Shelf Carbonate Sedimentation Controlled by
Salinity in the Paradox Basin, Southeast Utah!

ABSTRACT

Deposition of shelf carbonates, adjacent to and
contemporaneous with a basin evaporite fucies, s
closely controlled by salinities originating in the
evaporite Gasin, Changes m depostiional environ-
meni due io rising sea level in these basins is ofien
misinierpreted, especially when the resuiiant trans.
gression is linked to freshening and expansion of
normal martne conditions. Ruing sea level may
terminate evaporite deposttion i the basin, bui
aneerobic  hypersaline conditions are displeced
ento ithe basin shelf and margins during thas trans-
gressive period,

Uireulation in marine evaporite basing mcludes
some return flow or reflux. Reflux is controlled by
change in sea level, evaporation rates, and size of
ACCoSSWAYS.

Middle Pennsylvanian evaporite cycles in Lhe
Paradox basin of southeast Uiah and southwest
Coloradn probably were due to pemodic fluctua-
tions tn sea level. Each complete evaporite cycle
consists of a transgressive and o regressive hemi-
cyvele bounded by disconformities, Beds comprising
these cyeles grade shelfwerd into predominantiy
carbonate fucies. Salinities of the svaporite basin
conirelled carbonate sedimentation on the adju-
cent shelf to the southwesi. High sea level and re-
lated maximum reflux carried toxic brines onto the
shelf and created unfaverable conditions for life
and deposition of biogenic carbonates. During
maximum reflux, reducing conditions initiated de-
position of black sapropelic shale where normal
marine life previously thrived. Ouly during low seq
level, with Htte or no reflux, were shelf conditions

uptimum for growth of elgul bank carbonates,

Robert J. Hite

Using bromine distribution in halite wnits o
evaporite cycles as an index of basin reflux, cycle
fauombie for the development of ulgal carbonat
facies can be predicied. Because algal carbonul
Jacies in many marine evaporite basins are maj
sources of petrolenwm, bromine geochemisiry gair
still another use in exploration.

INTRODUCTION

All marine evaporites, unless the deposit is tf
result of solution and rcdeposition ol preexisti
evaporites, have an adjacent and contemporaneo
carbonale facles. The rock types and distributic
of this facies often refleci radical but rhythm
changes in the depositional environment. Simil
depositional rhythms are found in the facies of t
ncighboring evaporite basin where the deposition
response has been clearly shown to be contvolle
by salinity. In the evaporite basin the specii
response of the chemical facics to salinity chan
can be easily demonsirated by the solubility ord
of the various salts involved. In contrast the effe
of salinity chanbes on the carbonate facies of 1l
sdjacent shelf is not well understood, primarily b
cause it involves changes in the biclogic co
mumity, and our methods of interpreting €
ecology of a biofacies are unprecise. In additio
the decper, maore stable environment of the eva
orite basin probably preserves a more comple
depositional record than the shallower shelf. In €
fatrer the depositional record may be complicat

1. Publication auikozized by Directoz, U8, Geological Survey.
2, 1.8, Leclogical Survey, Deaver, Colorado
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by erosion, nendeposition and onlap and efflap
relaticnships, On s shallow, gentle-slopuig shelf
even minoy changes in sea level can cause signifi-
cant shifts in facics, Thus, the vertical sequence of
units 10 a depositional cycle of shelf rocks may be
meomplele or seemingly without order.

Salinity changes in the evaporite basin can he
brought about by runoff, differential rates of evap-
oration, breaching of circulation barriers, and the
like; however, most probably are due o variations
in sea level. Because evaporite deposition is such a
sensitive record of salinity, it is only logical that
these chemical sediments are also our best record
of sea level change. Therefore, where evaporites arc
associated with shelf carbonates it mav he possible
to use the vvaporites as the key to deciphering the
complex depositional history of the carbonates,

This paper includes a review of certain principles
of evaporite deposition and, through model stud-
ies, shows how these principles were involved in
deposition of evaporites and contemporancous
carbonates in the Paradox basin of southeast Utah
and southwest Colorado, Some ol the basic prin-
ciples on which this paper 1s based, and conclusions
drawn from application of these principles, arc as
follows:

{1} All evaporite basins undergo some degree of
reflux.

{2) Rate of reflux is primarily contrelled by sea
fevel, i sealevel is lugh, then the rate of reflux will
be great; if, however, the sea level is low, reflux is
absent or minimal.

{3) Every marine evaporite facies must have o
contemporancous carbonate facies unless the evap-
orites are the result of selution and redeposition ol
preexisting deposits,

(4} The contemporancous carbonate [acies will
be deposited m the aren of seawater ingress, and
thus will also be in the path of refluxing brines
from the basin.

{5} Contrary to popular epinion, biegenic car-
bonates should develop during a low sea level or
regressive phase when reflux is minimal,

{6) Studies of hromine distribution in the chlo-
ride facies of evaporite cycles can establish the rel-
ative rate of basin reflux. The reilux index for
individual cycles can be used as a tool in evaluating
the cycle’s favorability of having a biogenic carbon-
ate [acies. Beeause bwldups of these carbonates
fusually algal) commonly form petrolcum reser
voirs, bromine geochemisiry may serve as a new
inol for petroleum exploration.

(7) [n undrilled sedimentary basins the presence
of algal carbonate buildups in depositional eyeles,

19

around the margins of the basin, might indicate a
potential target zone for salt and potash cx-
ploration deeper in the basin.

I um indebied 1o HV.W. Donochoo of the Texas
Gull Sulphur Company for granting pernmission te
publish the photographs iaken in the Cane Creck
potash mine and cevtain drill cove dara. In addition
the manuseript was gready improved by critical
reviews of W.B. Cashion and P.T. Haves.

SOME PRINCIPLES OF
EVAPORITE DEPOSITION

In order to understand better how the evapaorite
ervironment can influence the deposition of an
adjacent carbonate facies, it fs first necessary to
review some of the principles governimg cvaporite
deposition. Although there are orher equally im-
portant principles involved in evaporite deposition,
there are three that have special significance to the
deposition of contemporaneous carbonates. The
principles reviewed here are known to most evap-
orite geologists but have seldom been apphied in
studies of carbonates associated with evaporites,
Principle £

The deposition of each individual mincral facies
of an evaporite depuosit must first be preceded by
the deposttion of the other less soluble factes. For
a unit volume of halite Lo be deposited, calcium
carhonate and calcium sulfate must first be de-
posited, and the unit volumes of these salts must at
least equal (they usually excced) the theorctical
seawater ratio. A more soluble salt cannot be de-
posited in excess of the seawater ratio of the less
solulde salts. This simple principle is commonly
overlooked.

