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ABSTRACY

Clay-minerdd assembiages from ihe Upper Silurian Resof salt
bed of the Saltng Group in western New York State, the Middle
Pennytvarnian Paredox Member of the Hermose Formation in
eastern Uik, and the Upper Permian Castile and Salado For-
mationy in southeasiern New Mexicu consisi chigfly of Mg-rich
triocraltedral cluyvs. xcept for variable guantities of iifie the di-
vetithedral cluys are ubsent. Trioctahedral clay species inciude:
chiorite: intersipaiified chiorite-irioceakedral smecrite with rvep-
whitr Gurerstraiiffcqtion {correnstte) (o random nrerstatificarion:
trioctaftedral smectite; interstratiffed lc-triovtabedral smec-
tite: talc: and serpeating.

The distinctive minergdogy of the cluy assemblapes strongly
sugpesis an authigenic origin, Recrystallization and My-meiasu-
matism of Saverape” oluy derritus o Al-bearing trinctahedrel
clays is to be expected in response to increased Mg?™ GOtrnty in
marfne evaporite Brines, Somewhar more specufative conclu-
sions ore: (1) wale and serpentine erystallized from evaporite
brines with speciation a function of the Mg®™* /(8 * 2 ivn aetiviry
rativ; qid (&) inderstratified iele-tioctahedral smeciite, asso-
clated ondy with polyhaiite heds. resulted from Al-leaching of fn-
terstratified chlovite-trioctahedral smectite during diggenctic re-
placement of caleium sulfare by pobvhalite.

INFRODUCTION

In their classic systematic stady of clay minerais in the
CGerman Zechstein Formation, Fichtbauer and Gold-
schmidt (1959} suggested that the marine hypersaline de-
positional environment played a major role in the genesks
of the clay mineral assemblages, Subsequent stedies of
Zechstein clays by Niemann (1960), Dreizler (1962), Pun-
deer (1969), and others, and clay mineral investigations
at other marine evaporite localities by Echle (1961), Droste
{1963}, Lounsbury {[963), Lippmann and Savascin (1969),
Bodine and Standaert (1977), and Bodine (1978), among
others, as well as discussions in importast review mono-
graphs (Borchert and Muir, 1964; Ktihn, 1968, Millot,
1970 Braitsch, 1971) have, for the most part, amplified
and strengthened this conclusion.

‘The mineralogy and geochemistry of clay mineral as-
semblages from three North American marine evaporite
deposits are discussed in this paper toward further docu-
menting the importance of the depositional environment
in the formation of these distinctive and unusual clay
mineral assemblages. Furthermore, features of specific
clay minerals and their associations with the evaporite
strata prompt two intriguing speculations on clay-forming

processes in depositional and diagenetic envitconments of
hypersaline rocks.

The three Paleozoic marine evaporite deposits are (Fig-
ure 1} the Upper Permian (Ochoan) Salado and upper-
most Castile Formatiuns from the ERDA-9 drili core at the
Waste Isolation Pilot Plant (WIPP) site in southeastern
New Mexico: the Middle Pennsylvanian Paradox Member
of the Hermosa Formation from the Gibson Dome No. 1
drill core in the Paradox basin of southeastern Utah; and
an Upper Siturian (Cayugan) Salina Group halite bed in
the Retsof Mine in western New York State.

GEOLOGIC SETTING

Each of the three localities provides well-documented
marine evaporite sections with characteristic saline min-
eral suceessions; however, they do differ one from another.
They differ in geologic age. paleogeography of the detrital
source and depositional environments, exient of proyres-
sive evaporation, and character and extent of postdeposh-
tional pore-fluid mobility and salt metasomatism (Table 1).

ERDA-Y drill care. ERDA-9 was drilled as part of geo-
logic characterization studies of the proposed WIPP re-
positary site in Ochoan salts (Powers and others, 1978).
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Figure 1. Index map of the United States locating ERDA-9
drilt hole in the Delawars Basin, Gibson Dome No. 1 (GB-1)
drill hole in the Paredox Bausin, and the Retsof Mine in the Ap-
palachian Basin,

The hole is located in the Delaware Basin on the repository
tract {sec. 20, T. 22 S., R. 31 E.) in eastern Eddy County
about 47 km east of Carlsbad, New Mexico (Figure 2},
Ochoan rocks at the WIPP site {Figure 3} are 1227 m
thick of which the upper 857 m were cored in ERDA-9,
The Castile Formation is the basal Ochoan unit and over-
fics the deepwater marine clastics and carbonates of the
Guadalupian Bell Canyon Formation. The Castile For-
mation is 383 m thick and consists of thick anhydrite in-
tervals intercalated with nearly equally thick rock-salt in-
tervals. The continuity of sharply defined, thin famina or
varves in the anhydrites { Anderson and others, 1972} su-
gest deepwater depaosition for most of the Castile Forma-
tion. Only the uppermost 12.5 m of the upper anhydrite
interval of the Castile Formation was cored in ERDA-9.
The overlying Salado Formation is 602 m thick in
ERDA-S and consists chiefly of bedded halite {85-90 per-
vent) with thin interbeds of anhydrite, polvhalite, fine
clastics, and potash-bearing soluble salt assemblages
{Figure 3), Three members are recognized: (Jones, 1973}
unnamed upper and lower members; and an intervening
middle member, the McNuit potash zone. The members
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Fignee 2. Location map of the Delaware Bagin showing the
Capitan Reef, the WIPP site, and the ERDA-9 drill hole from
Andesson {1982),

are nearly identical except the McNutt potash zone con-
tains beds with soluble potash salts, chiefly sylvite, lang-
beinite, and carnailite, which are absent from the upper
and lower members. Throughout the Salado Formation,
there is an irregularly develoved and frequently repeated
cyclicity; an ideal cycle contains a basal parting of clay-
stone overlain by anhydrite or polyhalite and 2 thick halite
interval with or without potassium minneral-bearing beds.
Textural and mineralogic features (Powers and others,
1978} strongly suggest relatively shallow depositional con-
ditions throughottt most of Salade sedimentation.

TABLE 1
Summary of Geologic Feanures of ERDA-Q, Gibson Dome Ne, I, and Retsof Mine Evaporites

ERDA-9 Gibson Pome 1 Retsaf BMine
Location SE. New Mexico SE. Utah W. New York
Sedimientary basin Delaware Paradox Appalachian
Geologic age Upper Permian M. Penmsylvania U, Siurian
Formation Castile Formution Saiado Forenation Hermoss Formation Vernon Formation

Paradox Member

Maximum evaporation Halire K sahs K salts Halite
Detrital source Muoderate Near/moderite Near/moderate Pistant
Detrital infiux Liw Muoderate Moderare Abundant
Brine depih Deepsmoderate Shallow Muderate Shallow.
Salt diagenesis {7} Minor Substantial Minor Minor
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TRIASSIC] uPPER Santa Rosa Fm. METERS
G
Dewey Lake Redbeds Siltatone and shaic.
148
Rustler Formation Anhydrite, dolomute, sitstonc.
243
Chivtly haite with anhydrite, potyhalite,
Upper Member and mudstone.
s 396
- Chietly hatite with K-rieh salts, pobyhable,
E McNutt Potash Zone arthydrite, and mudstone.
L 511
(=]
< g &
Llwis
> @ -g Lower Member Chiefly halite with anhydrite, polyhalite,
n: 5 o and mudstone.
wie
o
Ao ERDA-9 Core
(=] 845
Anbydrte.
N . Halite,
Castile Formation Anhydrite.
Halita.
Anhydrite.
1227
GUADALUPIAN Beil Canyon Fm.

Figure 3. Generalized stratigraphic column of Ochoan rocks at the WIPP sire, Eddy County, New Mexico and the cored interval in

the ERDA-9 drill hole (Powers and others, 1978).

The Rustier Formation and Dewey Lake Red beds over-
lie the Salado Formation (Figure 3) and reflect progres-
sively decreasing salinity and increasing detrival influx
into the basin. With cessation of Ochoan sedimentation,
no forther deposition occurred until the Late Triassie
when the Santa Rosa Formation was deposited.

