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ABSTRACT

During Medial Permian {Guadalupian) time the follow-
ing spectrum of depositional environments characterized
shelf areas surrounding the Delaware Basin: 1} reef 2)
backreef apron, 3) lagoon. 4) intertidal zone, 3} coastal
sabkha, 8} contineniul sebkhe, 7) deflation flat. Maximal
widths of Guadalupian shelf lagoons ranged up to 3040
miles; coastal plains ranged up to 230-300 miles in width.
Ourer shelf sediments consist predominantly of carbonares
(subtidal, imtertidal, supratidal). white middle and inner
shelf deposits consist dominantly of clastics contalning evap-
orites {voastal sabkha, continental sabkha, and deflation
Fais),

Permian coustal and continental sabkha sediments con-
tain a suite of sulfare deposits similor in alf aspects 1o that
described fraom the southern margin of the Persian Gulf
Brine pan deposits, containing sulfares and chlorides, are
extensively preserved in Permian continenial sabkhas along
with halite-cemented deflation flat sandstones.

During high stands of sea level, Permian shelves were
characterized by arid climates, carbonates accumulated on
outer shelf areas, and evaporiies were deposited in coastal
and continental sabkhas of middle and inner shelves. Early
dolomitization of coustal sebkha carbonates occurred.
Progradation of coastal and continental subkhas and defla-
tion flats took place during stillstands (and regressions),
lagoons became infilled and gypsum became progressively
replaced by ankydrite.

During maximum low stands of sea level, outer~—and
Portions of middle skelf arcas received increased rainfall,
while much of the middle and inner shelf areq remained
arid. Subaerially exposed subtidal-intertidal carbonates
were subjected to early fresh water diagenesis and became
mineralogically stabilized (to calcire), leached and lithified;
balesleaching and replacerment of sulfates by silica alo
took place in the belt of increased rainfall

During burial subtidul-intertidal imestones. siabilized
and lithified in o fresh water environmen!, became dolomit-
fzed, and leached porosity was occluded by sulfute precipis
ration. Pattern and degree of fate dolomitization indicate
that it resulted from regional long-continued, predomi-
nantly lateral and downward bydrodynamic reflux of brine
enriched in Mg™™ and 80,7, Such brines probably evolved
in adjacent clasiic coastal and continenral sabkha focies
wherein early dolomitization did not oceur.

INTRODUCTION

The Permian Basin (Pig. 1) represents one of the classi-
cal geological provinces of the world. The areas became a
mecca for geologists largely because of the magnificem
pablished works of King (1942 and 1948) and Newell and
others {1953) and because of the prolific hydrocarbon pro-
duction and potash mining. Probably in no other part of
the warld does such diversity in lithofacies and deposi-
tionak environments exist in so relatively smaki an area. It
is all the more remarkable when one considers the lack of
significant subsequent tectonic deformation and that late
Guadaiupian depositional topography has been quite ac-
curately resurrected by Cenozoic uplift and erosion of the
Guadalope Mountaing and western Delaware Basin (Fig.
1). Yermian strata dip gently to the cast and constitute
significant hydrocarbon reservairs in the subsurface, and
the area represents one of the world's major petroleum
provinces, Because of the wealth of subsurface data and
the opportanity io compare owtcrop and subsurface data
the Permian Basin constitutes an unparalicled sedimento-
logical analogue to a course in comparative anatomy.

In Guadalupian Time the paleogeography depicted in
Fig. | evolved (King, 1948; Newell and others, 1953) and
the Pelaware Basin became bordered by reefs (Goat Seep-
Capitan, Fig. 2} whose steeply dipping fovereel talus
slopes descended to water depths ranging from 1500~3300
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Figure 1. Index map of Poredan Basin depicting depositional topo-
graphy thet characterized the Guadafugpian interval ladagied from
King, 19458}

feet. Margins of the Delaware Basin were incised by large
submarine canvons which extended well back into the
shelves (Jacka and others, 1969},

In ascending eorder Guadalupian formations of the
Northwest shelf and Central Basin Platform {Fig. 1) of the
Permian Basin include the Grayburg, Queen, Seven Riv-
ers, Yates and Tansill Formations (Fig. 2) whick consti-
tute the Artesia Group.

Largely because of the nature of exposures in the
Guadalupe Mountains, the Permtian Basin has been re-
garded as a major carbonate province. Guadalupian car-
bonates of the Grayburg, Queen, Seven Rivers, Yates and
Tansill Formations extend shelfward as far as 40 miles
{Grayburg time} and commonly no more than 4-8 miles
(Yates time}. In Guadalupian Time the Northwest Shelf
area was up to 250-300 miles wide, and except for the
narrow band of outer shelf carbanates the entire provipce
consisted of clastics and evaporites.

Subsurface cores from the Grayburg and Queen For-
mations of the Northwest Shelf were analyzed from
Chaves, Eddy and Lez Counties, New Mexico {Fig. 3).
Cores from the Gravburg, Queen, Yates and Tansill For-
mations were studied from the subsurface of the Central
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Figure 2. Correigtion chart for Permian Basin (adapted from Newell
and others, 1953].

Basin Platform in Lea County, New Mexico, and Winkler,
Ector, Ward and Pecos Counties in Texas (Fig. 3}, Char-
acteristics of different types of “electric” logs (gamma
ray-sonic, gamma ray-neuiron, gamma-formation den-
sity) were studied for cored intervals; it then became possi-
ble to determine characteristics of the formations much

farther to the north and east than the limits of core con~

trol.

Because so litdle has been written about the predomi-
nantly clastic Guadalupian shelf sediments, one of the
major objectives of this paper will be to describe character-
isties of these wide-spread evaporite-bearing clastics. It

would not be possible to determine characteristics of these

clastics from autcrop studies because extensive leaching of
all halite and much of the sulfate has obsenred their ongi-
nal characreristics.

PREVIOUS WORK

Early workers who contributed to general knowledge
of Permian Basin stratigraphy include Crandeil (1929),
Lloyd (1929}, Lang {1937), DeFord and Riggs (1938},
Adams (1939 and 1940}, DeFord and Riggs (194!) and
Adams and Frenzel (1930).
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King (1942, 1948} prepared the first detailed maps and
established the stratigraphic-sedimentary framework uti-
lized by subsequent investigators. King's original maps
have been extended by Boyd (1958}, Motts (1962), and
Haves (1964). Newell and others {1953) conducted the
first detailed investigation of depositional environments,
palececology and petrography.

The concept of seepage refluxion as a viable mechanism
{for dolomitization was proposed by MNewell and others
(1953}, but it was resurrecied and popularized by Adums
and Rhodes (1960) from sivdy of Permian Basin shelf
sediments.

Tait and others {(1962) proposed the term Artesia
Group to include in ascending order the Grayburg,
Queen, Seven Kivers, Yates and Tansil! Formations,

Galley (1958) and Adams (1963} bave outlined the
structural evolution of the Permian Basin,

Dunham (1965 and 1969) and Thomas (1965) studied
backreef pisolites and postelated that they represent an-
cient vadose cabiche soils.

