
elemental sul fur appearance is one ordér of magnitude later af.pH 7 than at pH
5, with all other vafiab]es’being-he1d cohstant.- The 1onger times for sulfur
aﬁpeahance at higher pH Qa]ues may -still allow significant formation of
'e1Emeﬁta1 §h1fur_in ground-water flow systems bécause relatively Tong times
are»available for reacfion. Taking a reasonable flow vé]ocity-fqr'ground;
watér of perhaps>sévera1 méters per year, then several tens of years to

- perhaps a hundred years:would‘be available for reaction, which is the time a
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given parcel of water ié traversing the distance interval‘(as much as 400 m)
represented by core samplés down dip from an ore roll. Considering that the
initial appearance of elemental sulfur from millimolar thiosu]faté solutions
at pH 5 requires hours or less, the time available for reaction at pH 7-8
appearsrmore than adequate to fofm elemental sulfur down dip from the roll .
front on the time scale of ground-water movement. ‘

The possfb]e central role of thiosulfate in.marcasite formation is empha-
siied by>the‘recent'experimental_work,of'E]-Dahhar and Barnes (1979). Thgse
authorSJrégort that'wﬁereas:mixtures of ferrouﬁ,irOn_and HyS produce pyfite at
25°C; when thiosulfate is added to this*mixture>at pH values less than 4.4,

marcasite is the dominant product. Mixtures of marcasite and pyrite were

~ formed . by Fe2+, HoS and'Szogf at pH's between 4.4 and 5 but only pyrite formed

above pH 5. Because thiosulfate decomposes to elemental sulfur under acidic

conditions as discﬁssed_above, there is at Teast the possibi]ity that marca-

site observed forming at Tow pH's (<5) in these-experiments is related to the

presEn€9 of a separate elemental sulfur phase rather than a direct reaction

’involving.Undecbmposed'thiosu1fate. It is not known .whether thiosulfate

itself pérticipates directly‘in'marcésite~formation or whether it serves
indirecfly‘as a soUEce of elemental sulfur; nevertheless the-results of E1 -
Dahhar and Barnes clearly document the important role of metastable squUr
speciés in a}fectfﬁg irbn-disu]fﬁde crystal structure.

In summary, the geochemistry of sulfur in ground-water systems with

active redox boundaries may be profoundly different depending on’whether or

,hdt the reduced ﬁbrtion.of the aquifer contains viable heterotkophic sul fate
reducing bacteria. In the presence of these organisms the ground water pH

will be relatively high and solubilization of elemental sulfur as. aqueous

polysu]fide ions will occur. In nonbiogenic systems polysulfide ijon formation

may be subordinate to generation of solid elemental sulfur.
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Discussion of Deposits
As noted above, marcasite is present as an ore-stage sulfide in each

deposit studied. The q]timate contro]zon‘its presence in these ore bodies is
the depréssed pH which is generated by oxidative processes at the redox bbun-
dary (Goldhaber and others, 1978; eguations 3, 4 é.and b). This pH is presum-
ab]y'sufficiently low (<6) to destabi]%ze polysulfide ions (fig. 7) and- favor .
devé]opment of marcasite by the presence of elemental sulfur in the solid
phase. | | R

" In contrast to this qualitative similarity in the development of ore-
stage marcasite in each of the deposits, there are marked quéntitétive dif-
ferences between deposfté in its ébundanée‘and ré]ative_distribution, The
deposits may be divided into two groups; - those in which the abundance of ore-
stage marcasite is at most equal to but generally much less than ore-stage
-pyfite (Shir]ey Basin, Irigaray, and Panna Marié), and tho;e deposits in which
the mafcésiteAis ;1eér1y tﬁe dominant ore-stage sulfide (Benavides and
' Lampreéht deposits). Marcasite tends‘fo be 1ocaliéed'nearer'the roll-front in
the first group than in the second. The same division of ore bodies can be
'made'on the basis of the presence or absence of abundant brganic'hétter.
Thus, on the basis of the discussion of the previous section, the two types of
marcasite distribdtions_mqy be rationalizéd,if it -is a§§umed that ore;stage
iron disuf?fde in host rock with organic‘matter waé-ggneréted via the
metabolic activities of‘sulfate-reducing bacteria wheréas non-biogenic
Jprocesses,1ed to ore-stage'irén-disu1fide generationlin hosf roék ~without
organ1c matter. Ground water in reduced rock of depos1ts formed under the
influence of anaerob1c bacterial metabo11sm w111 have higher pH' s and may have
higher polysulfide content in the reduced zone than ground waters in reduced

zones of host rock without organic matter. These factors will favor formation
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of pyrite. Inorganic mechanisms, on the other hand, may lead to higher con-

- centrations of elemental sulfur and Tower pH's that favor formation of marca-

site. The development of marcasite in reduced barren ground down dip from the

roll in the Lamprecht and Behavides-deppsits may. be related to slow decomposi-

 tion of'thiosu]fate'or»tetrathionate in ground water to elemental sulfur.

L
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