Changing Ochoan paleogeography strongly influenced
the character of these evaporifes {Anderson and others,
1972; Powers and others, 1978). Castile deposition was
restricted to the Delaware Basin within the seaward con-
fines of the impoesing relict Guadalupian Capitan reef (Fig-
ure 3} As the deep basin filled with evaporite sediments.
conditions shoaled foward the end of Castile sedimenta-
tion; furthetmore, transgression over the reef’s notthern
and eastern rim resulted in deposition of Safado salts ex-
tending anto back reef flats of the relict reef system. bt ap-
pears that during Castile sedimentation the reef barred
appreciable detrital influx into the basim interior, but
dering Salado deposition with evaporife sedimentation

overtapping segments of the reef, the influx of detritus
intc the basin increased markedly and continued to in-
crease during Rustler and Dewey Lake sedimentation,

There is also general agreement (Powers ef al. 1978)
that the many polyhalite beds in the Szlado Formation
are secondary replacements of primary cakeium sulfate; a
process which apparenily occurred early in the postdepo-
sitional history of the salis. Frequent anomalies of sub-
stantial bromine depletion i many Salado halites (Adams,
1969}, the apparent extensive Mg-depletion in the McMNutt
potash zone, and the occurrence of magnesite ax the dom-
inant Salade carbonate (Jones. 1973) are further indica-
tors of extensive diagenetic dissolution, salf recrystalliza-
tion, aid metasomatism.

Gibson Dome No. 1 dsilt core. Gibson Dome No. | in
the Paradox Basin was also drilled as part of geologic
characterization study of a proposed underground nuciear
waste repository site {Woodward-Clvde Consultants,
1982). The hole is located 24 kim east of the confluence of
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Figure 4. Location map of the Gibson Dome No. I drill hoke
in the Paradox Basin showing limits of salt and potash beds in
the Paradox Member of the Hermosa Formation from Hite and
Buockner {1981).

the Colorado and Green Rivers (Figure 4) in San Juan
County, Utah (sec. 21, T. 30 5., R. 21 E.).

The hole {Woodward-Clyde Consultants, 1981} was
drilled to & depth of 19459 m of which the lower 1518 m
were cored. The core bottoms in the Mississippian-
Devonian Quray Limestone and extends upward through
the Mississippian Leadville Limestone, the Peansylvanian
Molas and Hermosz Formations, and the lower 378 m of
undifferentiated Cutler Group rocks (Figure 8).

The Paradox Member of the Hermosa Formation is
nearly 800 m thick in Gibson Dome No, 1 and consists
chiefly of rock sait with thinner interbeds of clastics and
other marine evaporite fithologies {Figure 5). The under-
fying lower member consists of normal marine limestones
in the lower part which grade upward into a succession of
interbedded anhydrites, dolomites, and fmesiones re-
flecting a transition to hypersaline sedimentation. The
overlying upper member consists of anhydritic strata
which grade upward into a normal marine sequence of
interbedded shallow-water carbonates and clastics.

Hite (1950) described a cyclicity within the Paradox
salts which permits basin-wide correlation of 29 individual
cveles. Twenty of these cycles are specifically idenrified in
the Gibson Dome No. 1 core {(Figure 5). A typical cycle
consists of relfatively thin intercalated beds of anhydrite,
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dolomite, and black shale overlain by a thick interval of
bedded halite with or without interbeds of K-rich salt as-
semblages. Each cyele was deposited on a pronouncged
dissolation surface developed on the salt of the previous
eycle.

Hite and Buckner {1981} have suggested the cychcity
parallels eustatic rise and {fall of sea level in response to
alternating periods of Pennsylvanian glacial retreat and
advance. With rising sea level, the barrier to the basin
was flooded and the basin was recharged with seawater;
with falling sea level, the barrier was veestablished and
evaporation produced the characteristic succession of
marine salis. The preservation of fine bedding with anhy-
drite tamellae in the halite, the lack of oxidation in the
black shales. and the preservation of otganic matter
throughout the section indicate deposition in moderately
deep water below wave base and preclude pesiods of des-
iceation. Salt dissolution at the end of each cycle appay-
ently was subagueous and occurred when salt-undersatu-
rated normal seawater entered the hasin and diluted the
pre-esisting salt-saturated brine. In those few cyeles
(Figure 5) whete a zone rich in potassivm minerals, chiefly
sylvite, is observed, O. B. Raup (written commun.) sug-
gests the primary asserabfage—most likely halite-car-
nallite-kieserite—was selectively leached of magnesium:
by these same more dilute brines leaving a sylvite-halite
residue,

Except for this very early diagenetic dissolution and se-
lective leaching of magnesinm associated with cyclic sea-
water recharge, i appears that no more than neghigible
postdepositional salt dissolution, recrvstallization, and
metasomalism occurred. This is based on the preservation
of nearly ideal primary bromine profiles throughoui ihe
halite intervals {(Ranp et al. 1970) and the absence or
near-absence of such diagnostic secondary salts as poly-
halite and magnesite.

The basin's strong asyrametry with 2 steeply dipping
northeast limb and a gently dipping southwestern limb
{Figure 4) bespeaks of its taphrogeosvnclinat character, &
farge displacernent normal fault delineated the northeast-
ern margin of the basin from the uplands of the Uncom-
pahgre uplift during Paradox deposition; these uplands
were the source of most detritus which entered the basin,
In addition, i is probable that land areas far to the south-
west contributed lesser quantities of detritus,

Retsof Mine. The Retsof Mine (Inlernational Salt Co.)
is located along the western margin of the Appalachian
Basin at the village of Retsof (York Township, Livingston
County) in western New York State about 80 km east of
Buffalo (Figure 6). Mine production is from a single 3- to
4-m hatite bed, the Retsof salt bed, at the top of the mid-
dle member of the Vernon Formation. The Vernon For-
mation is the basal unit of the Upper Silurian (Cayugan)
Salina Group throughout New York and nerthwestern
Pennsylvania (Figure 7). Overlying units of the Salina
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Figre 5. (eneralized stratigraphic column in the Gibson Dome No. | drifl kole, San Juan County,
Utah, from Woodward-Clyde {1982} with an expanded section of the Paradox Member with Hite's

(19603 numbered salt meervals.

Group in the Retsof area are the Syracuse Formation, the
Camillus shale, and the Bertie Formation.

Evapaovative concentration in the depositionat environ-
ments of Salina Group evaporites in western New Yoek
State proceeded no ferther thaa halite precipitation;
dolomite, anhvdrite, and halite are common but soluble
potash and magnesinm salts are absent. Sedimentologic

features of the salt at the Retsof Mine have been infer-
preted by Dellwig and Evans (1969} as originating in rela-
tively shallow water, which, at least some of the time,
was shove wave base. Pronounced cross-stratification in
thicker salt beds, the diffuse character of bedding and
banding, the presence of isolaied rounded “shale balls,”
and anhydrite admixed with halite rather than forming
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Figure 6, Location map of the Retsol Mine with reconstruc-
tion of Cayugan paleogeography showing suggested Niagaren
reef banks, dehs complexes, wnd barders after Alling and
Briggs {1961).

sharp anhydrite-halite banding so common in deeper
water environments to the west prompted their conclu-
stons that contemporaneous with salt deposition there
was considerable remixing of the soft salt “mush.”

The saht beds in the Vernon Formation thin rapidly and
pinch aut to the east with parallel coarsening of the clastic
beds which grade into the thick deltaic beds of the Blooms-
burg Formation in central and eastern Peansylvania {Fig-
itre 6). To the west, the Retsof salt hed has been traced in
the subsurface through northwestetn Pennsylvania, north-
ern Ohio, and across the Chatham sag into the Michigan
Basin (Rickard. 1969}, There is general agreement (Al-
ling and Briggs, 1961; Rickard, 1969} that the principal
detrital source for the Vernon Formation lay far fo the
cast in nplands on the eastern margin of the basin (Fig-
are 4); the silicecus detritus in the Retsof area is fine, well
weathered material which had a rather lengthy and com-
plex transpotl history,

Other than dehydration of primary gypsum to anhy-
drite there is little indication of saR diagenesis, recrystal-
lization, or metasomarism. The bromine contents of
haiites feom Retsof (Dellwig and Evans, 1969; Bodine
and Standaert, 1977) indicate an unaitercd primary pre-
cipitate.