Kendall (196Y) presented 2 reevaluation of
Guadalupian carbonate-evaporite shelf sediments of the
Guadalupe Mountains. Hz presented convincing evidence
that most Permian pisclites represent algal accretions
rather than in place concretionary soil structures.

Jacka and St. Germain (1967), Jacka and others (1569),
and Meissner {1969} have related sediment economics and
depositional dynamics of deep water submarine fan depos-
its of the Delaware Basin to alternating episodes of emer-
gence and submergence of surrounding shelf areas. It has
been possible to relate depositional history of basin and
shelf areas within the context of glacially controlled en-
static sea level changes and associated climatic cycles
(Jackz and others, 1969).

Sitver and Todd (1969) have also interpreted deposi-
tional cycles in Permian shelf deposits as having been
produced by glactally controlled custatic sea level
changes.

Achauver {1969) proposed that the Capitan Reef origi-
nated as an organic bank rather than a barrer reef, Cys
{1970) presented evidence disputing the interpretation of
Achauer (1969).

Moits (1972) presented an interpretation of deposi-
tional environments that conglicts with many “standard”
concepts of the area.

Kelley (1972) reviewed shelf to basin correfations along
the Guadalupe escarpment.

DEPOSITIONAL ENVIRONMENTS AND
FACIES RELATIONSHIPS RECORDED IN
GUADALUPIAN FORMATIONS

Landward from outer shelf areas the following spec-
trum of depositional environments is represented in
Guadalupian shelf formations: 1) reef, 2) backreef apron,

3y lagoon, 4) intertidal zone, 5} coastal sabkha, 6) conti-
nental subkha, and 7) deflation flats (Figs. 4-6). Charac-
teristics of each depositional environment are described
below, with emphasis on coastal and continental sabkha
and deflation flat facies.

1. Reef The reef facies consists predominantly of a
sponge-algal framework with the following niche dwellers:
fusulines, tetracorals, bryvozoans, brachiopods, pelecy-
pods, gastropods, cephalopods, trilobites, ostracodes, cri-
noids and echincids. Carbonate rock tvpes include
boundstones, packstones and wacksstones.

2. Backreef Apron. The backreef apron iz a zoarse-
grained facies consisting of polites, pisolites, calcarenites
and coarse skeletal detritus washed behind the reef during
storms and through surge channels. Rock types include
grainstones and packstones,

3, Lagoon. Lagoonal deposits consist predominantly
of micrites, in part indigenously produced and in part
derived from the outer shelf. An indigenous melluscan
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fauna is dominated by gastropods, Rock iypes include
moiluscan and uigal pelmicrites (Fig. TA),

4. Intertidal Zowe. Envirogments consist of intertidal
algal fats {n guier protected places), tdal channels and
interchannct fuars (Fig 7 are sparsely represented. Algal
flats exhibit stromatolitic structures, such as luterally
finked hermsphornids and ¢lub-shaped and flar laminated
stromatcdites (Fig. 8, this report; sec Togan and others,
1964 and Logen, 19600 Iniertidal zore deposiis com-
moenly contam vertical or nferconnected vertical and
hortzontal burrows, Tidal ehannels comain skeletal mate-
rial, volite, calcareniic or sand and extibit scour and Al
structures snd smail and lurge troncation current npples
{Figs. 7 and §).

3. Cogieyl Subkhs, This is a supratudal 7one consest-
iz of mixed carbonates, clastics aid evapaorites. Carben-
ate material was dertved from the lagoon and invertidal
cone. Clastic matertals were transporied by colian pro-
cesses from the sarrounding land areas. Adhesion ripples
(Figs. ¥ und 14} are shundantly represented in coastal
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sabkha clastics. Adhesion ripples appear as thin, irregular,
wispy layers of sand with crude development of microfore-
set lamination (Fig. 14) and record deposition of sand on
maoist surfaces {see Glennie, 1972). Desiccation clasts are
also abunduntly represented in clastic coastal sabkha de-
posits {Fig. 93 Algal flats extended into the supratidal
zone and were subjected to periodic cpisodes of wetting
and drying. Supratudal carbonates are also characterized
by fenesrral (birdseye) vugs, flut pebble conglomerates and
mud crack clasts (Figs. 9 and 11). The same varieties of
gypsum erystals found in recent Persian Guif sabkha de-
posits (see Butler, 1969 and Kinsman, 1969) are well rep-
resented in subsurface Guadabupian coastal sabkha depos-
its; varieties inciude rosettes, vertically oriented blades
and swallow fail crvstals and lensoid erystals with long
axes oriented parallel to bedding. Early dolomitization of
sablkha carbonates and replacement of gypsem by anhy
drite occurred in Guadalupian coastal sabkhas as in the
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Figure 7. Guadalupian depositianal fecies, &—Lagoonral facies—moliuscan peimicrite was subjected o minéra!ogic stabilization, lithification and
laaching in a submerial diagenetic arivironment. Molds of araganisic motiuses became fHled with anhydriie during delomitization (subsurface cors
siaty) . B—Intectidal flats consist of laminatad clastic and carhanate materials. Sedismntary structures include parallet laminetion, smait current

ripple crosshedding, sroded wave ripptes and flaser bedding (subsurface core slabst, C—Tidsl ehannal depasics cansists of crossbeddied sands ang-

oodtes {(subsurfage com slabs), D-~Tidal chernei—lorgitudinat cross section., Crossbedded units depasited by £bb and oo currents record 180

reversals in direction {Graybrg exposure in Last Change Canyont.

modern analogue. Replacement of zyvpsum by anhydrite
may form pseudomorphs of gypsum crystals, or solated
nodules or nodular mosaics (chicken wire structure) may
be produced (Figs. 10 and 11). Carbonate rock types
found in coastal sabkhas mclude pelmicrites, peletal in-
tramicrudites or intramicrites, and algs] intramicrives.
6. Continental Sabkha. According to Kinsman (1949)
a continental subkha is an inland deposit, containing cvap-
orites, which may include eariier cycle marine or contl-
nental sediments and the associated evaporites are precipi-
tated from evaporation of continental waters. As defined
by Kinsman (1969} continental sabkhas and their con-
tained evaporites represent infand areas in arid regions
where the water table lies close 10 the surface {(down to one

meter) or intersects the surface to Form a salina or brine
par.