Seawater is a complex sysiem of many ions bur
the sequence of salts deposited by its evaporation
follows a definite order, ar least unéil the bittern
stage of concentration is reached. After that the
sequence of salts deposited varies according to
changes in physicochemical and even biologic fac
tors. ‘The depositional sequence of rock-forming
minerals, which was esisblished by Usiglio (1849},
starting with the least scluble mineral is (1} calcite,
(2) gypswa or anhydrite, and (3) halite. Thus a
marine cvaportte deposic conraining a halite facies
must have an associated subfare and carbonate
facies. Possible exceptions would include removal
of the sulfate facies by dissolution or bacterial
reduction. Where it is assumed that these facies are
missing they are vither yver to be drilled or their
contemporaneity with the halite has not been
recognized. One reason thar geclogists sometimes

«
i
i



RN IR N S v

A A R P R B e

50

conclude that « facies is missing is that they have
only examined a vertical sequence and have not
considered lateral facies changes. In addition salt,
due to its grester mobility, may be displaced from
its former associate facies in areas affected by salr
tectonism,

Prineiple I,

All murine basins containing thick evaporite de-
posits have uvndergone reflux. Without reflux the
evaporite deposits of all basins would include the
full spectrurn of evaporile minerals, and the rel-
ative amounts of one mmeral to another would be
dircetly proportiounal to the ratio of the parent ele-
ments in seawater,

During the embryonic stage of evaporite geology
it was noted that most natural sequences of evap-
orites do not conform 1o the sequence of sales
produced in the laboratory by evaporation of sea-
water. In particular, it was chserved that the
volumetrie ratios of various minerals in the de-
posits differ sharply [rom laboratory resulis. An
often cited example is the Castile Formation of the
Delaware basin which has an anhydrite /halite ratio
of about 1:1 whereas the theoretical seawater ratio
is about 1:30. Other deposits containing thick
halite lavers are totally lacking in salts of potas-
sium and magnesium. The solution to the problem
came when King (1947) utilized the reflux theory
of Ochsenius {1877} to explain the various mineral
imbalances observed in evaporite deposits of the
Delaware basin. Mineral imhalance, or the com-
plete absence ol some of the more soluble saltg,
was oxplained by loss of salts back 1o the sea dur-
ing reflux,

Principle {11,

Reflux is controlied by rise or fall in sea level,
change in carrying capacity of the accessway, or
change in cvaporation rates.

Of these three controls, change in sea level is
probably the maost significant. When sea level is
high the basin will experience a large amount of
reflux, Conversely when sea lovel is low there will
be little or no reflux. This last principle is the key
to the proper interpretation of carbonate deposi-
tion on shelves bordering evaporite basins.

BARRED BASIN EVAPORITE MODEL

The principles of evaporite deposition, outlined
in the preceding section, and the strong intluence
of the evaporite basin on carbonate deposition in
the surrcunding environs, can be illustrated best
with models. Following the harred basin modcl of
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Ochsenius (1877), models of various other evap-
orite depositional sites, involving both phvsical and
dynamic barriers to oceanic circulation, have been
proposed; however, in this paper only the barred
basin model is discusscd because it fits best with
the Paradox hasin deposits.

In the barred basin cvaporite model, cireulation
with the open ocean is restricted by topographic
barriers. Marine aceess to the basin may consist of
a narrow strait or channel analogous 1o the Strait
of Gibralter and the Mediterrancan Sea. In the
geologic past most oceanic accessways probably
extended across broad gently sloping sheives. Sea-
water moving slowly across such shelves, which
might be several hundred miles in width, can
became highly concentrated through evaporation
even before it reaches the evaporite basins (Fig. 1),
Such features have been aptly named “saturation
shelves” hy Richter-Bermnburg (1955, p. 600).
These conditions create sirong horizontal salinity
gradients which exiend across the saturation
shelves into the evaporite basins. In response to
these gradients chemical sedimentation develops an
orderly pattern of facies with the most soluble
salts, such as potash, located in the most distal
reaches of the basins (Scruton, 1933, p. 25310). In
addition to controlling the position of cach chem-
ical facies, the salinity gradients excrt considerable
influence on the depaosition of biogenic carbonates.
Each biolacies is positioned in relation to the salin-
1ty tolerance, or preference, of the organism in-
volved.

The mechanics of basin evaporite deposition can
be more clearly understood if stated in terms of
salt load carried into the basin and salt load carried
back to the ocean. At a high sea level stage (Fig.
1a} the evaporite basin will undergo a large amount
of reflux. If sea level is high enough the reflux salt
load will equal influx salt, preventing a salinity in-
crease and deposition of evaporites, ‘The Mediter-
ranean Sea is a perfect example of a basin in which
the incoming salt load is balanced by reflux so that
the salinity of the sea remains well below satura-
ton (Peterson and Hite, 1969, p. 893},

The circulatory system of the evaporite basin
model is a dynamic svstem and, therefore, its salt
budget is in 2 continuous state of change. The rate
of influx, and therefore the influx salt load, is con-
wrolled by evaporation rates in the basin, If these
evaporalion rates remain the same, the influx salt
load can be considered a constant. The greatest
variable in the systern is the reflux salt load. If we
begin to lower sea level in our model the inilux salt
load will remain constant and for a while s will
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Figure 1. Modets of a bared evaporite hasin during (A)the transgressive phase (high sea level) and (B) the regressive phase (fow sea level),

Numbers {Tepresenting water densities) are approximate.

the reflux load. However, the velocity of the influx
current always dominates the accessway so that
any reduction in [low, by constriciion of the chan-
nel, must take place at the expense of the reflux
current. Eventually lowering of sca level will
reduce the carrying capacity of the accessway to a
point that reflux is inhibited. This creates an imbal-
ance between influx and reflux sall, and the sur-
plus salt retained in the basin raises the salinity.
Continued lowering of sca level will increase this
imbalance and eventually bring ahout the deposi-
tion of evaporites. Extremely low sea level may so
restrict circulation between open ocean and basin

that only e¢nough water to replace evaporation
losses can enter the hasin. At times this inllow may
have been completely shut off. Under these
conditions very high salinities will build up in the
basin and potash salis will be deposited (Fig. 1b}.