Sixth Infernationai Symposivm on Salt, 1983—Val. !

CLAY MINERALOGY AND CHEMISTRY

This report utilizes published and gnpublished deter-
minative data for 75 clay separates from the ERDA-9 core
{Bodine, 1978}, 14 from the Gibson Dome No. | core
{Bodine and Rueger, in press), and 21 from the Retsof
Mine (Bodine and Standaert, 1977). Of these. 57 clay as-
semblages from the ERDA-Y core, 4 {rom the Gibson
[Dome Mo. 1 core, and 9 from the Retsof Mine have been
chemically analyzed. Clay samples from each locality are
from represcatative evaporile lithologies as well as from
clastic inferbeds. The clay assemblages were separated.
fractionated, and analyzed, using, for the most part,
standard separation and X-ray determinative procedures
{Brindiey and Brown, 1980; Carrcll, 1973; Grim, 1968).

Clay minerals. Except for illite, the clay minerals from
the three lacalities are trioctahedral and magnesium rich
(Tuhle 2). Mg-rich chiorite {clinochlore), regularly inter-
stratified chlorite-trioctahedral smectite (corrensite) to
randomly interstratified chlorite-trioctahedral smectite,
discrete tricctahedral smectite, interstratified talc and
triocctzhedral smectite, tale, and serpentine have been
identified.

{itite {Table 2) is the only dioctahedral clay oceurring in
these assemblages. It is extremely well erysrallized and
appears to contain little, if any interstratified expandabie
layers, The absence of any low-angle asymmetry in the 001
reflection is attributed by Reynolds {1980} o those illites
with substantially less than 10 percent smectite inter-
layers. Microprebe analysis of illite flakes from thie Retsof
salt bed {Bodine and Standaert, 1977) yields a structural
formala of

Ko.8s (Aly g1Fed 5 Mg 203 (Al %Si3 2400, OH);

which is well within compositiona} limits for discrete illite
{Weaver and Poilard, 1973). Chemical composition of
itlite-rich assemblages (Table 3, nos. 1a, 1b, l¢) show
characteristic high K;O content when compared with
Al iliile occurs throughout samples from each locality,
and in numerous samples Hlite is the dominant mincral in
the clay assemblage.

Chiorite {Table 2} is the most aluminous of the ttiocta-
hedral clays and occurs at all three localities. Tt is charac-
teristically well crystallized and yields diagnostc diffrac-
tion maxima. The structural formula of the chlorite from
the Retsof Mine from electron microprobe data (Bodine
and Standaert, 1977) is

(Mg, 51 Feg 53 Ay 5 (Al go8in.0)J01(OHJg

which falls well within the clinochlore composition for
megascopic chlorites (Foster, 1962) and clay chlorites
{Bailey, 1982}, chemical amalyses of chlorite-bearing as-
semblages are given in Table 3, nos. 1a. 1c, and 5b. Chio-
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> Onondaga Limestone METERS
S o
g Berile Fm. H Dulomute,
- 13
g Camilius Sh, G Grey of green shalke, dolomite.
38
F
Syracuse Formation 64 Anhydrite with wrey or green shale and dolomite,
w
LLf E
x| g 81
=
w2 R
= 0 24
Z :’5 E C Grey or green shale, red shaie at top.
o I
Lis|a 129
% 5 ~—RETSOF SALT BED
% Varnon Formation B Dolomite, salt, and basal grean shale.
164
A belomite and grey or green shale.
215
Lockport Dolo.

Flgure 7. Generalized stratigraphic column of Cavugan rocks in the MacDonald No. 1 drifi hole, York Township, Livingston
County, New York ncar the Retsof Mine with [cttered infervals representing correlation with the standard Michigan Basin section

affer Rickard (1969).

rite is the only Al-bearing trinctahedral clay in the Refsof
salt bed and dominates many of the clay assemblages. In
the Gibson Dume No. 1 core, chlorhe is common but is
generally less abundant than the interstratified chlorite-
trioctahedral smectites. In the ERDA-9 core, chhorite
alse ceeurs but neither ubiquitously nor generally abun-
dantly; the smeclite-besring mixed-layer varieties are the
dominant tricctahedral Al-bearing species,

Interstratified chlorite and trioctahedral smectite (Ta-
ble 2} is abundaat throughout the ERDA-9 and Gibson
Dome No. 1 salts. Three mineral varieties of these inter-
stratified clays form a crysial chemical continuum: (1)
corrensile yielding a rational series of sharp superfattice
spacings which indicates regularly alternating inferstrati-
fication and a composition approaching I:1 chlorite:tri-
octahedral smectite (Bailey, 1982); {2) a corrensite-like

mineral which, [ike corrensite, yields superiattice diffrac-
tion maxima but they deviate somewhat from rationality
suggesting some randomness of the inferstratification
and modest departure from the 1:1 composition; and {3} a
mixed-layer clay vielding no superlutfice reflections which
has highly random interstratification and may vary mark-
edly from the 1:1 composition. Throughout this report
the term “corrensite” will be restricted to the firsi variety,
“corvensite-ike clay” fo the second, and “randomly in-
terstratified chlorite-smectite™ to the third.

Corrensite is less aluminous than discrete chiorite be-
cause the trioctahedral smectite layer confains at most a
fraction of an aluminum fon per formula unit {Table 2},
The structural formula of corrensite from an essentially
monomincralic sample in the Paradox Member (Table 4)
suggests the interlayer cation charge requirement of the

B R S PP
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TADLE 2

Clay Minerals ldentified in ERDA-Y, Gihson Dome Mo, 1, and Retsof Mine Evaporites and
Intercalated Clastics

Clay Miveral Generalized Chemical Formuls Al {we. %}
Itlite K.l Al oFed s Mgy 2) (813 30Alp 6530 g (OHa) ~28
Chiorite {IMg, FelsAl{Si;AN06{OH ~18
Taterstratified
chiorite-trioctahedral
smectifes
Corrensite {chioritelp s liroctahedral smectitgdy 5 —-12
Corrensite-lte {chlorite) _p s(trioctahedral smectite); - _p s ~12
Random {chiorite) (trioctahedral smectite)y._ 515
Trioctahedral smecrite Mg;f’ " Mgy 8y a1 1200l O ~2-4
[nferstratified tale-
wrinciahedral smectite {talo) dtrioctabedral smectite) — <3
Tale Mg;Siz;C'm(OHh Q
Serpentine Mg;3:0:(OH), 0
M f;” © — Charpe contribution by cations in exchangeable sites,
TABLE 3

Chemical Analysis {weight perceat} of Clay Fractions { <2 um) from ERDA-9, Gibion Dome No, 1, and
Retsof Mine Evaporites and Intercalated Clastics

ia th ie 2a 2b 2 24t 3 da b Sa 5h fa b

5i0; 0.4 46.3 47.2 52.0 437.7 39.0 42.9 47.6 54,4 577 2.6 4h.7 43.2 45.4
T, (.81 0.44 48 090 0.64 .37 0.15 0.40 0.20 0.28 009 0.24 111 .43
AlaQy 4.3 121 2G.1 1236 §.54 125 9.3 7.83 380 5.84 2.38 7.97 315 .56
Fey(i,* 529  11.47 3.57 2.4 1.36 4,40 200 314 378 917 £.35 6.84 1.24 1218
MnO 0.07 nd < .02 nd nd <302 <0.02 e nd nd nd 0.05 ned 0.05
MO 567 0.7 iLd 236 8.6 25,5 30,7 238 a7 22.6 27.4 214 8.8 15.6

a0 0.14 0.09 060 006 0.66 007 <002 073 0.09 0.12 0.08 0.12 0.03 032
Na (3 0.30 3,58 0.28 (.85 1.1 .97 0.79 215 0.35 0.44 1.56 .18 1.04 0.34
KO 3.82 3.55 5.37 2.2 1.8&6 (.87 0.1t 2.10 0.36 0.97 .41 045 <0.02 189
PO 0058 nd .20 nd rid .38 <005 nd nd nd nd 0.03 nd 0.05
5 1.10 nd ng nd nd nd nd nd nd nd nd 3.13 nd 6.73
LOIT ng nd 101 nd nd 130 13,2 nd nd nd nd ndd nd nd