Kinsman {1969} deserihed the following charactersstics
of continental sabkhas. Laminated deposits, comsisting of
tatniznae of sulfate und sit or clay or carbonate {including
magnesite), commonky form i modern continental sabk-
has. Needle crystals of gypsum arce rapidly precipitated in
brine pan environments, while other types of gypsom crys-
tals, ke those found in the coastal sabkha, form intersti-
tially and include sediment. Replacement of gypsum by
anhydrite to form gypsum pscudomorphs and nodules is
also recorded. Massive cementartion of clastic sediment by
gypsium to form gypsum rock is common in continesntal
sabkhas, but not in coastal sabkhas.
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Brive pan deposits are well reprosented in Guadalupian
continental suhkhas, and they contain laminag of anhy-
drite, clastic matertal and megnesite (Fags. 12 and (3}
Anhvdrite lsminac commonly exhibit pszudomorphed
needle crysials of gypsum (Fig. 13A} Intercalaied witk
laminaied deposits is red sifty shale containing hallle ¢rys-
tals which grow intesstadally (Figs. 12 and 13A}. Red siity
shale coptans ghundant mud crack casts and clasts. Red-
brown sandstones cemented by halite and/or anhydrite
are also represented o1 continenial sabkha deposits (Figs.
12 and 134} Examples of sandstone massively cemented
by anhydrite are rpeorded: these probably represent ana-
fogues 1o the masdve “gypsum rock” of modern conti-
neital sablkhas

Laminar anhvdrive- magnesiteclastio intervals attain
thickstess of up to 3-4 fept and form the hasal wwmt of
rhythmic sequences that also coniatn, in ascending order,

radd halitie sty shale, halite-cemented sandstone and
sandstone and siltstone cemented by anhydrite and dolo-
mite {Fig. 12}, This verticul seguence may record the fol-
fowing sequence of events: [} steady state existence of
brine pan, 2) ephemersal existence of hrine pan. and 3} infl
of waling by wind blown sand and silf. Hulite-cemented
sands also contain features indicative of eolian deposition
{sce following section on deflation Jats).

Permian continental sahkhas share many atiributes in
common with coastal sebkhas (e, simifar suites of suifate
deposits, adheszan npples, desiceation features), but are
marked by 2 lack of carbonates {except for magnesite in
brine pan deposiis). Coastal sabkha depesits all contain
dolomitized carbonates, but they do not contain brine pan
or salina deposits,

With the exception of certain hrine pan or saling depos-
its, afl clastic sediments of continental sabkhas werc
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Figure 19, Guegaupias dipossionsl facirs--cosita)
and lensond gypsum orystals ang rossioen Bo-Sur
gradation. O -Phoromecengraph show g Talind ath
Caueen Foration dhsirat.ag annyd e goeasomdai

Evidence indicates that acurly olf clastic matorials of
the shelf area were wind-deposited and most represent
deflation fats rather than dune Selds. Occarranees of mrun-
cated cross-bedding, that may record eroded dunés, are
sparsely reprosented in Guadalupian sholf depowi
even one sxample of Suvistile deposits wis obse
cores 0r cuterops from auter, middle or winer shell sreas.
With these relutonships in mind, o0 becomes ovident thut

contirental sabkhas include deflation fhats where the wates
table was close cnough 1o the surface o dermit o
o of nterstitial cvaporites. o some cases nrocipiianon
of mnterstizeal evaporifos obseurad or destroyed sedimen-
tury structures of deflation fat deposits: in other ¢
anhydrite nodules or aubvdrite pse nhmm}ip*s-, of Zynsum
erystals oocur within sodimen? sadl ritiin Tatie
sirpctures (Figo i4B) Thus,
sshkha and deflation 8a: mus) 1ake
aguent hisiory of the denosii.

samkhg derassirs, A—
Lefarne cives slahs

af gypsutn orvst

Svbsurtace core sisbs hustrading anivydrins pseudormorphs of hladed
Sepieting naoduiar .';r‘iﬂ.\.er_i,rizA whecn roplaced gypsen during sabXha pro-
tere 0F rapizcement anbydrite nodwes rem subsuriscs ¢t sah). D—Expanure al
&ls and rosetees which be came 1z ched and partally replacad by caleite.

Evidences of desiceatzan in deflation st depasiis reflect
drying that followed infrequent episodes of rainfall, Defla-
tion flat sasfaces became reworked from time to time by
surface runoff. The asbwedance of sdhesion ripplesin defia-
ton flat deposits pecords deposition of sand and silt by
detlation on rainfall-moisiened surfices or around mar-
aitis of brine pans oo salinas,

INTERPRIEETATION G DEPOSITIONAL
CYCLES

Examinaticn of ouicrops and subsurface duia from
Cruadalupian fonmnations revesls the exisience of well-
defined deposinanal cycles. Iy outerops along the ouder
platform (Guadilupe Meounains), the foliowing verncal
sequence of depositionsi environments s recorded aad
reflects slreriating submergenve and amergence of the
shelf,
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Figure 11. Guadalupian depositional Tacips—subsurface core sfabs ilustrating coastal sabicha deposits and esrby diagenssis. A—Core shaby
sevuence shawing rea brown élastic coastal sabicha deposity containing noadubar snheydrite with Hehtcolored dolomittaed cadionaie usts in
right compartmant {tep!. B Carbinste seyuence depiciing nodiaiar masaics of anhydriie and 1 apiacement of fomingy stromatoliies by anhydritg
isubsurface corg sfabsh, C—Nodular mosaic of anhydrigs {chicken wire structuwe) in core stab. D--Ceowe slah Flustruiing replocernent anhyedrita,
which may farm early or daring burial, within dolomicritz. This had no gypsum precurser 300 soems 10 reprasent an axsodution phanomenon,

deflation flat {maximum regression)

sabkha

intertidal zone

lagoon-hackreef apron {maximum submergence)
intertidal zone

wabkia

deflation #Hat {maximum regression}

In some localizies sabkha deposits can be subdivided
into coastal- and continental sabkha facies.

Three general hypotiwses may be considerad in order
to explain the mechanism of Guadalupian depositional
cycles,

1. Alternating tecionic substdence and uplhift caused
mtervals of submergence and cmergence.

2. Seaward progradunion of coasial and continenta
sabkha deposits progressively infifled shelf lagoons. Con-

dowous subsidence of the shell wres somchiow ar other
eventially cuused an eptsode of submergence, foliowed
again hy progradation and progressive afill of lagoons.
3. Glactelly contrailed eustatic sea level ductuations,
superimposed upon continuous sibsidence of shebves,
caused alwrnating submergence and subaenal exposure.
Teeronie processes are 1ot known o rivtheucslly re-
verse themsslves within refatively shorr tme intervals.
Evidence indicates that doring Guadaiopian Time the
Permian Basin was characrerized by estreme tectonic qui-
eseence ({aarley, 1938 Adams, 19651 For these roasons,
any tectonic control Byvpothests must be refected.
Regressive phases of depositional oycles reflect seaward
pregradation of coustn! and continents! sabkia fucies and
progressive Jagoonal infilling: this inay have largely oc-
curred during high stillstands of sea level when climates
were arid. It is difficuit 1o explain repeaicd cpisodes of
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Figure 12. Guadatupian depositional facies- -continentz) sabkha brine pan or suiina deposits. & -and B—Sulisurfsce.care slah sequences Hlustra:
ting vertical successinns of: (1) fanmnar intervol of anhydrite {containing pegudnmerphed nesgle crystals of gypstimy, magnesite and shit-clay
larminue (LAY, {7 red hatitic shele, and £3) red-hrown sandsione camented with halite (H5L § Exposure of Queer Formation rear Roswell, New
Mexieo, revaals vertical senuance of being pan or sabing deposits simitar ta A and B [gbovel, except that hatite has Seon leachod from red shate
{SH} and sanostone (HI intervals, D--Close view of T (1o left) ihustruting charwcinristies of {arinar interva! {LA] anhydrite hus been converted
10 avpswim, Red-browens sandstone (S5} has been raduced w0 gray-grean color,

submergonce (lransgrossions), which foliowed regrossive
phascs, wholly within the coniexs of continuous sub-
sidence and sediment sconomics. Eviderce will be pre-
sented  in following  sections on  diagenests  and
Guadaiupian olimates to indicate thur climatic changes
accompanicd major sea fevel flucinations. Because of the
magnitude and frequency of sex level fluctuations and
because of associzted climatic changes, the glacio-eustatic
hypothesis is favored as the major cause of fransgression
and regression.