The models discussed here help te demonstrate
the dvnamic nature of the evaporite environment
which creates conditions that cannot he duplicated
by simple evaporation in a laboratory beaker. For
example, the salt budget of the evaporite basin
must always show a balance between the amount
of inltux salt and the amount of salt lost to the
depositional layer and reflux. If the salt budget of




an ¢vaporite basin has reuched equilibrium at a
point when the brine is saturated for caicium sul-
fate, only this salt and the less seluble carbonates
will be deposited (Fig. 1a). The horizontal salinity
gradient will sufficiently separate the solubility
fields of these minerais so that an infinite thickness
of each facies will resalt unless there is 2 sea level
change or some other event that alters the basin’s
salt budget {Zen, 1960}, The dynamic system of
the avaporite basin also creates another imnportant
condition which I refer to as the “funnel etiect.”
Although a basin evaporite deposit may cover a
few thousand square miles, the evaporative sur
face, which affects the salinities in the hasin, may
cover several hundred thousand square miles. When
the nearly saturated brine, generated in this much
larger area, is funncled into a relatively small de-
pression very rapid deposition of evaporites ecan
aceur.

The principle of a refluxing evaporite basin has
received wide acceptance, but the strong influence
of rellux brines on sedimentation outside the basin
has rarely been considered. Evaporite brines, com-
pared with other natural waters, are strongly active
chemical agenis. These brnes can have a salt con-
tent 10 times that of seawzler. Comparced with sea
water, which 1s weakly alkaline, brines may have
pH values of 4.0 and lower. Brines are usually
anoxic hecause of the depletion of oxygen by
decay of organic material and the depressed solu-
bility of oxygen in concentrated salt solutions {Fig.
2). Toxic concentrations of hydrogen sulfide are
also characteristic of these waters. In adidition, high
brine temperatures are common owing to the
“oreen house” effect cawsed by solar radiation
passing through the influx layer of fresher scawater
into the dense retlux la‘;er where the energy is ab-
sorbed. The “green house” effect is being studicd
as a possible energy source by Israeli scieniists who
have recorded temperatures of $0°C in dark-
bottomed solar brine ponds. Considering all these
fnciors it seems reasonahle to assume that an evap-
orite. brine and normal seawater are in chemical
disequilibvium. Mixing of these wuaters should play
a prominent role in chemical sedimentation and
diagenetic processes on the shelf of the evaporite
basin und perhaps on the loor of the open ocean
as well,

The concept of the mixing of natural waters as
an important process of d:agencsrs and chemical
sedimentation has bheen proposed and facrually
supported by Runnelis (1969). He showed how the
mixing of waters, which difler by one or any
combination of the {ollowing: {{)salt content,
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Figure 2. Solubility of uxygen in sodium chloride sehutions at 25"
Data from MacAribur {1916} and Geffcken {1904).

(2) temperature, (8) pressure, {4) pil, (5) conte
of dissulved organics, and (6} partial pressures
gases, can cause precipitation or dissolution
common minerals such as calaite, gypsum, dol
mite, anhydrize, aml barite. Direct precipitation
dolomite, caleite, or magnesite might be effect
by mixing of the warm hypersaline My-Ca-Na-ri
brines of the reflux current with colder carbonat
bearing seawater of the overlying influx currex
Briggs (1958, p. 50) also proposed the mixing
evaporite brines, of contrasting composition, as
meuns of precipitating sulfates und carbonates.
similar mechanism has been suggested by Pettijol
{1949, p. 301) who stated “Observations on t
calcarcous oolites ihut are forming at the prese
timc indicate that sodium or ammonim
carbonate-besring walers may be the precipitati
agent, Upon introduction of waters containi
these jons into waters containing calcium in sol
tion, an exchange takes place, dnd the less soluk
CalLlUIIl carbonate is thrown down, Under suitak
current conditions, the calcium carbonzte takes
oolitic form.” A solubility differental for silic
beiween the influx and reflux waiers, might also |
responsible for the deposition of chert layers whi
are commonly assoclated with shelf dolomites.
Refluxing brines may also he responsible f
large-scale diagenesis of shelf sediments due
chemicasl diseguilibrium between the brine and i
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sediment layer. Dolomitization by seepage re-
fluxion has been proposed by Adams and Rhodes
(1960); however, dolomitization by magnesium-
rich brines moving over preexisting carbonates may
be an equally important mechanism. Solubilities of
calcite, dolomite, anhydrite, and gypsum increasc
with increasing concentrations of NaCl according
to Hem (1939, p. 74, 82) and Runnclls {1969),
Therefore, dissolution of previously depostied car-
bonates and sulfates by chioride brines might be
expected during periods of substantial reflux.

Added to the important role that refluxing evap-
orite brincs may play in chemical sedimentation
and diagenesis is the pronounced influence on the
biologic community of the shelf. During reflux the
shelf waters are divided into two strongly contrast-
ing environments. The overlying inflow layer of
seawater could support the normal nektonic-
plankionic biota, but the refluxing layer would
bring the anoxic highly reducing environment of
the evaporite basin onto the shelf, The survival of
benthos under these conditions is deubtiul except
in areas whore a topographic rise might project into
the life-supporting inflow layer.

Summarizing, it seems probable that evaporite
basins can exert a poewerful influence on the chem-
ical and biological sedimentation of the adjacent
shel. Because variations in sea level control hasin
reflux, and therefore contral hasin salinities, any
given time-rock layer in the chemical facies can be
used as a guide to predict the vock type in the
contemporaneous shelf facies.

APPLICATION TO A NATURAL SEQUENCE
(PARADOX BASIN}

The principles of evaporite deposition deseribed
in the preceding section can be applied to problems
of contemporaneous carbonate and evaporite sedi-
mentation in the Paradox basm. This basin con-
tuims a thick sequence of evaporites of Middle
Pennsylvanian age and a thinner complementary
facies of shelf carbonates. The evaporite [facies,
which is predominantly halite, extends over 11,000
syuare miles in southeastern Utah and southwest
Colorado (Fig. 3). The greatest thickness of cvap-
orites occurs in a2 rroughlike depression bordering
the ancestral Uncompahgre uplift along the north-
cust margin of the basin {Fig. 3). This elongate struc-
tural depression has been referred to as the
Uncompahgre trough (Hire, 1968). The original
thickness of evaporites deposited in the trough area
is difficult to estimate because of the widespread
effects of salt flowage in the numerous diapiric salt
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Figure 8. Index and paleogeographic wup of Paradex basin during
Middle Pennsylvanian time showing land azcas {siippled) and pos-
sible marine accessways {shown by arrows).

anticlines assoclated with this region. From cbser-
vations made in areas where the salt i not so
severely disturbed, it is estimated that the original
thickness of the cvaporite sequence may have been
between 5,000 and 6,000 feet,