1. IHite-rich wssersblages.
a. HS-72-20. Retsof Mine. uppermost Hetsof salt bed: ill=chi>1al with quartz and minor pyrite.
b, JL-US-11, ERDA-S, MoNuati potash zone poivhalite: ill=rcs > chi with hematite.
¢, GD1-15. Gibson Dome No. 1, Paradox cycle 19 anhydrite: ili> chl {Bodine and Rueger. in press).
. Interstratified chlorite-trioctabedral smectife-rich assemblages.
a. MB-CS5-21. ERDA-S, MeNutt potash wone sock sait: nos > iib= tal 2> chi
b. JL.C%-14, ERDA-9, McNat: potaste zone claystone: cor sl
¢, GDi-7, Gibson Dome No. 1, Parudes cyele 3 sthistone: cor>s = chl {Bodine and Rueger. in press),
d. GDI-11, Gibson Dormc Mo, 1, Paradox cvek 6 rock sailr cor =i ill=1al {Bedine and Rueger, in press).
3. Trioctahedral smectite-rick assemblage.
a, MB-C5.153, ERDA-S, lower Salade anhydrite: tsm > il cht
4, Taterstratified tale-triocrzhedrad smectite-rich assemblages,
a. J-C5-19, ERDA-Q, MeNunl porash zone polyhalite: ts 55 1,
b JE-C5-23, ERDA-9, upper Sulude polyhahie: ds = it with hematite.
5. lale-rich asserblages.
& MB-C5-15, ERI}A-G, lowenmost Salado anbydrite: tal =»tsm =il
b, RE-T2.5, Retsof Mine, middle Retsof salt bed: ral=chlzz- il
6. Serpentine-Dearing assemblages,
a. MR-C5-42, appermost Castite anhydribe: ser > ism > chl
b. HS-72-13, Rewsof Mine, lower Retsof salt bed: tal »>cht=ser=1ll with pyrite.
Mineral sbbreviations: chl—chlorite; cor-—carvensite of corrensite-like clay; iH—iilite; ros- rasdarly isleestratifisd chivrite-4nocichedral smee-
tite; ser—serpentine; fal—tale; tsm— trinctahedral smectite; ris—intersteified Taic - tricotabedral smeciie.

Et

{Denver), U8, Geologread Survey: Ketsof Mine sumples—Max Bodd, 3. U N Y. Binghamion,
#*Total iron as Fo,(O-,
tLoss on ipaition at 30G°C.
nd Not determined.
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TABLE 4

Stractural Formula of Corrensite from the Paradox Formation

fealeulated from chemizat analysis of GIM-11< 1 um fraction

{table 3: no. 2d} for 25 uxygens {14 in chiovire, 1 in smectiied
with iton as FeO}

Terrahedral:® s 712
APT 88
Total 8.00
Qctahedral:t AP 95
T 02
Fel™ .25
Mg?* 7.9
Totul LY
Inierayer:$ Ma 26
R 02
Total (h.28
Tetrahedral charge deficlency; —{.88
Octahedral cliarge excess: +0.61
Intertayer charge excess: + 3,28

*Two sites i each of four shesrs: two sheels in smectite 2: 1 fuver;
twe shezts in ehlorife 201 [ayer,

“Thiee sites in ¢ach of three sheets: one sheet in smectite 211 layer:
one sheet mochiorite 2: 1 layer; ong shegt in chiorite bruvite-like sheet.

iRmectite ntetfaver sites,

smectiwe layer is satisfied 1o a large extent by vacancies in
octahedral sites, that is, stevensite-like layers, rather than
by aluminam sabstitution for sificon in tetrahedraj sites,
that is, saponite-like lavers. Chemical analysis of assem-
blages containing abundant interstratified chiorite-trioc-
tahadral smectite (Table 3; nos. 2a, 2b, 2c, and 24} illus-
irate the low alumina and high magnesia in these clays.

Interstratifiedt chlorite-trivctahedral smectites are ahun.
dant in the Paradox Member from the Gibson Dome No.
1 core {Figure 3); corrensite and corrensite-like clay are
the common varieties and the randermly interstratified
clay is rare, In the Salado Formation from the ERDA-9
core (Fipure 3), corrensite and corrensite-like clay are
abundant in the claystone interbeds and also occer, but
less frequently, throughout the cvaporite lithologies.
Conversely the randomly interstratified variety is abundant
throughout the evaporite beds and less common in
the claystone interbeds, Gnly negligible amonnts of inter-
stratified  chlerife-trioctahedral smectite occur in the
uppermost Castile Formation.

Discrete Mg-rich irioctahedral smeetite {Table 2) also
peeurs in some assemblages and cocxists with varable
quantitics of other trioctahedral clays and illite. The
aleminum-poor character of the discrete smectite is illus-
trated by the analysis of a smectite-rich assemblage from
the MeNuit potash zone in the ERDA-9 core (Table 3; no.
3a); much of the AlyO, Is present in coexisting iiiite as in-
dicated by the assemblage’s K.O content. Discrete smec-
fite occurs most commonly, sometimes abundantly, in
evaporite beds of the Salado and uppermost Castile For-

275

mations from the ERDA-G core. ¥t is only rarely observed
in clay assemblages from the Paradox Member at Gibson
Dome No. 1 and is absent in salts from the Retsof Mine.
Interstratified talc-trioctahedral smectite {Tabhle 2) is
identified only from the ERDA-% core, The mineral is less
aluminous than the intersrratificd chlorite-smectite as
shown by analyses 4a and 4b of 4 tale-trioctahedral smee-
tite-rich asscmblage (Table 3); again a substantial fraction
of the Ak{O, in the assemblage is contained in the small
quantity of coexisting ithite. The mixed-laver tale-smectite
i resiricted 1 some polyhalite and adjacent anhydrite
beds within or stratigraphically close to the MceNutt
potash zone. At the same time, other polyhalite and anhy-
drite beds contain the characteristic Salade Formation
clay asscemblage of inferstrarified chlorite-trioctahedral
smectite and discrete illite with or withaut discrete tale.
Discrete tale {(Table 2) is commen throughout rhese
evaporites and generally coexists with illite and one or
more of the rioctahedrat Ai-bearing clays. A chemical
analysis of a tale-rich clay assemblage with chiorite and #-
iite from a Retsof Mme sait {Table 3; no. 5b) illustrates
the unusually low AlLO; content of this assemblage. In
the Gibson Dome No. | and ERDA-9 cores, talc most fre-
queatly and abundantly oceurs in halite vocks. In the
former talc is not found m anhvdrites, delomiles, znd
black shales of the Paradox Member; in the latter talc is
occasionally present in anhydrites of the Salado (Table 3,
no. Sa} and uppermost Castile Formations and more rarely
in polvhalites and claystones of the Salado Formation.
Serpentine {Table 2) is frequently difficult to identify
conclusively in these assemblages because of interfer-
ence of its diffraction maxima with the basal retlections of
chiarite. Its uniquivocal oceurrence in some Retsol Mine
salts and FRDA-S salis and anhydrites, has been docu-
mented (Bodine and Standaert, 1977; Bodine, 1978). Ser-
pentine has not been observed in the Gibson Dome No. 1
core. In the ERDA-G evaporites, serpentine cecurs in sev-
eral clay assemblages [rom the uppermost Castile Forma-
tion anhydrites and in intercaiated halites and anhydrites
from the lowermeost Salado Formation, in one clay assem-
blage from the Castife anhvydrite. serpentine is the domi-
aant clay and coexists with discrete tricctahedral smectie
and minor illite; chemical analysis of the assemblage
{Table 3; no. 6a) yields an expecied very low ALO, con-
tent. In the Retsof salt bed, the serpentine, never in great
abundance, is restricted to the lower part of the bed (Fig-
ure B) and coexists with chlorite, life, and 1alc {Tablke 3;
no. &b}, Bromine profiles through the Retsof sult bed show
an irrcgutar increase in fthe bromine content of halite
from 75-83 ppm at the base of the bed to 107 ppm at the
top {Figure 8). The four serpentine-bearing assemblages
are associated with halitex containing Jess than &5 ppm
hromine. Based on the stratigraphic relations of serpen-
tine occurrence 4t hoth localities as well as brumine data
from Retsof, #t appears that serpentine is restricted to
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Retsof salt bed (m)