Int continental sabkha-deflation Nat depasits of middle
and timer shelf sreas a depositional cvele different from
that of the vuter shelf is commantly recorded; upward from
the base the {vHowing intervals are represenied.

< Dreflation fat sands and silis—cemmented after berial
oy dolomire and anhvdrie.

3. Red-brown sandstone-—cemaiied early by halite or
tialite and anhydrse,

2. Red halitic shale—haltte precipitated intersuiially.

I. Laminated intervab-—contains intorcalcated laminae
of anhvdrite (with psesdomorphed needle-crysials of gyp-
sum}, mugnesite and stli-clav,

This sequence {Fig. 12} 15 pforred to represem brine
pan of sajina deposiis, as proviously indicated. The basat-
interval of gabydrite-magnesiic—clastic laminee records 2
well-developed salima where the water tuble intersected
the surface. Rad halitic shale records an ephemeral stage
of the salina when halite was precipitated within the shale
below a mud cracked surface. Halite-cemented send prab-
ably represents inflling by wind blown sand and subse-
quent cemantarion during the ephemeral phase which also
wicluded the subiscent, red hahitic shale, The fact that
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Figurs 13. Guadalupian depositioral facies—subsurface examples of cantinental sabkha brine pan or saling deposits. A -Clase view of larninar
intervai with laminas of anbydrite with preudomorphad needis crystals of gypsum, Magnesite and sli-clay. 8--Fed hakitic siity shale; haite was
precipiated interstitially within red mud-cracked materlal, C—Photomicrograph of Ralite-comented randstong: clesvage traces in hatite are
svilent, D Photomicregraph of sandstone poikilotopically cemented with gypsum from depth of over 3000 Feet; sach small division sguals 11

ricrons: crossed polarizers,

quartz and orthoclase in halite-cemented sandstones con-
tain no overgrowths indicates that halite-cementation was
early. In overlying deflation flat deposits, the presence of
well-developed overgrowths on guartz and orthoclase
grains suggests that dolomite and anhydrite coments were
precipitated later at depth. Several repetitions of the afore-
mentioned eycles are connmonly represented in an mdivid-
ual core, and this sugpests that rhythms may have been
caused by fuctuations in position of the ground water
table. Whether or not depositional ¢ycles of the imddle to
inner sheif are equivalent to those of the cuter shelf has
not begn determined.

DIAGENESIS OF CARBONATE SEDIMENTS

Early diagenesis in marine enviranments
In Guadalupian intertidal-subtidal environments mi-
oritizalion of certain invertebrates is abundantly recorded

(Fig. 15A). In micritization original shell texture is
obliterated by conversion to micrite. Kendall and Skip-

with (1969) present an excellent analysis of the process of
micritization in modern irgoons of the Persian Gulf. Cal-
careous shells of dead invertebrates became inhabited by
blue-green ulgae which bore into the shell with tiny fila-
rents, dissolving original shell matertal and precipitating
aragonite or gh magnesium caleite. In Guadalupian car-
bonates fusulinid foraminifera and calcarcous green algae
have been mmost susceptible (o micritization. Sheils of
many larger invertebrates have been coated by micrite
films, some of which scem (o have been of algal origin.

Probable examples of beach rock have been noted in
Permian intertidal carbonames (Fig. 15A). Grains were
cemented by flms of mierite and crusts of fAbrous to
bladed crystals that may originally have consisted of
high magnesiom caicite. These deposits subsequently were
whelly replaced by dolomiice,

FEarly diagenesis in sabkha envirooments
Predominantly aragemtic Guadalipian carbonates
which had been deposited in supratidal zones {coastal
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Figure 14, Guadsiupian deposiiional faches. wisurface cramnies of deflution fst and continental sabkha depositg, A -Deflation fiat deposits
walhy erdst clasts, desiccation dosts and adhgsion ripples. 5 --Continenit suhe ceposit contaneng anhyvarite pzeudomarphs of gypsum crystais
#ind rogettes and kinkby layers of andvddrite; deflarian flsg sructures, desiccation ofass sno adhesion rippies, are prosent, S—From lowar fefi
{bottemt eoee siab saquence Bustrates lsminar hrime pan intervad f-rmhvdrire-magnasém-si!a,r shate] amdt deflation 1ot clastios with ¢rust and
dasicoation cfasts and sdhesion Cippies, D—Phatomicrograph oi déflation flat deposir showing small fense of metium and coarse-grsined
sphersicds) quartz griams, which were Fapped i smalt defission hollows, enclosad within g matrnc of fine grained sand ang sitt, Each smal]
division equals 42 micrans,

sabkhas) by spring or storm tides became dolomizized dolomitizing Pormian shell carbonates, was resurrected
warly Ja their history (Figs. 7, 8 and 93 Modern examples ard popularized by Adums and Rhodes (1960). We reject
of supratidal dolomitization have been found in Andros the seepage refuxion hypothesis of Newell and others
Esfuzcd, Baharnas (3hinn and others. 19653 along the Tra- (1953} and Adams and Rhodes {1960F bucanse it is predi-

5 {1962}, Hling and cated npon the existence of broad hypersaline Lagonons in

93, Butler (1969) which evaporites were deposited. The Perminn reef was
Flovida by broken by rumercus thia! and surge channels and by large

clal ooast of she Persian Gulf fry We
eiers (19655, Kinsmsn (1966 and 19

and Kendall and Skipwith (198w,

Shinu (1965) and i Berwdre, W submarine canyens. Open cireulation and interchange of
Deffoves and others {1965} Cpent sea and lagoonal waters would have prevenied for-
Mezhanisms of dolomit W are oot vet well pnder- mation of dense hypersaline brines and prectpitation of
stoxd. In order 1o explain dolomitization of the Permian cvaporites. As previcusly tndicaled, alf Pesrmian shelf evap.
et comples, Newell acd others {1952} postutated tha orites secumulated in coastal or continental sabkias, and
dense srines, eppiched Mg " and SO.7, oripinated in net i lagoons,
vesteicred, hypersaline imgnonal waters and seepad dowp- Dreffeyes and others (1963) investigated recent datomir
Ward through cuter shelf cachanates, displacing inrersti- Lzation on Bouaire Istand, Netherlamds Antilles, und infer-