The evapuorite or halite facics forms the middle
unit or Paradog Member of the Hermosa Forma-
tion, Where the halite facies is present the Hermosa
Formation can be divided into an upper member
above the halite and a lower member below (Fig.
4). Both of thesc members are predominuntly a
carbonate facies, although a few thin anhydrite,
black shale, and sandstone layers are present
locally. The upper and lower members are respec-
tively the Honaker Trail and Pinkerton Trail
Formations of Wengerd and Matheny (1958) and
Wengerd and Strickland {1954}, The Paradox Mem-
ber exhibits a remarkable cyclic pattern of chem-
ical and clastic sedimentation. The member can be
subdivided inte 29 evaporite cvcles in the decper
part of the basin and for convenience of cor-
relation each cycle has heen given a numerical
designation {Hiie, 1960}, Each evaporite cycle can
be correlated across the salt basin into an equiv-
zlent cycle within the carbonate facies on the
southwest shelf of the basin. Many of the
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- Figure 4. Diagrammatic north-scuth stratigraphic section scrosy the Faradox basin showing statigruphy of the Hermosa Formation of
. Mum;c Penniylvanian age, Numbered units are evaporite cydes of the Paradox Member which consist primarily of halite. )

carbonate cycles contain petroleum reservoirs, and
these producing intervals, which usually span sev-
eral: depositional cycles, have been lumped by
petroleum  geologists into units known as the
Ismay, Desert Creek, Akah, Barker Creck, and
Alkali Gulch zones. For a detailed discussion of
stratigraphic. nomenclature of the shelf carbonates
see Baars and others (1967},

The initial deposition of evaporites in the Para-
dox basin began in the Uncompahgre trough and
was restricted to this depression through cycdles 2%
10 20. It was not until the deposition of cycle 19
that the halite facies began to spread out of the
trough toward the western and southern margins of

the basin (Fig 4). This spread of the evaporitt
probably was due more to filling of t¥
Uncompahgre trough by rapid deposition than t
an intensification of the evaporite regimen. Durix
the deposition of cycles 10, 11, and 12 o
evaporite facies was again restricted to the iroug
arez suggesting a period of mid downwarpin
Maximum expansion of the evaporite environmei
came during cycles 6 and 9 when halite. w
deposited far out on the shelf. After the depositic
of cycle 6 the evaporite facies retreated rather si
denly back to the trough area and remained the
until the basin was finally flushed out by an HICL
sion of normal marine waters, g
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The cvaporiie cyeles.

The evaporite cycles of the Paradox Member arc
unequaled in number and completeness by those of
other evaporite deposits of the world. The Paradox
cycles are also unique in that they afford an excel-
lent opporiunity o study the relationship of con-
temporaneous deposition of carbonates and evap-
orites, The Paradox evaporite cycles wexe {irst de-
scribed bv Herman and Sharps {1956), and later in
greater detail, by Herman and Barkell, (1937}, Hite
and Gere {1948), Hite (19660, 1961, 1968}, and
Peterson and Hite {1969},

A tvpical Paradox evaporite cycle consists pri-
marily of chemical rocks; however, a small amount
of detrilal and organic material forms an integral
part of the cycle. The hthofacies of the cycke m-
clude hulite with or without potash salts,
anhydrite, silty dolomile, and black shale (Fig. 3}.
The halite and anhydrite units of each cycle are
entirely a chemical facies; however, the dolomite
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Figare 5, Typical evaporite cycle {eycle %) of the Paradox Member,
Relative distribution of clay and quartz, through the cycle,
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and black shale arc both chemical and clastic, and
contain organic material. The dolomite s ex-
tremely fine grained and contains abundant uni.
formly sorted quartz sitt, The black shale is the
most complex of the facies. About 20 w0 30
weight-percent of this rock is carbonate which is
divided about equally between dolomite and cal-
cite. The remainder of the black shale is clay-size
detritus consisting of quartz, feldspars, various clay
minerals, and locally as much as 15 percent organic
matter.

‘the sequential order of units mn a typical Para-
dox cycle is determined by the degree of solubility
of the rock-forming mineral in scawater, If a cycle
is defined on the busis of the chemical sequence of
rocks deposited, as seawater undergoes a gradual
increase and then a decrease In salinity, the
sequence 15 (A} silty, calcareous, dolomitic, argil-
laceous, organicrich black shate, (B} siky dolo-
mite, {C) nodular and laminated anhydrite, (I} hal-
ite with or without potash salts, (C) anhydrite as
hefore, (B) dolomite as before, and {A) black shale
as before, In this sense the cvcle can be termed a
chemical cycle and, on the basis of the position of
lithologic units, shows mivrordmage syminetry as
A, B, ¢, D, C, B, A. However, the Paradox chem-
ical cycle is not symmetrical. At the hase of the
cvcle, units A, B, €, and D} are deposited as the
result of gradually increasing salinity and each unit
shows a gradual transitton with the overlying unit.
‘The haliie {unit D}, however, neither shows a grad-
ual decrease in salinity nor grades inwo the over-
lying anhvdrite unit. Studms by Raup (1966, p.
243) of the bromine conient of halite in the Para-
dox Member have shown that salinites gradually
increased all the way o the top, or near the top, of
each salt bed. Further evidence of asymmetry can
be seen in those cycles that are potash bearing. The
potash dcposits, which represent the period of
highest salinity in the cycle, usually occur at the
top of the halite instead of in the normal middle
position {Hite, 1968, p. 323). A strongly asym-
metrical distribution of detrital quartz through the
cycle can also be noted (Fig. 5). The lower dolo-
mite unit (transgressive phase} contains ncarly
twice as much quartz as the upper dolomite unit
{regressive phase). Later it will be shown how this
pattern of guartz distribution can be an important
factor in correlating facies hetween cvaparite
cycles and the carbonate cycles on the shelf,

Boundartes of Paradox cycles have been defined
on the basis of rock units, generally the black
shales bur recently it was recognized that a more
workable system of cycle boundaries can be made
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it disconformities ure used (Peterson and Hite,
1969). In the evaporite cycle the base ol eack ha-
lite vnit forms a rransitional contact with the
underlving anhydrite {Fig. 7}; however, the upper
contacl is very abrupt (Fig. 6}. This sharp contact,
at the top of the halite unit, is a dissolution surface
or disconformity along which several fcet of halite
has been removed. These disconformifics, which
interrupr lhe chemical sequence, are the results of
major rises in sea fevel and subsequent freshening
in the evaporite hastn. Using the disconformities as
cycle boundaries, the order of units weunld be C, B,
A, B, C, D). The change [rom transgressive to regres-
sive conditions occurs somewhere near the mid-
point of unit A so that the transgressive hemicycle
is C, B, A, and the regressive hemicyele is A, B, €,
D). Comparison ol the transgressive and regressive
hemicycles shows considerable condensation of the
sedimentary sequence i the iransgressive phase.
According to Duff and others (1967, p. 178) this is
a normal aspect of sedimentary cyeles. A similar
observation has heen made by Sheldon {1963, p.
147}, who concluded that in cvdes of the Phos-
phoria Formation transgression was more rapid
than regression.