100
Broamine in hatite (ppm)

Figore 8. Vatiation of hromine cemient (ppry} in halite
theough the Retsof salt bed from the Retsof Mine: O samples
with no deteciable serpentine and # samples containing ser-
pentine from two profiles 15 m apart in 4-West {uppermost
samples, 20 and 20A, collected from the back berween the two
profiles); T samples with no detecrable serpenting from 5 West
profile,

evaporites which precipitated at or near reaching halite
saturation during progressive evaporation of the host
brine,

Clay mineral associations. Clay mineral assemblages
froan the three localities have chemistries which fall within
a relatively narrow compositional range. On Figure 9,
chemical compuositions of the clay mineral assemblages
have beer plotted on the ALOKA1O,MgO three-
component peojection of the AlO;KA10,-NaAQ,-
MgO-5i04-H,0 system. The compositions of idealized
selected sedimentary silicates, shown as open cireles, and
the tie fine between muscovite and clinochlore are plotied
for refercnce. Clay assemblages from these three evapeo-
rites cluster very tightly along and below the muscovite-
chnochlore tie line, Those composiiions helow the tie line
reflect aluminum depletion due teo the presence of talc,
discrete and interstratified tricctahedral smectite, znd, in
a few cases, serpentine.

The distribution of clay niinerals in assemblages from
the three localities is summarized in Table 3 which ilus-
trates Tour distinctive features of the assemblages and
their assoctations with evaporite lithologies.

i. ibite is the only dioctuhedral clay in these assem-
blages. It is characteristically well crystaliized and
centains no recognizable intersiratified smectite. {1
lite occurs ubiquitously in all evaporite Jithologies as
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Figure 9. Molar proportions in clay-size residues plotted on
the ALCy—KalOp—MgO ternary projection of the AbQje
Kal(}y--Naai(l— Mg —510)—H A system from Salade and
uppermost Castile Formations in ERDA-9, @; the Paradox
Member of the Hermosa Formation in Gihson Dome Neo. 1, 43
and the Rewof salt bed in the Retsof Mine, [, Abbreviutions
for idealized mineral compositions: ch-—-chlodte (chinochiore):
co—corrensite; ds--dioctahedral smectite {monimorilionite-
heidellite series); ka—Xkaolinite, pyrophyilite: kf—potash feld-
spar; mu—muscovite; ph—phlogopite: ta—tale, serpentine,
stevensite; ts—trigcrahedral smectite {saponite).

well as in intercalated clastics. It almost always
coexists with either chlorite or an intersiratified
chlorite-tricctahedral smectite, or both. Frequently
talc, and more rurely, serpentine, discrete wiocta-
hedral smectite, or interstratified tale-trioctabedral
smeectite may also occur with lilite,

2. The chiorite at the three localities is an Mg-rich
clinochlore. It is abundant and the sole Al-bearing
trivctahedral clay in clay mineral assemblages from
the Retsof Mine salf. It also occurs in all lithologies
in the Paradox Member from the Gibson Dome No, 1
core but characteristically coexists with more abun-
dant corrensite or corrensite-like mixed-layer clays.
In the ERDA-9 core, the intersiratified chlorite-
trioctahedral smectite clays dominate the Salado
Formation; chlorite does occur in many assem-
blages, but generally it is not abundant. Randomly
interstratified chiorite-triocrahedral smectite is abun-
dant in ERDA-S assemblages from halites and pro-
gressively less abundant in anhydrites, polyhalites,
and claystones; corrensite and corrensite-like clay
dominate assemblages from claystones, some anhy-
deites and polyhalives, and rarely halites.

3. Interstratified tale-trioctahedral smectite oceurs
only in the ERDA-G core. There it is restricted to
sore polyhalite and fewer adjacent anhydrite beds
which occur in or srarigraphically close to the
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McNuti potash zone (Figure 3). In several clay min-
eral assemblages, it is essentially monominerafic,
and ihe interstratified chiorite-trioctahedral smec-
fite chavs are absent; in some the interstratified tale-
smectite does coexist with &-chlorite-bearing mixed-
taver clav. In other polyhalite and related anhydrite
beds, on the other hand, the clay minerals consist of
the more normal assemblage with abundant in-
terstratified chilorite-trioctahedral smectite and so
interstratified talc-iriocrahedral smectire.

4, Tale is widely disiributed and occasionally abun-
dant among cvaporite lithologies at the three locali-
ties. It is particutarly abundant in most ¢lay mineral
assemblages from the halite intervals of the Paradox
Memiber in the Gihson Pome No. | core and in rock
salt at the Retsof Mine. Tale in the ERDA-9 core oe-
curs sporadically in all ithologies of the Satada and
uppermost Castile Formations, Serpentine, on the
ather hand, occurs in clay mineral assembiages
from the Retsof Mine and the ERDA-9 core, but in
each case is restricted to those evaporites which pre-
cipitated from brines which were at or near halite
saturation during progressive evaporative concen-
tration.

DASCUSSION

The eniformly distinetive chemical and mineralogic
character of clay mineral assemblages from the three
evaporite localitics parallels the equally distinctive char-
acter of the three depositional environments. The role
that the marine hypersaline envitonment played in the
genesis of these clays through Mz -metasomatism of aver-
age alaminous detritus is the principal conclusien of this
report. In addition, there are specific mineralogic fea-
tures of the clay mineral assemblages which prompt two
somewhat more speculative interpretations: conditions of
talc and serpentine deposition, and the origin of mter-
stratificd tale-tvioctahedral smectite.

Mg-metasomatism. Millot (1970) clearly recognized
the importance of the depositional environment when he
concluded that many clays in hypersaline rocks are authi-
genic. Yet other investigators, such as Droste {1963) and
Lounsbury (1963}, have atirtbuted the origin of the clays
chiefly to provenance and burial metamorphism with
negligible or minor contribution from the hypersaline en-
vironment. A recent example of the latter view is given by
Register (1981) when he states that in the Salade Forma-
don “the clay mineralogy suggests that a significant
amoum of the clay minerals found in evaporite rocks are
detrital and not authigenic.”

Clay mineral assemblages from this study strongly sup-
port Millet's (£970) conelusions. Interaction between the
marine hypersafine environment and “average” alumi-
nous detrifus appears to have been the principal factor in
the formation of these clay mineral assemblages,
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The region on the AlO3-KA1Q:-MgO projection accu-
pied by the comypaosition of clay assembiages from the three
incalities is outlined on Figure 10; the data peints of Fig-
ure 9 have been omitted. Also plotted are examples of
shale and clay compositions in normal marine and conti-
nental strata and two shale-composition averages, as well
as compositions of clay fractions from the German Zech-
stein {Niemann, 1960) and Keuper {Echie, 1961) evapo-
rites. The compaosition of the German hypersaline clavs
clearly falls within the delineated region. However, the
clay and shale compositions from normal marine and
continental rocks fall outside the region; they are sub-
stantially fess magnesian and more aleminous. It rmight
he argued that clay assemblages from a single evaporite
sequence might have such distinctive compesition through
some unusual character of the sousce drea or some post-
depositional deep burial process bat these data inclade
clay mineral assemblages from five evaporiie deposits
represeoting five different source terrains, five different
basins with five different diagenetic and buriat hisfories,
and a range of geologic ages from the Silurian to the Tri-
assie. The tight cluster of compositions for evaporite clays
from five localities, their isolation from pormal marine,

Figure 18, Molar propartions of silicate asscmblages ploited
on the Al(Oy—KalQ;—MgO ternary projection of the AlOy—
KatOy—NaAl0;—MgO—8i0,—HoO  system. (lay fractions
from orher maripe evaporite sections: the Zechstein Craven
Sslzton {grev claystone} from the “Kooigshall-kindenburg”
Mine near Gbttingen, West Germany, + {(Niemann, 1960); and
catbonate strata from the German Keuper near Gottingen, @
{Echie, 1961). Clay fractions from normal marine and continen-
tal stratar paiecgol in lowermnost Molas Formation, (0, aed
marine shales from the Molas Formation, B, from Gibson
Dame No. 1 drifl hole, Utah {Bodine and Rueger, in press); and
from Guif Coast Tertiary shales, A (Hower and others, 1976},
Average shale comnposition (whole rock) compiled in Pettijohn
{1975}, with P for Paleozoic and M for Mesveoic. Heavy boun-
dary represents area of diagram occipied by ciay assemblage
compositions form this study (fig. 9% abbreviaiion of idealized
mineral compositions from figure 9.