on results from dowaward per=
viorsaline wators which ovigi-

Ual water, apd wroughly  delomt The red 1hat dolomiriz
concet of seepage refluvion. as g vizhle mechanism for colation (reffux) of dense |
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Figure 15, Photomicrographs of thin sections ilustrating diggenesis of Guadalupian shelf sediments. A-Biosparrugite from outcrop of Yates
Farmation, Guadalupe Mountaine, Fusutines and green alpsa were thoroughly mecritized by biuegreen slgae {after desth) in the maring
envirorment. Moiluse shell fragments were coatad by micrite anvelopes and subsequenily aragonitic shell material wes dissolved, laaving hollow
micrita envelapes which became fiied by calcite coment. This sample redresents & paleo-hgachrock deposic which became cameniad in the
intertidal zone by drusy cafcite crusts. During burisl, beachrock became doloraitized ard al remoining woids were Tilled by anhydrite. After
Cenozoic uplift anhydrite became leached and cernented or tepieced by catcize. X 75, B —Subsurface sarmple of fsgounat pelmicrite which was
mineralogicaily stabibized (1o caleitel, Hihifiad and leached in a fresh wier disgenetic anviranment, Leached vugs becsme parfialiy filled by a
crust of dogtooth calcispar {C] cement in the vadose zone. During burisl the Hmastone becarme dolomitized and the remaining vug filted by
anhydrita {A}. Each smeall division equais 42 microns. C—Subsurface sample af anhydrite nadutes in outer shaif dolomite which becarne
replaced by length—stow chatvadony (CHE This occurrad duriny an eustatic sea level drop unider conditions of increased rainfall. Sach small
division equals 42 microns. Crossed polarizers. D—Deflaticn flat ssndstane from ¥ates Formation, Quargrawshs on srihockssa graing (QF were
precipitoted during buriml guartz grains dlse have ovecorowshs, Sandstone loter [during banial) becsma cammanted by doloimie and anhydrite.
Each smalt division gguals 11 microns; ceossed polarizers.

nated in supratidal lakes or flats. The mechanism of
Deffeyes and others differs from that of Newell and others
and Adams and Rhodes only in the environment wharc
concentration of brine occurs (backreef lagoon vs. supra-
tidal lakes or fats),

Most major mechanisms of dolomitization requice that
the Mg/Ca ratio be increased above that of pormal sea
water by evaporation and precipitation of gypsum. Butler
{1969} in his study of Persian Gulf Sabkhas found that the
Mg/Ca ratio increases from 5.3 in the tagoons to a maxi-

myum of 33 in interstitial brines of inner recharge zones of
the coastal sabkha, This increass of Mg/Ca ratios s
achieved by precipitation of gopsum and aragonite, The
magnesium rich brine rzacts with preexisting aragonite
mud, replacing 1t with dnfomite,

Anoiher carly diagenetic rezcrion occurring in the
sabkha envivonment is replacement of gypsum by anhy-
drite (Butler. 1967; Kinsman, 19651 As in modern ana-
logues, replacemient of gypsum by  anhvdrite in
Guadalupian sabkhas forms wolated nodules, nodular

:
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masaies (chicken wire structure), of pscudomorphed gyp-
sinn ervstals or rosettes (Figs. 10 and 1) Aahydrite
nodutes and psendomorphs of gypsum erystals and ro-
settes exhibit a felted texvure of lath-shaped crystalds
thin secilons (Fig XD,

Numerous cxamples of suffare meplicing octds znd al-
gal stromatolites were noted (Fig. 117 and such replace-
mienis are knferred 1o have been carly diagenciic reactions.
Whether or not replacement of curbenate ny sulfate oc-
curred during or afrer dojomitization cannaotl be defintichy
esteblished,

Cme peculiar tvpe of anhydrite replucenment of carbog-
ate, which ¢ould have tsken place either curly or late for
hoth), ocourred whelly within dense mivrite matrix. Aress
of anhydrite replacement are delinearca hy crudely- 1o
sharply rectangular horders which outline rarging of an-
hvdreite crystais (Figs. 11D and 18D). In thin seetions,
auier borders of areas of anhyvdrite replaceinent are fuzsy
and contair aurcoles of disscrminated, unreplaced mucnine
material. Murray (1964) coined the ferm replacerent an-
fydriie for this phenomenon buf offered no explanation.
Replacement anhydrite represents ar cmgruaiic phenome-
aon that scemingiv constitutes an exsoluoon reaction,
such as might he observed in ignecus or melamaorphic
rocks,

Early subacrial exposuce and fresh water diagenesis

Because modern marine corbonaies comsist predomi-
nantly of aragoaite and high magnesium calciie, they
becomne unstakde 1 e fresh water cnviconnient, {n & fresh
water diagenstic enviromment, aragonte ether inveris
stabie low magnesium cadeie or dissolves. Matthews
{1968), from study of subacrially exposed Pleistocene var-
bonaies on the sland of Barbados, has shown ihat reefs
comsisting of aragonitic lime muds and aragonitic carals
become minerskogicaily stabilized in the followmg man-
wer. Arpgonitic Bme mud contaiss a relatively homoge-
teous distribution of calatie nucla {skelerai materaly and
Bverts o low magnesiam calelte by sonlescive sofution of
aragonive and precipituiion of calone, with the reserion
initiatng on calerte nuclel, Aragonine skeletal material
tersds o dissodve, formdng maldie porosity, rathier than
inverting to calcite. The selution precipitation nrocess that
Characterizes nversion of aragonite wo calite pecurs slong
a ngranng flm and solunen of gragonite is unmediately
fallwed by precipitetion of caleite. This has been tormed
voidjess solution by Schinidt £196%). Becsuse aragonite is
denser than celcite, solution of sragondte suppliss an 35,
excess of Cal™ and 0L inas w be locally precipitared
cudoite cemient {Marthews, 1968: On Barbudos minera-
logic equilibration of reefS containing aragonitic corals has
vighled a denselv iithified miccize marmix and moldic
porosity, representing dissolunon of corals. Some corals
have mverted to calcite bul most have dissolved (Mat-
thews, 19685,

+,
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Land {1907} has shown that high magnesium calcite
will stahilize to low magnestum caleite by incongrucnt
dissolation of Mg ions, Gavish and Friedman (1969)
have shown rhat in carbonates subaerially exposed along
the coast of [sracl that all high magnesium caleite has
stabiftred within ten thousand years. Friedman (1964) has
shown that stabilizanion of high- to fow magnesium calette
Cepfosenis 4 paramorphic change (no change n texture),
Hathurst (1864} and Friedman (1964) have shown that
mversion of aragonitic skeletal material to low magnesiam
caleite represents a neomarphic change wherein fibrous to
prismatic texture is altered to coarse anhedral mosaic of
calvite erystals,

Suhtidal-intertidat Guadalupian carbonaics were sub-
actlally exposed (by eustatic Jowering of sea level) soon
after deposition and becamne stabilized and lithified m a
fresh water dingenetic environmenl according 1o the Bar-
hados model described by Marthews (1968). Selective so-
lution of aragonitic molhuscan sheils oecurred while
cadcitic shells were relatively unaffected (Figs, 13A and
S