Figure 6. Photograph of drili core showing sharp disselution contact
between coursely orystalline haiite and finely laminated anhydrite.
This is typical of the upper contsct of salt beds in the Pamadox
Member,

The presence of disconformities at the tops of
halite units in the Paradox cveles was first sug-
gested by Welsh (1963, p. 489}, and has been docu-
mented since by drill hole data and by observations
fromr mine cxposures. The amount of halite re-
moved along these disconformities s generally
unknown; however, it is bkely that at least 5 1o 10
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Figure 7. Photograph of a typical basal contact between a halite hed
and underlying anhydviie of 3 Parmadox cvaporiir cycle, The
right-hund end ol the uppey drill core fiss together with (be left-
hand end of ihe lower core. Note the gradual {ransition from mas-
sive lightgray anhydrite at the top eft of the core inte dark-gray
bidite o the right.

feet is missing. The disconformity at the top of
cyele 5 is readily visible at various locations in the
Texas Guif Sulphur Co. Cane Creek potash mine
near Moab, Utzh (Figo 8}, Immediately overlving
this disconformity is a thin zone of glassy
aahiyedrite {(Fig. 9) which probably represents the
residunm formed when the underlying halite was
raken Into seluiicn. Based on the average anhvdrite
content of the halite immedintely underlying the

Figure 8. Urderground view of abrupt contact {dissolution surface)
hetween light-gray halite and overying glassy dark-gray anhydrite
{Fiz 9); pocket knife is positioned at contact, Contact forms the
wop of Patadox evuporite cycle no. 5, Photographed in Texas Gudf
Sulphur Ca. Cane Creck potash mine newr Mosab, Utsh, (Photagraph
by O.B. Raup.}
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Figure 9. Closenp view of same contact shown in Figure &, Note
t4neh-thick layer of glussy darkgray anhydrite immediately above
contact with light-grav hakee,

disconformily, determined from inscluble residucs,
the glassy unhydrite laver represenis the dissolu-
tion of whout 10 feet of halite. This thickness com-
pares favorably with local truncation of micro-
stratigraphic units in the upper part of ihe halite
and sylvite of cycle 5 as obgerved in the mine,

Diseonformities at the top of cycles 3 and 4 can
also be observed in the Cane Creck mine. In ex-
posures along the incline, connecting lthe bottom
ol the mine shaft with the mine workings in the
potash deposit in cycle 5, small folds in the halite
umits of each cycle are truncated by the overlying
anhydrite laver of the next cycle {(Fig, 10).

In the preceding description of the Paradox
evaporite cycles, much emphasis was placed on the
disconformity boundaries of the cvcles. The impor-
rance of the disconformity in the facies relation-
ships between basin evaporites and shelf carbonates
t» shown in the nexl scction of this paper. The
significance of unconformities, or disconformities,
in rofation to [acies has been ably stated by
Momper {1966, p. 90d) as tollows: “Advocaling a
search for unconformities does not imply a denial
of the existence of lacies changes or an attempt to
minimize the significance of facies concepts, Quite
the contrary is true because covreet idenufication
of unconformitics is essential to accurate interpre-
tation of Facies as weil as rock units in general,”™
The carbonate cycles.

On the southwest shelf of the Paradox basin the
carbonate cycles of the Hermosa Formation have
been studied in great detail by numercus petro-
leum geologists. The discovery of petroleum in

Figure 10, Undergrosnd view in Texas Gulf Sulphur Company Cane
Cicek potash mine of a fold in light-gray kalite runcated al dis-
sehetion surface by overlying dark-gray anhydrite: end of hammer at
conizet, Nofe trancation of thin crencfated anhydrite laminae in the
halite undetlying the dissolution sarface.

several of these cycles has resulted in a relatively
high concentration of drill holes and therelore de-
tailed subsurface studies of lithofacies have been
possible. In addition to subsurface control, excel:
lent exposures of many of the carbonare cycles
occur along the Sun Juan River near Mexican Hat,
Utah, {Figs. 11, 12}, Most investigations have been
coneentrated on the two most imporiant zones of
petroleum production, the Ismay and Desert
Creck.

Figure i1, Photograph of carbonate cyeles in the Hermosa Forma-
fien in the cunyon of the Sun Juan River new Mexican Hat, Uiah,
{Phiotograph by M.Q. Glerzp.)

i
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Figure 12., Photograph showing algal carbonate buitdup facies of
laimay zome ylong the San Jusn River, The agul beds are the durk
undulating strats at river level. {Photograph by MO, Glerup.)

The lithofacies of the shelf carbonate cycles is
very diverse, and reflects combinations ol chem-
ieal, clastic, and biogenic sedimentation. This com-
plex patiern of sedimentation was primarily due 1o
the redatively shallow-water cnvironment of the
shelf. U'nder these condisions nnly a minor change
in sca level might drastically alter the enviconment
at the doposirional mrerface. 1 local iopographic
irregularities were present on the sea tieor then the
depositional environment of a rise could be
markedly different from that of an adjacent de-
pression. All of this could lead 1o abrupt lateral
facies changes and dissimiarities in the vertical
sequence between contemporaneous rack units,
Because of the great variety of lithofacics, de-
seribed by different authors at different localities
for the same eycles, an attempt was made to
roughly group the [acies of each author into four
categories (Table 1), Each facies from the shell was
grouped on the basis of similar lithic character and
shown in approximate correlative relationship o
the hithofacies of the evaporite cycles. From this
comparison 1t can be noted that the black shale,
sty dolomite, snd anhvdrite of the evaporite cycle
have similar facies counterparts in the shell carbon-
ate cycles. The halite and poiush of the cvaporite
cycle are represented by a wrally different facies
on the shelf consisting of an algal hmesione lormed
primartdy from the leatlike remains of the alga
Teanovia. Thus, us shown on Table 1, the bound-
aries of the facies groups represent time lines; how-
ever, several facies probuably span these time sur-
faces. The contemporaneity of the various {acies is

Shaff Carbonate Gerermination

explained in greater detadl in a later section of the
Teport.