278

continentai, and average clay compositions, and the come
patibility between their anomalous chemistry and the an-
usual chiemistry of their depositiona} environment strongly
suggest there was extensive interaction berween argilla-
geous defritus accnmulating in the basin and the coexist-
ing host brines with enhanced magnesium and potassium
concentrations.

Mineralogic characteristics in these assemblages further
support the conclusion. Tale is common in these assem-
blages and very abundant in many. I occurs at all three
deposits {Table 3), in the German Zechstein (Braitsch,
1571}, and in other marine salt deposits (Millot. 1970),
Yel it i only rarely observed, and then not abundantly, in
clay mineral assemblages of nonevaporite sedimentary
strata {Friedman, 1963}, Corrensite is also an abundant
and ubiguitous minetal in many salt deposits (Table 5)
but is mfrequently abundant in other sedimentary rocks
(for example, Peterson, 1961). lllites in the evaporites are
uniformiy well crystatized and contain negligible smec-
tite interlavers while most sedimeniary illites show ar jeast
some recognizahle mized fayering (Reynolds, 1980). The
illite in the Retsof clay mineral assemblages contains 0.85
interfayer petassium ions per siractural formula unit
(Bodine and Standaert, 1977) while ideal endmembey
sedimentary illite is supggested 1o contain 0.60-0.8() potas-
stums per structural formula unit (Helgeson and Mae-
kenzie, 1970; Perry, 1971} Chilorites from the Retsof
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Mine clay assemblages (Bodine and Siandaert, 1977} and
the Konigshall-Hindenburg potash mine salt clay tn the
German Zechstein (Miemann, 1960) have Fe:Mg atom
ratios under 0.1; in shale chlovites the ratio characteristi-
cally exceeds (.3 and commonly 8.5 (Weaver and Pollard,
1973). Any one of these mineralogic features is not neces-
sarily persuasive of an authigenic origin. Collectively their
pervasive occurrence in marine evaporite clay mineral as-
semblages and their apomalous character when com-
parcd with average clay detritus strongly suggest the im-
poriance of interaction with the hypersaline environment
in their formation.

Clyy minerals from geologically active or very voung
depositional environments provide evidence of incipient
Mg-metasomatism by natural waters, In alkaline Lake
Abert, Oregon, for example, Jones and Weir (in press)
documesnt Mg-enrichment of detrital smectites, The dioc-
tahedral smectite with some chloritic intergrades which
formed from weathering volcanics becomes transformed
in the safine lake bottom muds into an Mg-enriched
smectite with octahedral site occupancy of 2.4-2.5 and
noticeably more chloritic intergrades. Jones and Weir
also suggest, although without conclusive evidence, that
domains of illite are forming in some smectites in the very
fine size fraction of the bottom muds. Eberi er al. {(1982)
and Khoury et «l. {1982) have deseribed Plio-Pleistocene
neoformation of sepiolize and itx transformation to a kerc-

TABLE 5

Occurrence of Clay Minerals in ERDA-9, Gibson Dome No. 1, and
Retsof Mine Evaporites and Intercatated Clastics

ERDA-9 GD-1 Hetsof
litite XXX XXX XXX  Ubiquitous
Chiurite X XX XXX Mearly ubiguitous
Intersratificd chlorite-
miociahedral smectite
Corvenisite and/or
corrensie-hke slay Xo XXa we Abzent at Retsof
Random X X —  Absent ai Retsof
Trioctahedral smectite XX o -  Ahsent at Retsof
Tnterstratified tale-
trivctzhedral smectite 200 — —  Some ERDA-9 polyhalites
and associated amhydrites
onlky
Tale Xoo XXo XXo  Uncommon in clastics and
carbonates
Serpentine oo — oo Some anhydrte/haktes

at/near first halits
precipitation

Liite oz no siratigraphic/lithelogic restrictaa,
X Presenit but not common nor abundant
XX Moderatcly common and/or abundaet
XXX Commen and lrequently zbundant

Substantial stratigraphic/inthelogic restticiion.
o Present bul not common not 2bundant
oo Maoderaiely comran and or abundant
ooe Common anc frequentiv abundanr
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lite-stevensite mixed layer clay throtgh interaction between
volcanic ghass detritus i a high dissolved sifica, atkaline
lacusirine envireament from the Amargoss Desert, Nevada,
Bodine (1571) reported neoformed tale and Mg-enrich-
ment of smectites in modern bottom sediments of the
Grote Zoutpan, 5. Maarten, Lesser Antilles: the coexist-
ing marine hypersaline brine is commonly haliic salu-
rated and has a very low dissolved sitica contemt (0.5
ppm).

In the Paleozcic evaporiics, these processes apparently
continued to completion where, in addition o interaction
between argillaceous detritus and hypersaline brines in
the depositional environment, there was continned inter-
action with coexisiing entrapped brine during early dia-
genesis followed by tme-dependent internal ordering
reactions with or without increased temperatures which
produced the well crystallized clay minerals obscrved in
these rocks.

Talc and serpeniine. The cecurrence of tale and ser-
pentine in the Retsof Mine and ERDA-9 salts can be re-
lated to their respective squilibria in the Ma0-8i0,-H,0
system. The systern has most recently been examined by
Hemley and others (1977) and their results (Figure 11} show
a progression of mineral stabilities from quartz, through

QUARTZ
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Figure 11, Stabiliy relations in the system MgOwSi{0y-Ha(}
2t 25°C und 1 atm pressure as function of H;810; activity and
Mgt /(B uctivity ratio in the cocxisting aqueous finid;
modified frore Hemiey and others (1977,

279

talc, then serpentine, and finally brucite as functions of
increasing Mg 2/(H ") ton activity vatio and decreasing
dissolved silica {(H,8i0,) activity in the coexisting ague-
ons solution. Serpentine stability regquires a brine with
higher Mg=?2/(H"} aciivity ratio than does rafe stability.

The most straighiforward mechanism of increasing the
ion activity ratio is by progressive evapotative concentra-
tion of rhe magnesium at constant pH. However, under
these conditions it would be exprecied thai serpenting sta-
bilify would be reached late in the marine sait progression
and would comiinue with further evaparation. T'his is not
the case. Observations at the Retsof Mine and in the
ERDA-9 core indicate that serpentine Is restricted to a
Hmited interval in the marine salt progression where
halite saturation is initially attained. Salis precipitated
from both more dilute brines earlier in the progression
and more concentrated brines Jater in the progression
cammonly contain abndant tale but no serpentine.