Grantiar backreel apron deposits of skeletal materal,
aclife and pisodite hecame subjected to considerable inter-
nal sclution resulting in development of non-fecronic frac-
tures {see Branham, 1965, 1969, and Thomas, 1965) which
subsequently became 2nlarged by ground water solution
o form solution vugs, small- 1w large solauion channels
{Figs 16 and 18}, and in the upper third of the Yates
mterval cave formation was recorded (Fig. 16} A col-
lapsed cove deposit, exposed in Walnut Canyon, 15 shown
in Fig. 16 Large twinbled biocks can be seen with bedding
planes now being verticel or at Mgh angles. The largest
biock has a maximum diameter of 130 feer (Fig. 16A,
botom-cenierd, Tumbled Bocks are interlaced with clas-
tic internal sediment. Severa] large solution channels can
he seer entermg the puleo-cavern (Figs. 16A and B). Some
salugion churnels extend all the way 10 the top of the
carbonate interval within which the cave system formaed.
The Jargest solution chanmels represent enlargernent of
joins. Solution channeis became filed upward from the
base (Fig. 16B) by saudy miternal seiiment. An under-
susd stream deposit of sand contalming current ripple
crures can be seen in the exposure. The sand-filfed
soiution cliannels shown in Fig. 168 enter the large solu-
tion gallery contataing the saderground sireum. The cave
sxposure occurs kess than one half mike from the equiva-
iemt reel margin and records a drop in sea level of at least
E3F feer Ochickaess of paleowvadose zone). This represents
the largasi definitely esiablished sustatic drop of sez level
i the Gradalupian interval. Evidence for a similar system
i rie same Yares mierval was noted in a core sequence
from the Yales on the Ceniral Rasm Plaform (Fig. 16C).

Onigin of Guadalupian backreef pisolitic deposits (Figs.
10D and 17} remains & subject of controversy. Kendall
{1969} presenss an exoeliont review of the wpic. Ruede-
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Figure 18. Cave lormution ard other indigations of fresh water diogeness of Gukelupion outer shet corbonstes. A—Exposure of paieo—col-
iepsed cave fill in upper third of Yates Formation, Waknut Canyon, Carlshad Caverns Mational Parx, Large tumbled bilocks {T) are intermeshed
with clastic ang carbanate. internat sedirmnant. baximum ciamater of largast block is 130 feat. Undargraurd straam channel (LIS} saters cava and
is fitled with current rippled and leminated cfastic intarnal sediment. Large solution channet (SC) formed by enlargement of joint, entars
palag-cave and was Filled, upward (rom the bosiom by clustic internal sedumnent. B Close view of solution channel {SC), shown in A (1o left),
which was filled upward from base with horizontalfly layered clastic internal sadiment. C—Sutsurface core slab sequence from upper Yates
interval of Cantral Basiny Platformr--shows tumbled blocks and large soiution charnals, 1o the right {top}, which became intarrnashad and fillad
with glastic internal sediment. 5 - Expasure of algal pisalites in Tansil Fermation, in Carlshad Caverng Nationa! Park exiibils solution ehannels
{SC) which becarne f3led with internal sediman: and durk faminoied micritic V'dripstane’’ cement precipitated in the vadose zone. During burial

the iimestone becarne dolomitized.

mana {1929), Lang (1937}, Johason {1942), and Neweli
and others {1983} al} proposed that pisolites are marine
and probably of blue-green algal origin. Pia (1940) consid-
ered the pisolites to be of ingrgantc origin. Thomas {1965)
and Dunham {1963 and 1969} inferred that pisolites
formed as soil cancrelions (ealiche pisolites)in the vadose
zone.

Kendall {1969} postulates that pisolites and associated
fenestral material arc marine i origin, and that subse-
guent disgenesis and cementation in the vadose-phreatic
zone produced phenomena mferred by Thomas (1963)
and Dunham (1965 and 1969 1o have formed i the
vadose zene. According to Kendall {1969}, marine piso-
lites formed in agitated waters just laadward of the plat-

form margin where well sorted bioclastic  debris,
miraclasts, pellets and ooids became coated by micrite
laminae whose precipitation was probably caused by blue-
green algae. The fact that quartz grains adhered to pisolite
surfaces indicates they were fmitially sticky. The abun-
dance of broken pisolites suggests that pisolites were brit-
tle. Folk (in Kendall, 1969) suggested that pisolites may
have been soft when submerged but became brittle when
dricd. Kendall also infers that pisolites were subsequently
deposited by storm waves as gravely pisolitic cays.

We agree with Kendall (1969} that probably most
Guadalupian pisalites are of marine- and probably bive-
green algal origin, and that pisolitic grainstones subse-
guently  became  diagenctically modified i the
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vadose-phreatic zone, during low stands of sea level, o
produce vadose phenomsena noted by Thomas (1965) and
Dunham {1965 and 1969}

Voids among gravely pisolitic deposits and scluton
vags and channels tn other ouvder shelf curbonaie facies
became partially to completely flied by the foliowing
vadose deposits; these criteria for vadose exposure were
also noted by Punham (1965 and 196%) and Thomas
{1963} and constitute additional evidence for fresh watar
diagenesis during eustatic lowerings of sea level.

1. Teicle structures commoniy oceur tn large intersiices
amang pisolites. These record precipitation of stalactitic,
gravitational cement which was precipitated i pendulons
water films.

2. Laminar micritic (“dripstone™) eement (Figs. oD
and 17A} commonly lines solution vugs and chagaels.
These micritic laminar cements closely resembie ulgal
luminations of pisolites. Because laminar aigal pisolites
commonly becaine cemented by laminar, “dripstone” ce-
ment, it 15 easy to imagine how confusion uy to the origin
of these deposits could arise.

3. Drusy, dogiooth calcite cement {Figs. 15 and 16}
was commaonly precipitated in solution vugs and chunnels
or among pisolitic futerstices. Drusy cement may be inter-
calated with Jaminar, “dripstone’ cement.

4. Layered internal sediment, consisting of granuiar
clastic or carbonate material, was deposited by rapidly
percolating vadose water on floors of large Interstices
among pisclites and in solufion vugs and channels {Figs
16 and 17). Layered internal sediment commonly alfar-
nates with laminar and drusy cements,

Kendall describes fibrous calcite cement that coais
pisolites as having been deposited by percclating water
during subaertal exposure. The wriers believe that most
of the Bbrous caleite cement reported by Kendall repre-
senis fibrous recrystallization of fing micrinie faminage. In
aearly all cases noted by the wiiters, calcitic fibory
diggenetically transect micrite laminae whick alse became
partially recrystatlized to microspsr or psendospar. Simi-
tar fibrous recrystatlization of micrite laminace | f‘rmu m
stalactites, pariicularty within imc-' tolder)
stalactite, Newly deposited ourer i
cipitated rapidly by evaporation, 3.«%}%%}%:‘ SR
atite Jaminae. Within the core of a siachte the formg
micrite taminae become recrystaiived w0 fibrous cxdvite
with ghosts of the ring structure 5121 preserved.