Adl the authors cited in Table | have proposed one
or more idcalized cycles involving the various litho-
facies ol the shelf, For example, Choquette and
Traut (1963, p. 169) recognized {1} an evaporite
cycle containing anhydrite and dolomite, {2} a
normal-marine cycle with an algal buildup, and (3}
a normal-marine cycle without algal buildup. They
acknowledged that lateral wansition from one type
of cyde to another could take place in a few thou-
sand Feet. The descriptions of cycles differ also
because some are based on intervals in the Ismay
and others on intervals i the Desert Creck. In
additon, Pray and Wray {1963} made their obser-
vations on the basis of surface exposures whereas
all the others used subsurface data, Thus it is diffi.
cult to diagram the vertical sequence of faciesina
“typical” cycle. Much of the emphasis of this
paper ts placed on explaining why certain carbon-
ate cycles favored the development of an algal car-
honate facies. For that reason the ldealized cycle
described here inchudes an algal buildup. The lol-
lowing seguence of lithofacies represents a
synthesis of deseriptions by other authors, and
although this version is probalily an oversimplifica-
tion of the problem, it dous include elements com-
mon to al} the eyeles,

IDEALIZED SHELF CARBONATE CYCLE
Next cyele

Cap facies disconformity

Buldup facies {algal limestone)

Intermediate facies (sitty dolomite and limestone)

Euxinic facies (black, avgillaceous, calcareous
shale)

Inrermediare facies (silistone and sandstone or very
stity dolomite)

Cap facies {pelletal-foraminiferal
limestone}

Buildup facies

disconformity

Next cycle

As shown above, the carbonate cycle »
hounded by disconformities. Disconformities in
the shelf carbonate facies have been recognized
and described in the subsurface and in meas-
ured sections along the San Juan River by
Wengard and Matheny (1938), Welsh (1958,
1963}, Elias (1963), and Pray and Wray {1963] but
it is probable that some discontormities have been
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Takle 1. Lithofacies of the Hermosa Formation an the Southwest Shelf of the

Paradox Basin, as Described by Various Authors, and the Approximately

Contemporaneous Facies of the [hner Evaporite Basin

Sheif Area Evaparite Basin
&g
2! Choguette and Elias Gray Peterson Pray and Hite
g Traut {1983) {1983) {1987} {1968} Wray (1863) {this paper]
u o
Laminated Shefly ¥ Muddy algal
carbonate i mudstone
houndstene
Biack shale Laminated
| Shelly boundstone
L calcilutite
Biack shale Black shale intermediate Black shale
i Black shate
Crinoidal
i DBark carbenate Sponge limastona ;
¢ 1 mudstene
: Carbonate Sponge
{8 Sponge-bearing mudstone -;
‘B caleilutite
2| Earthy dolomite Earthy ! Very silty Quartz
= Quarty dolomite " Chalky to dense | sandstone
i | Calcarepus sandstone dolomits and siltstons Silty dolomite
sandstone and and siltstans Evapaoritic
silistone delomite
Foraminiferal- Fusulirid Foraminiferal- Foraminiferal-
pelletal [PH pelletal r pelletal 1 Cap Anhydrite
- fimestone £| Pelletal mud ;2| limestone |81 limestone B
o ‘-‘5 Algal 51 Mound = | Sparry algal Halite and
Buitdup % {vanovia -g -g carhonate -g {lvanovia} potash
= < <L, <
calcirudite
hreccia |

overtooked. In fact, all the carbonate cycles prob-
ably are bounded by disconformities, These discon-
formities may separate facies which are only
sightly dissimilar, and the breaks in sedimentation
can easily be overlooked. Recognition of some dis-
conformities mav come only after detalled min-
eralogic and geochemical analysis of the vertcal
sequence. The posttions of the disconformities
the tdealized cyele deseribed here are different
from those as interpreted by Elias {1963, p. 188}
who places them at the top of the pelletal-
foraminiferal timesiones. The same eustatic con-
wrol, effecting deposition in the cvaporite basin, is

abso m operation on the shelf, Previously It was
shown how the initiarion of a transgression creates
an asymmetrical break in the depasitional sequence
of the cvaparite cyele. H a similar depositional pat-
tern exists on the shelf, as seems reascnuable to ex-
peet, the disconformity should separate the initial
transgressive phuse [rom the underlying regressive
phase. Using this concept the logical position of
the disconformity would be between the peiletal-
foraminiferal limestone {cap lacics), which is inter-
preted here as representing the initial transgressive
phase, and the underlying regressive phase of algal
iimesione (buildup facies).
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THE PARADOX BASIN MODEL

The facies relationships in the depositional
cycles of the Paradox basin can best be explained
through the use of models. However, to model the
hasin the paleogeogmphic setting of the vegion
must firsi he  established, Numerous authors,
notably Wengerd and Matheny ({19538), Fetzner
(1960}, Ohlen und Mclntyre {1965}, and Peierson
{1966}, have shown that the Paradox basin is hor-
dered on the northesst by highlands of the
Uncompahgre uplift and on the northwest
{Emcry), south (Defiance-Zuni), and southwest
{Kaibab)} by low-lymng land masses {Fig. 3.
Wengerd and Matheny postulated marnne aceess-
ways at the northwest (Oquirrh) and southeast
{Cabezon) ends and along the west flank (Fre-
moni} of the basin, Elias {1963) suggested that
the hasin may have been completely enclosed
except for two narrow straits which coincide with
the Fremont and Oquirth accessways of Wengerd
and Matheny. Facies relationships within the Para-
dox basin suggest that none of thesc leatures, with
the possible exception of the Cabezon accessway,
were responsible for any significant ingress of sea-
water. There is some evidence of marine access 1o
the basin through the Cabezon seaway during de-
postiton ol Paradox evaporites. However, Feuzner
(1960, p. 140B} suggested that a clastic delta from
the Uncompuhgre uplift provided a scdimentary
barrier across the southeast margin of the basin.
Additional evidence of circulation barriers between
the basin and the Cabezon seaway were found by
Peterson and others {1963, p, 2087), who stated
that “The Four Corners plattorm apparcatly
underwent minor growth as a southwest-northeast
positive-trending featare during Pennsylvanian time
causing shallow-warer conditions and shelf carbon-
ate development to extend northeastward along
the platform, The combination of ihe southwest-
northeast projection of the shelf carbonate buildup
on one side and rapid accumulation of delaic
deposits on the other caused the Paradox basin fo
be cut olf effectively from the main scaway at ihe
southeasr.” Along the southwest edge of the basin
the facies beils within individual cycles rend to
roaden, and extend convexly inlo the basin much
like a chemical delta. Facies are distributed in
order of solubility, with the least soluble facies in
the outer belt and progressively more soluble facies
basinward, If seawater were moving into the basin
from the posiuiated Oquinth scaway, then it is dif-
ficult to explain how relatively insoluble calcium
carbonate could be emried across 200 miles of
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saturated chloride brine and finally precipitated at
the opposite end of the basin. On the southwest
shel? of the basin swatigraphic markers retain their
identity in a southwesterly direcuion through a car-
bonate facies  for greater distances than in any
other part of the basin. These relations suggest that
the principal marine access was across this broad
southwest shelf, Conneetions hetween the shelf
and the open ocean may have been between the
Kaibab and Defiance-Zuni uplifts or around the
north end of the Kaibab uplift (Fig. 3).