‘The hydrogen ion activity, or pH, remains as the alier-
native variable, Herrmann and others (1973} reported
systematic pH decline with evaporative concentration in
the more concentrated brines of Adriatic walers at the
solar salt facility in Portoroz, Yugoslaviz. They measured
pH’s of 8.1-8.3 from initial scawater into brines precipi-
tating valeium sulfate {d = 1.106 g/em®), From more
concentrated brines precipitating caleium sulfate (d =

1.248 g/em’) the pH progressively declined from 7.62 to
6.57. Bodine (1976) has suggested that prior to halite sat-
uration very small quantities of a magnesium hydroxy-
chioride salt begin to precipitate which resuits in a svs-
tematic pH decrease with increasing magnesium activity
such that pH < 5 is likely in Mg-rich bitterns. The pH's
recorded in brine seeps from the Salade Formation in the
Duval potash mine are 5.4-5.5 (Lambert, 1978), and in
brines collected from the Paradox Member of the Hermosa
Formation in southeastern Utah, which are believed to be
madified connate brines, the pH’s (Table 6) are as low as
4.0 {0. B. Raup, written commun.).

Suggested variations of pH and magnesium activity in
the hypersaline fluid as a function of the precipitating
marine saft progression are shown schematically on Fig-
ure 12. Activity values for magnesium cannot be rigorousty
assigned because of high ionic strengths of marine bit-
terns. Although magnesium ion activity does increase
throughout the progression, the onset of declining pH
during calcium sulfate precipitation causes 2 maximum
of the Mg*+/(H™ ) lon activity ratio to occur in the vicinity
of iitial halite saturation {Figure 12). It is within rhis re-
gion of the progression where serpentine would most likely
be the stable magnesium silicate; on either side of this
maximum taic would be the stable phase. This model
conforms remurkably well wirh serpentine distribution in
Retsof Mine and ERDA-O salts.

Thus, the speculative suggestion is offered rhat serpen-

R o L P A T R TR R R (e,
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TABLE b

Chemical Analysis (mg/kg except for pH and density) of Brines
from the Paradox Member of the Hetmosa Formation in
Southeastern Utah from Q. B. Raup {writ{en commun.}

fnd-—not determined!

1 2 3 4

Ca 41,300 56,200 32,380 132.000)
Mg 30,200 25,200 27 .8300 6,720
Na 13,300 18,506 22,200 6,630
K 30,300 15,0600 36,700 17,83
Cl 227,000 215,000 208,000 288,000
Br nd tik 1,600 2,360
HUO, < 600 < 6K} nd <i
50, <100 <100 100 <1
Density

{g/cm 1350 1.282 1.282 1.444
pH 4.45 4.8 4.8 4.0

L. Sample B-2. “black oil zone” of Parndox salt, Murphy Corpora-
tion Mo, 1 Faderai well, Grand Cousty, Utah; Analyst, U.5.
Geological Survey Anaiytical Laboratories, Denver (15655,

. Sample B-3, “Cane Creek Marker: of Paradex salt, Modee
M.G.M. Mo, 2 weli, Grand County, thah: Anatyst, U3, Geologi-
cal Survev Analybical Laboratories, Denver (1965},

3. Sample B-4. Sal bed 16 of Paradox Member. White Clout Mo, 2
well, Grand County, Utah; Analyst, U.S. Geplogical Survey
Analvtical Labaratories, Denver (1965).

4, Gas bleeder drill hole o base of eycle 4 of Paradox Member in
Texas Gulf Suffur €o. potash mine near Moab, Utah, Analyst.
Shirdey Retig, .5, Geological Survey, Water Resources Division,
Reston { F368].
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BRINE CHEMICAL PROPERTIES
Increasing -»—

: atesi Ca sulfate | Halite  |Bitterns)
INCREASING SALINITY »

Figure 12, Suggested schematic pelations between chemival
properties of marine evaporite brines and mineral siabilities
within  the MgO—3i0,—H,0 system  during  progressive
cvaporation of scawater.
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tine and much-to-most of the tale in these evaporites crys-
tallized as neoformed silicates in the hypersaline deposi-
tional or earliest postdepositional environments and their
speciation reflects magnesiom activity and pfl variation
in the coexisting brine.

Clays in pelyhallie. The clay mineralogy in scveral poly-
halite and adjacent anhydrite beds from the Salado For-
mation of the ERDA-9 core is unusual. Tnstead of the
characteristic interstratified chiorite-smectite dominat-
ing the clay mineral assemblage, an interstratified tale-
{ricctahedral smectite is the abundant clay mineral, This
tale-bearing clay is markedly Al-depleted {Table 3; 3a,
Saj. The origin of the Al-depleted assemblage may be at-
trihnted to either depositional or diagenetic processes,

A depositional origin wonld require that either the
character of the detrital influx entering the basin, or the
character of the interaction between the detritus and the
host brine changed periodically and markedly. Because
there is general agreement that polyhalite in the Salado
Formation is secondary and diagenctically replaced pri-
mary calcium sulfate precipitates, it becomes unrealistic
to propose that either depositional perturbation would
occuy only during episodes of calcium selfate deposition
in which subsequent diagenesis would alter the calcium
sulfate to polvhalite.

Alternatively a diagenetic origin reguires replacement
of the characteristic Al-bearing chloritic clay assemblage
by the Al-depleted rale-bearing assemblage. This could
be accomplished cither by conservation of alumina and
massive addition of magnesium and silica to the clay frac-
tion, or by leaching aluminum from the clays with negli-
gible gain or Joss of magnesium and silica.

Conservation. of aluminum appears distinetly more at-
tractive because of the low solubility of aluminum in most
natural waters. However, two features of the aktercd and
unaltered clays suggest that it is unlikely that aluminum
was conserved during the clay alteration process.

First, conserving alominum and, at the sarne time, se-
verely reducing its relative abundance in the insoluble res-
idue (chiefly-the clay minerals) from 10-13 o 2-4 weight
percent AbQ), {Table 3; 3¢ and Sa) would require massive
additions of magnesium and silica; this would have in-
creased the wotal clay in the host evaporite by at least a fac-
tor of three or four. No such increase is observed. Insoluble
residue abundances in 11 sulfate rocks with Al-bearing
clays range from 0.18 to 1. 10 weight percent with a mean
of 0.6 weight percent; the abundances in nine sulfare rocks
with Al-depleted clays range from 0. 14 to 085 weight per-
cent with & mean of 0.4 weight percent. If the differences
in residue abundances between the two populations were
significant, it is the reverse of thatr expected were alumi-
nium conservative.

Second, if magnesium and silica were added to the in-
soluble fraction, their abundances relative to another
component other than aluminum shounid be diagnostic.
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Trioctahedral Clay Minera! Assembiages

Magmesium or silica rafios with total iron show no such
segregation of the two populations {Figure 13a) although
a clear segregation of the two populations exists for the
magnesium or silica ratios with alumina (Figure 13b).
Were alumina conserved the segregation of the two popu-
kations should be eynrally pronounced in each diagram un-
less there were the very unlikely coincidence that iron en-
tichment paratleled that of silica and muagnesiom during
the transformation reaction,

The comparison of residue abundances and compuosi-
tional ratios between the two populations are entirely con-
sistent with an Al-leaching hypothesis, That alternative,
however, requires unusual chemical properties of the al-
teration pore fluids. Not only must a high magnesium ac-
tivity be maintained to assure stability of the Mg-rich clays,
but extreme pH is required if alominum is to be leached
from the chloritic lavers,

Because the Al-depleted clays are restricted to some
polyhalite and adjacent anhydrite beds, it appears reason-
zble to assirme that the clay rransformation was contem-
poranecus with replacement of the primary calcium sul-
fate by polyhalite. Not only must the suifate reaction have
required brine mobility with appropriately high Mg-
concentration in the brine, but the replacement process
itself would have effectively exposed the silicates 1o the
fluid phase rather than Jeaving them isolated in a closed
systern as inclusions in‘nert saits.

Another assumption is that these flutds were mast likely
strongly concenitrated brines which closely resembled, and
possibly evolved from surficial evaporative bitterns, In
such brines, the activity of water would have been mark-
edly reduced. Water vapor pressure measarements for the
marine salt system, compiled in Stewart {1963), yield
water activities of 0.31, 0.40, and 0.31 in brines at the
hexahydrite-kieserite-kainite-halite, the kainite-kieserite-
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Figure 13, Oxide weight percent ratios in clay-size residues in
sulfate rocks from the Salado Formaton tn ERDA-9 corer A
log (Mg} Fez(3a) v log €510;/Fey{):}; B, log (MgQ/ALD) us
log (510, AL}, Total fron expressed as FepyOy Character of
dominani clay mineral: @ interstratified ale-fricciahedeal
smectitz, O interstratified chlorite-trioctahedral smectite,
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carpallite-halite, and the bischofite-kieserite-carnalkite-
halite invartant points respectively.