During paleoleaching intervals, associated with cu-
static lowering of sea level. some leaching of evapaorites b
inferred to have occurred along the outer platform and
replacement of sulfate hy length-slow chaleedony
recorded (Fig, 15C) Folk and Putman {1571 Jave
proposed that replacement of sulfates by length-siow ehal-
cedony is a widespread phenomenon in evaporite-besring
sediments. Folk and Pittman (1971} have also Inferred
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that chaleedony precipitated as void-filling 18 length-{ast.
Heplacement of sulfare by length-slow chalcedony in
Guadalupian sedintents clewrly cceurred in the Permian
because it is fuaad in subsurface samples.

Bupial dispenesis

As previously indicared, supratidal carbonates of
Guadaiupian formations became doiomitized carly i the
coastal sabkha environment. Subudal-intertidal carboa-

ates, which had presiosusly become stabilized to low mag-

nesium caleite and lrifed fn a fresh water diagenetic
anvironment beoarne dofomitized during durial and all
exiting offective porosity became ovcluded by precipita-
tion of voud-filling anhydrits {Figs. 15, 16, 17 and 18).
Thus, backreel hmestones, inchiding pisolitic intervals,
contatning small-to-large solufton vugs and channels,
hecamoe converted 1o dolomite and sl voids became filled
with sulfate cement (Figs. 15, 17 and [ 8). Precipitation of
visid-filling anhydrite peohably reflects “feedback™ of cal-
ciam fons which were refeased by the dolomitization pro-
cess and precipitated us cdloium suifate. Whether the
origingl void-filling sulfute was auhydrite or gypsum, has
not hean detu‘;nmd. Replacement of caleitic Hmestones
by dolomite must have been a very stow process, becanse
not one cxamphe of dolomitization of calcite during the
Holocene is known t¢ the wrirers: ait Holocene dolomiti-
zatton imvolves aragonitie precursors. Dolomitization of
Guadalupian calcitic mesiones gnd precipitarion of void-
Eiling wulfate judicates that delomitiziag fuids were en-
eiched 1n magnesiom and sulfa

Guadaiuptan outer shelt’ carbonates were subjected to
cveles of emergence snd submergence and  climatic
changes early in their Ristory, It v inferred that dolomiti-
sation of aragonite precursars withm the sabkha environ-
ment could be accounted for within this context of
redatively short rerm flueriations. Massive dotomitization
of calcizic himesiones must have ocourred at a much
slower rate than dokunitzation of aragonilic precursors
withmn the sabiha epvirommnent, and if must therefore have
required ehe securisy of an environment 101 subjected to
refarively short rerm { Tmm.mm-. and mrerruptions. It s
thus mferred rhat | ne depth below that of

Cusi g have permitted dolomitiza-
tion af calelng Z'a;';: one 1o proceed without intercuption.
fmad : or, precipiation of anhydrite cement

i cortun saacsiones 15 inferred by independent crlteria to
‘*m‘, i}veﬁ p:'e-:ép"raiﬁd at some \ig peh. It g possible that

. ; sHpre in dolomitized
ted 1o precipitation of sul-

Céi{i}L”}dirS”{jf "@u{,i:u 3
tale ig intercataiod sandstones.

Diagencsis related o Cenavoic uphifi

Guadalupten formauons 2xposed i the Guadalupe
Mountains arca becarmy uphited and sublected to block-
Paubung 1o mud-Tertiary-Plemiceene time. This mitiated

i
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Figure 17, Indications of early fithification and teaching of outer shelf carbonates in & fresh water diagenatic environment, during kww stands of
saz level, and subsequent dolomitization and ccelusion of porasity by anhydrire during burial. A Photornicrogragh Hfrom Yates ouicrap in
Guadalupe Mountainsk Hlusirating algal pisalites which became cementad in {he vadose zone by laminar, micritic calcite cament and had vadose
ireriwl sectiment (18] deposited in krger intorstices by pereclating groond water. Laminar, micritic cement films are almost indistinguishabie
from algal laminations. Dofomitization occurred during burisl. Void-filling snhydrite was 18ached after Cenozoic uplift. X 10, B—Pholoricro-
araph of subsurface sample from Seven Rivers Farmation of Northwest Shelf. Algal pisoiitic grainstane was subjected to internai sedimantathon
{gray lenses!, cemantation and leaching in the vadose zone. During burial dolomitization amt scolysion of pardsity by anhydrite bwhite]
occurred. X 10, C—Phatomicrograph of Yates subsurface sampls showing tens of layerad cerbonate internal sedimant deposited in solution
charmel by vadose percofation. Late dofomitization occurred during burial, Each smail division sguats 90 microns, D- Subsurface cora stab
sequenca from Yatas Formation of Northwest Sheif--shows slgal pisolitic grainstone containing tayared clastic internal sediment deposited in
salution channels, Pisolites ware abrupty overlain by dastis ceflation flat sediment, to the teft {bottem!, Dolomitizotion end filling of vaids by

aphydrita gecurred during bustal.

an episode of fresh water diagenesis that is siill in progress. data. Nearly all void-flling suifate has either been leached
FEeaching of sulfates (Figs. 15A and 18}, hvdration of from Guadalupian cuterops and BHed with calcite cement
anhydrite to gypsum, replacement of sulfates by calcite or replaced by calcite (Figs. 134 and 18) and length-siow
and length-siow chakeedony and dedelomitizanon have chalcedony. Observation in outcrops of Guadajupian
cccurred and are now in progress. Development of Carls- dolomires wirh solution vugs and channels, now cither
bad Caverns cave systiem has included Guadalupian for- open of filled by caleite cement or kength-slow chaicedony.
mations. Erroneous interpretabion of peragenesis would would vield a deceptively fallacious reconstruction of
result if one failed to compare outcrop and subsurface paragenesis,
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erystals (Figs. 10-14). Halite was precipitated within red
shales (Figs. 12 and 13) and as a cement in red-brown
sandstones (Figs. 12 and 1) within continental sabkha
bring pan and saline deposits. Massive cementation of
sands by original gypsum (Fig. 13D3) occurred in continens
tal sabkhas; this is a probable analogue %0 the massive
gypsum rock described by Kinsman (1969} in continental
sabkhas inland from the Persian Gulf, Not all original
gypsum cement in Guadatupian shelf sediments was re-
placed by anhydnite during early diagenesis o hurial, and
some gypsum still exists at depths of greater than 3,000
feet (Fig. 13D).

Early subacrial exposure and fresh water diagenesis

As previously indicated, Guadalupian sediments of the
outer shelf area were subjected {o subaerial exposure, dur-
ing low stands of sea level, and the climate was character-
ized by increased rainfall. Original evaporites were
subjected to dissolution, hydration of anhydrite to gyp-
sum, and replacement of some sulfate by length-slow chai-
cedony.

Development of pisolitic caliche soils on some sandy
parent materials converted them into dense petrocalcic
horizons. Petrocalcie (caliche) horizons, which formed on
sandy parcnt materials, exhibit concretionary pisolites,
grains couted by micritic films and replacement of quartz

by carbonarte.
Late diagenesis—including burial and subsequent uplift

During burial silica was precipttated as optically con-
tinuous overgrowths on guariz grains and orthoclase over-
growths were precipitated on orthoclase grains (Fig.
13D Overgrowth precipitation occurred on sands that
gither had net been cemented carly in their history, by
halite, sulfate or carbonate, or had been subected to
palealeaching of evaporites. Overgrowths were not formed
on grains which contained clay or oxide films.