The barred basin evaporite model, discussed in
the hivst part of this paper, [its well with the litho-
facles pattern and geochemical relatiouships ob-
served in the Paradox depositional cycle. The oper-
ation of the Paradox model during a regressive and
4 transgressive phase of depaosition (Fig. 13) can be
described as follows:

A. Regressive phase (Fig, 13a). Sea level begins
o fall sometime during the deposition of the black
shale facics. Lowering of sea level brings about a
proportionzte decrease in reflux, and salinities
begin to increase in the basin, The ratio of calcium
ions in the influx layer 1o magnesium ions in the
refluxing brine layer is less, and mixing at the brine
mnterfuce, combined with mass action effects,
causes precipitation of more dolomite than calcite.
The increasing salinity within the basin depresses
evaporation rates causing a reduction in volume of
influx. With less water moving into the basin, there
is a proportionale decrease in the amount of
organic matter swept in, and the color of the sedi-
ment layer deposited is gray vather than black. As
the regressive sea retreats across previously win-
nowed source arcus the supply of delritus is
reduced, and silt and sand-size parlicles pre-
dominate over clay minerals. Further lowering of
sea level and increase in salinities brings about
deposition of calcium sulfate and, finally, sodium
chioride in the evaporite basin, Extreme lowering
of sea level finally restricts the carrying capacity of
the accessway to a poini where reflux is halted,
maximun salinities are achieved, and potash
deposits form in the deepest part of the basin.
Lack of reflux allows contemporaneous develop-
ment of algal mounds or banks in the shallows on
the shelf. The horizontal salinity gradien: from
open ocean to the distal end of the basin is
strongly developed duning this phase. Seawaler,
moving slowly inrto the hasin across the long and
somewhat circuitous accessway, is highly concen
trated by the time it reaches the shelf. This warm,
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SHELF BASIN

A LOW-SEA-LEVEL MODEL ' :
REGRESSIVE PHASE /
PARADOX EVAPORITE CYCLE

BLACK SHALE

SHELF BASIN

o *“"q_._._
LIMESTONE . por oM 2
- A A L BLACK SHALE

R S
LIMESTONE B DOLOMITE /ff.-%f ; .

.{2-{/, .....

5 HIGH-SEA-LEVEL MODEL
TRANSGRESSIVE PHASE
PARADOX EVAPORITE CYCLE

Figure 13, Depositionat model of the Paradex basin during {2} the regressive phase and (B) the transgressive phase showing relationships
of various hasin and shelf facies. Wavy Hne represents discontormily, Symbol in the shelf limestone and dolomite represenits alyal mound

development
clear, briny waler, carrying a constant supply of deposit in low areas surrounding the algal mounds.
nutrients, provides the ideal environment for algal In summary, synchronous facies at the close of the
growth while the high salinities eliminate most regressive phase ave {1} algal limestene, (2}
other cempetitive forms, Becausc this current 1s dolomiie, (3} anhydrite, (4} halite, and (5} potash.

alse wvertically stratified, calcium sulfate may
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B. Transgressive phase {Fig. 18b). The regressive
phase of deposition is terminated by a relutively
abrupt rise in sea level. With higher sea level the
basin hegins to reflux. The reflux layer ol toxic
brine moves out across the shelf arca killing the
algal growths. This interruption of sedimentation is
represenied by a disconformity in shelf area. Re-
flux creates a delicit in the basin salt budget which
reduces salinities. Contnued loss of salt by reflux
undersaturales hottom brine layers, and corrosion
of the previously deposited salt layer begins. The
dissolution surface in the basin develops syn-
chronously with the disconformity on the shelf.
The first sediments of the transgressive phase op
the shelf are foraminiferal-pelletal limestones
which grade basmward inte “earthy” dolomire,
and anhydrite. Limestone pellets form as the vesult
of mixing of the colder carbonate-charged influx
laver and the warmer refluxing brine. With further
risc in sea level, the corresponding increase in re-
flux of magnesivm-rich brine from the basin results
in depositon of most carbonate as dolomite. The
strongly iransgressing sea begins to churn up sand
and sift {rom formerly emergent source aveas, Silt-
laden influx water rides across the heavier busin
brine depositing extremely well sorted detritus
throughout the basin, At maximum high sea level
large guantitics of marine plankton are swept mto
the hasin along with clays and silts from the higher
reaches of the source areas, The accompanying
increase in reflux completely covers the shelf with
a2 brine which is anoxic and rich in hydrogen
sulfide. At rhis stage, reflux has exiended the
cuxinic environment of the basin onio the shelf,
and only extremcly hardy organisms such as
sponges survive, A Jayer of black, organic-rich mud
blankets both the basin and the shelf at the cul-
mination of the transgressive phase of deposition.

The model described here is very similar in con-
struction to that of Welsh (1963, Fig. 148); how-
ever, it differs greatly in operation. In Welsh's con-
cept of deposition during a Paradox cycle there is
no lateral tacies change, and the sequence of lime-
stone, dolomite, anhydrite, and salt exist onlv ina
vertical dimension {op. cit., p. 489). Welsh stated,
“The writer’s interpreiation of the salt basin is one
of shallow water in which the concentration
reached and remained at saturation for the partica-
lar salt until the observed thickness of the indi-
vidual evaporite unit was deposited (op. cit., p.
487).” Apparently, Welsh believed that each evap-
orite cycle was the result of filling up the evaporitwe
basin, cutting oft influx, and allowing complete
desiceation of busin water so that {irst a layer of
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curbonate, then suffate, and finaily chloride wa
deposited. Such a static system cannot explabr
beds of pure halite, several hundred leet i thick
ness, which are commonpluce in the Parados
cycles. Under static conditions it would require
basin nearty 200,000 feet deep to deposit a halit
luyer (00 feet thick. Accordingly » static evaporit
mode] is untenable with observed relationships i
the Paradox basin.