Finaily, as discussed in the preceding section, there is
evidence that the pH of marine bitterns and pore fluids
evoived from marine bitterns is characteristically unusually
iow. K then appears reasomable to assume that the bittern
pore fhuids responsible for the sulfate replacement and ac-
companying clay mineral reactions were acidie, most likely
strongly acidic.

‘The character of pore fltids, which could have effec-
tively leached aluminum from che chioritic layers, can he
approximated through evaluating mineral stability rela-
tions ar 25°C and one atmosphere pressure. Because this
requires frce energy of formation data for the layered sili-
cates, the stability relations are construcied with ideafized
clay compesitions, The chlorite interlayers will be treated
as the clinochlore endmember, MgsALSiO O,
and  smectite interlayers  as  saponiic,  {Mgo sl
Mg Aly 3386 -0 ({OBY, with magnesium in exchange-
able sites.

Tardy and Garrels {1974} have deseribed an ingetiious
method for estimating free energles of formation for lay-
ered silicates. They derived the free cnergies for both the
“silicated” cation oxides and hydroxides which are inte-
gral parts of the clay structure, and the free encrgies for
“exchangeable” cations (treated as oxides) which occur ip
less tightly bonded interlayer exchange sites. The appro-
priate free energies of the cation oxides/hydroxides are
then summed in proportion to a given clay composition to
yield an estimated value for thar clay's free energy of
formation.

Unfortunately, this approach had to be abandoned for
two reasons, First, the compuosition of the two idealized
£:1 mixed-laver clays, (Mg 1ueloMegAls 135k, Ol OHlg
for interstratified clinochlore-saponite and [Mgp ahese
Mg Aly 32887 6:050( OH )y for interstratified talc-saponiie,
vield calcuiated free energies whose difference i identical
o the free energy difference between discrete clinochlore
and discrete tale, Tardy and Garrels (1974) did not con-
sider the free energy contribution to a given diserete clay
species when it occurs in a mixed-layer phase. Second,
and of more concern, their calenlated free energy of for-
mation value for chinochlore (—1958.7 kcal/mel) is more
positive than their modified value (- 1961.8 keal/mol)
from Helgeson (1969} and substantially more positive
than Zen's (1972) value {—1974.0 kcal/mol}). The dis-
crepancy may reflect the unique strecture of chlorite. A
welb-defined brucite-like sheet ratker than 2 loosely bound
collection of exchangeable cations vecupies the interfayer
position. 'the free energy of formation values of the con-
stituent oxides or hydroxides in a chlorite’s bruche-like
sheet are kkely to differ appreciably from either their “sili-
cated” ot “exchangeable”™ equivalents,

Thus, free energy values for the clays in this transfor-
mation musl be confined to pure endmember elay species,
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that is, the free energy of reaction for the discrete clino-
chiore equilibrium with discrete tale. Several free energy
values for talc have been reported (Bricker et af. 1973;
Hostetlcr et al. 1971 Mel'nik, 1972; Parker et al. 1971;
Robie et al. 1978) that range from —1324.8 to —1319.0
kecal/mol. The mean vahie of these { —1322.0 keat/meol} is
arbitrarily selected for this discussion, Only two values for
chlotite (clinochlore) were located: Helgeson's (1969)
value, subsequently corrected to — 1961.8 keal/mol {Tardy
and Garrels, 1974), and Zen's {1972) value of —1974.0
keal/mol. The large difference between the two values is
disturbing, but the mean valoe of —1967.9 keal/mo} is
reluctantly adopted.

These values for the layered silicates and values from
Robie et al. (1978} and Hemingway et al. (1978) for other
species in the reaction

1.”2M35A125i30w(0ﬂ)3 + PﬁHqSiO‘t g + SH:{‘!
= VaiMg, SO (OH); + Mgly + ALy + 5H;0 (1)
yield
logK = 21.9 = logaly + logag, — SpH
+ 3!0g &H’ZO — 0.5 IOg ay 50, (2}
at 25°C and one bar pressure.

To evaluate aluminum activity relations, two additional
constraints must be imposed. First, quartz coexists with
the layered silicates at equilibrinm. This alfows caleulat-
ing dissolved silica activity as a function of water activity
through

$i0; + 2H,;0 = HiSi0y
with
fog K = —4.1 = log ap siop, — 2logae (31
at standard conditions. Second, atthough redundant for
this modek, discrete tale alse cccurs at cguilibrium with
the clays. This permits caleulating the magnesium activity
in the fluid in terms of pH and water activity through
YiMgySis0,o( OH); + 2H ],

with

= 43510, + Mgl -+ ¥3H0

log K = 12.1 = log afy, — #logay o+ 2pH (4

at standard conditions. Both constraints are reasonably
compatible with the observed mineralogy; commonly
quartz and occasionally diserete tale occur i both the
chioritic and talc-bearing mixed-layer assemblaqu
Equation (2) can now be evalnated in terms of a3] vspH
at arbitrarily assipned water activities. The stability rela-
tions for reaction (1} are shown on Figure 14 with an cqui-
librinm curve construcied for each of four water activities,

Sixth International Symposium on Salt, 1863 Voi. |
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+
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Figure 14. Stability diagram for the tale-chivrite equifibrium
at 25°C and | bar pressure as & function of af\l and pH at water
activities of 1.0, 0.7, 0.4, and 0.2; magnesivm jon and dissolved
sifica activities fixed by guartz-tale eguilibrinm.

1.0, 0.7, 0.4, and 0.2, at 25°C and one atmosphere pres-
sure. The diagram is restricted to the low pH range appro-
priate for marine bitterns where AP activity increases
rapidly with decreasing pH and where AP T is the domi-
nant aluminum species in sojution. It is stressed again
that because of the use of arbitrarily assigned free cnergy
values for tale and, in particular, chlorite, and beecause of
the inability to include any contribution of "“free energy of
mixed layering,” the positioning of the equiiibrinm carves
is an approximation. The siopes of the curves and their
telative positions are valid and iflusirate the characier of
the equilibriurm.

Fluids with aluminem lon activity substantially higher
than silica activity are resiricted to the lower pH region of
Fignm 14, In a bittern with a pH of 4.4, for example, the
a,,d is tess than one-fourth the ay g0, at water activity of
0.7 {a marine brine precipitating hahte}, at a water activity
of 0.4 (a marine brine in eguikibrium with carnailite-
kieserite-kainite-halite), however, the ai is more than
thtee times greater than ay 50, at the same pH. With pH
reduced to 4.0 the mhancement of aj{ is more striking:
with ay o at 0.7, a3l is three times greater than 24,5600,
and with ay o reduced to 0.4, it becomes 30 times greater.
Although these examples cannot be rigorously applied,
they clearly point out that the combined effect of Jowering
pH and reducing water activity can yield a fluid in which
the aluminz m chlerite is substantially more soluble than
sifict. Such a fluld, if undersaturated with alumina, or
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Triccighedral Clay Mineral Assemblages

both aluming and silica, will selectively leach aluminum
from chlotite and leave a tale residue.

No attempt is made here to suggest the mechanism of
{he feaching process. It coald range from a strictly solid
state transformation by solid diffusion, through disselu-
tion of the chlorite’s brucite-like interlaver sheet followed
by diffusion in and out of the remnant siticate framework,
to complete dissolution of the chiorite and precipitation of
tale. The lalter process does appear somewhat unlikely
because retention of the smectite mixed lavering becomes
difficult.

Regardless of the mechanism of the replacement pro-
cess, the nccurrence of brines capable of sclectively leach-
ing aluminum from the chloritic layers of the interstrati-
fied clay is not unreasonable. The speculation that the
chlorite layers were leached of aluminum to form talc
tayers during an episode of brine migration and extensive
sutfate recrystaliization appears plausibie.
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