Certain concepts of the Paradox model, as use
in this paper, represent a radical departure fron
previous interpretations by Peterson and Ohles
(1963}, Peterson {1966), Peterson and Hite {1969}
and Ehas (1963). The black shale facies s intet
preted heve as representng deposition during cul
mination of the high sea level or transgressive phas
of the cveles when basin reflux was greatest. ¢
similar interpretation was made by Pray and Wra
{1963, p. 216) for their sponge facies which i
probably the shelf equivalent of the black shal
facies of the evaporite basin. These authors statec
“We suggest that these rocks were deposited m a
anaercohic environment of but slight botlom turby
lence. *#* We suggest that this facies represent
deposition below sill deprh at times when the mor
saline stagnant waters of the Paradox basin to th
cast and north fransgressed highest onto the sha
lower depaositional province represented by th
bulk of the Honaker Traif sequence.” They als
believed that this facies was deposited when watc
was deepest in the shelf area. The interpretation ¢
deposiiional conditions during the development ¢
the algal carbonates, as presented bere, also diffo
from that of some of the previously mentione
authors. Evidence sugpests that this facies rey
resents conditions of low sea level and high salis
ities, and that 1t was deposited contemporaneous)
with halite and/or potash.

APPLICATION OF BROMINE GEOCHEMISTRY
TO SEARCH FOR ALGAL BUILDUPS

Moundlike buildups of algal limestone constitui
the major reservoir rock in the petroleum fields ¢
the Paradox basin. Although nearly 30 deposition;
cycles are known in the area, each of which mgh
be considered a petential host of an algal facie
only a few are known to contain bulldups of th
facies. Thus, it seems that certain eveles are favo
able {or the development of thus facies and othe:
are not. The models described in preceding section
of this paper suggest that the ajgal facies develope
during the regressive phase of a2 cycle when mo
reflux was cat off. The key 1o exploring for s




Shelf Carbanate Determination

algal [acies, then, might be the determination of
which cycles were characterized by a high 1ate of
reffux and which had minimum or no reflux, One
simple way of evaluating the favorability of cycles,
such as those 1 the Paradox basin, 15 on the basis
of presence ar absence of powash deposits. 1 o
cycle contams a portash deposit then it should have
experienced  relatively litde reflux during -that
phase of deposition. In the Puradox busin, potash
deposits occur in evaporite cyeles 5, 6, 7,9, 13, 146,
18,19, 20,21, 24, and 27 {Hite, 1961). Therefore,
all these cycles might somewhere contain an algal
limestone factes, At present a productive algal
facies is known in cycle 5 {Jower Desert Creek
zone}, and possibly in cycles 9 and 19, Producrion
of perrofeum has also been established in an algal
facies for cvcles 2 and 3 (upper and lower Ismay
zone) which do not contain potash deposits, The
cycles comtaining the Ismay mounds and perhaps
others may have experienced periods of littke or no
reflux even though potash deposits were not
deposited. A more precist means of determining
the amount of reflux during the regressive phase of
a cycle involves the use of bromine geochemistry.
Without gong into a detailed discussion of theory
it is sufficient to say that normally the hromine
content of chioride minerals increases in propor-
tion to concentration of the parent brine. If the
distribution of bromine in a salt bed shows no
increase Trom buase to top, then it cunr be assumed
that bromine wus being lost from the basin by
reflux. If the bromine profile shows a rapid
increase from base to top of the salt bed then re-
flux was minimal or absent. One of he hest devel-
opments of an algal facies in the Paradox basin
depositional cycle accurs in the lower Desert Creek
zone which is equivalent to evaporite cycle 5. The
halite of this cycle, which contains a potash
deposit of cconomic importance, has a flat sloping
bromine profile suggesting hirtle or no reflux during
the regressive phasc of deposition (Fig. 14). In con-
trast the upper Desert Creek zone {cycle 4} carbon-
ate facies comtzins a thick buildup ol colitic-
pelletal-forammiferal  Imestone, much ke the
inltial transgressive facies of other cydes. The
bromine profile of cycle 4 halite is almost verucal
(Fig. 14). Thus probably meuns that the basin was
refluxing and there was a close halance between
mflow salt and outflow salt plus depositional sait,
The refluxing brine during this period created
unfavorable conditions on  the shelf for algal
growth, but did favor chemical precipitaton of car-
bonates by interaction between the refluxing brine
and inflowing scawater. Al the sume time agitation
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by the overflowing and underflowing currents
caused oaliric and pelletal structures to forin,

The rate of rellux during the deposition of 4
halite bed is not alwavs constant. The detatied hro-
mine profile of eycle 2 halite {upper Ismav zonc)
by Raup {1968, Fig, 3} shows five perfods of rapid
bromine increase, Lach one of these periods rep-
vesents a low rave of reffux and a Favorable time {or
atgad carbonate developmens. Perhups this helps
explain why at least three separaie intervals of algal
carbopate have been idenubied in the upper Ismay
cone {Gray, 1967, Fig. 71, Other cvcles which
show brregular bromine profiles mav also contuin
more than one interval of algal carbonate,

Using the data of Raup (1966); Raup and others
(19704, T rated the Paradox cvaporite cycles for
favorability ol algal carbonute development. Fuch
cvele, where data woere available, was assigned a
reflux index on the basis of the slope angle ol the
bromine profile {or the halilte unit ol the cyele
(Fig. 13}. The slope angle was measured from verii-
cal, and a large angle (flat slope) means a low re-
flux index. Conversely a small slope angle (steep or
vertical slope} means a high reflux index. On the
hasis of reflux index, b4 Poradox cyoles may be
favorahle for development of algal carbonates.
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Figure 15 Tndex or degree of basim reflux during the deposition of
the chioride facies of cach Paradox evaporite cycle, Reflux mdex
determined by slepe angle of the bromine profile for cach evcle.
Symbol indicates cyeles in which the presence of an algat buildup
facies has been confirmeecd; queried where identification s uncertain.

These cycles, ranked in order of favorability start-
ing with the most favorable, are 5, 3, 19, 21, 27,
15, 24, 20, 17, 2, 13, 7, 16, and 9. Cycles 17 and
16 had favorable indexes for a relatively brief
period of deposition and if an algal facies is present
in these cycles it probably will be thin. At present
major developments of algal facies are known in
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cycle 5 {lower Desert Creek zone} and cycle !
{lower Ismay zone). A lesser development is knowt
in cycle 2 (upper Ismay zone). Other possible alga
developments occur in cycles 9 (upper Akah zone
and 19 (lower Barker Creek zone). The halite unit
of cycles 19 and 21 are very thick and have ver
low refllux indexes; therefore, it is suggested tha
the carhonate facies of these cycles offe
potentially important exploration largets for th
petroleum industry in the Paradox basin.

The same relationships of an algal carbonat
facies to evaporites might also be useful in anothe
sense of exploration. In undrilled sedimentar
basins algal carbonate buildups in cxposure
around the margins of the basin might indicate th
presence of halite and potash depesits in th
subsurface of the basin.
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