During burial sands, which were uncemented or from
which sulfate or halite coment had been leached, became
cemented by dolomite and/or anhvdrite after precipita-
tion of overgrowths had cccurred on guartz and ortho-
clase grains. The dolomite cement was a primary
precipitate and # consists of small 1o large (potkilotopie)
rhombic crystals, Anhydrite cement, precipitated during
burial, may also have been primary because it consists of
large individual crystals and does not exhibit the felted
lath texture ihat churacterizes replacement of gypsum by
anhydrite (Fig. 10C).

Original calcitic material in clastics, such as inverte-
brates, pisolites and iniractasts, became dolomitized dur-
ing burial, as in the case of undolomitized carbonates.

Comparison of outerop and subsurface data enables
diagenetic changes that wok place during subsequent
uplift 1o be recognized. Uplift of Guadalupian formations

in the Guadalupe Mountains occurred in mid-Tertiary-
Pleistocene time and the following disgenetic changes
were recorded and are stiil in progress. Anhydrite has
been hydrated to gypsum, leached (Figs. 15-18) or re-
placed by length-slow chalcedony or calcite. The brown-
red color of nuost clastic intervals has been alered to bufl,
tan or green-gray by flow of ground water through the
material and reduction of ferric fron. In layers that still
exhibit the brown-red calor, local reduction of fersic iron
to produce green-gray zones is recorded along fractures or
Joints. {t may be mferred that some decementation of
carbonate-cemented sands has oceurred.

DISCUSSION OF DOLOMITIZATION
MECHANISM

It has been previously indicated that volumetrically
most dolomite within  Guadalupian shell carbonates
records replacement of outer shelf, subtidal-intertidai car-
bonates which had been mineralogically stabilized and
lithified in a tresh water diagenetic environment. Early
dolominzation of predominantly aragonitic coastal
sabkha carbonates produced a relatively minor volume of
dolomite.

Dolomitization of subtidal-intertidal caloitic lime-
stones did not destroy previous textures and fabrics
formed during fresh water diagenesis. Original calcitie
cements (laminar, micritic “dripstonc” and drusy dog-
tooth spar} retained their onginal {exture and erystal mor-
phology afier dolomitization. Coarsely recrystallized
calcitic psendospar, associated with solution vugs and
channels, and layered, granular, calcitic internal sediment
alsc became dolomitized without change in texture or
fabric. Xenotopic fabries predominate in dolomitized cal-
citic limestaones.

Dolomites which were formied early in the sabkha envi-
ronment are characierized by ncomorphic textures, idi-
otopic to hypidiotopic fabrics and contain features
indicative of supratidal deposition (birdeye vugs, desicca-
tion fearures, flat pebble conglomerates and anhydrite
aodules or aphydrite pseudomorphs of gypsum crystals),

Pattern and degree of late dolomitizadon of caleitie
Himestones indicafes that it resulted from regicnal, long-
continued, predominantly lateral and downward move-
ment of brine enriched in Mg and 80,7 ions. The Goak
Seep reef and s shelf cqutvalents, the Grayburg and
Queen Formations (Fig. 2). are completely dolomitized.
The vounger Capitan reef is anly partially dolemitized
and backreef carbonates of the Seven Rivers, Yates and
Tansill Formations are complerely delomitized, except in
immediate backreef areas where some intervals were only
partially dolomitized. In fact, Guadslupian shelf carbon-
ates probably exhibit more intensive dolomitization than
carbonates 1n any other known geologic province. In sub-
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surface samples collected from 2-40 miles behind the
Goal Seep-Capitan reef tract no cxamples of undolomst-
1ized Guadalopian carbenates were found. Basinal carbon-
ate turbidites equivalent to the intensively dolomitized
Goat Seep reef, the South Wells and Manzanira carbonate
intervals of the Cherry Canyon Formeation, exhibit greater
degrees of dolomitization than basinal limestones equiva-
lent to the partially dolomitized Capitan reef, the Hegler,
Pinery, Rader, McCombs and Lamar Members of the Bell
Canyon Formation (Fig. 2). Older basinal limestones of
the Bell Canyon, the Hegler, Pinery and Rader, exhibit
progressively preater degrees of dolominzation than
youuger limestones, McCombs and Lamar, In all cases,
dolomitization of basinal carbonate turbidite intervaly at-
renuates basinward. Thus, dolomitization of reef and basi-
nal carbonates was to a large degree time dependent,
Sulfate ions within dolomitizing brine evidently became
depleted before magnesium hecanse perosity-occluding
sulfates were not precipitated in partiaily dolomitized
basinal carbonates. Massive occlusion of well-developed,
leached porosity by void-filling anhydrite accompanied
dolomitizatior of ouler shelf calcitic Hrestones (Figs. 15,
17 and 18).

No hypersaline lagoon, as postulated by Newell and
others {1933) and Adams and Rhodes (1960}, existed in
Guadalupian Time. With the exception of void-filling an-
hydrite, that was precipifated during dolomitization of
calcitic limestone, all shelf evaporiies were deposited in
coastal or continental sabkhas. ‘Thus, the model of seepage
refluxion based upon concentration of hrines in hypersa-
line lagoons cannot explain dolomiuzation of Guad-
zlupian shelf carbonates. In view of the geologie history
of Guadalupian shelves (1., sublected to repeated eustatic
seit level and chimatic fluctuations?, it is difficult to explain
intensive, whalesale dolomitization of calcitic limesiones
within the context of the model proposed by Deffeyes,
Lucia and Weyl (1965} from the island of Bonaire.

It is posiulated that wholesale, late dolomitization of
cuter shelf caleitic limestones records regional hydrody-
namic retflux of brines enriched in magnesium and sulfate
ions and chlorides. The brine originated in the vast middle
10 tnner shelf, evaporite-bearing, clastic sequence (coastal
sabkha, continental sabkha und defation fats) and moved
laterally and downward through outer shelf and basinal
carbonates, dolomitizing them. The water may have been
original fresh ground water whose density and salinity
were progressively increased as it moved toward the rela-
tively narrow band of outer shelf carbonates. According
to Kinsman {1966), lack of dolomitization in clastic host
materials would yield brines deplefed in Ca™™, enriched in
Mg™™ and containing up o 60-70% of their original
$0,7 (if derived from original sea water). The presence of
magnesite and sulfates in evaporite-bearing clastics atiests
{0 high concentration of Mgt and 50, ions.

CONCLUSIONS

I. The following depositional environments are
recorded in Guadalupian shelf formations of the Permian
Basin: 1} reef, 2) backreef apron, 3} lagoon, 4) intertidal
zone, 5} coastal sabkha, 6) continental sabkha, 7) deflation
flat.

2. Guadalupian outer shelf deposits conmtain well-
developed depositional cycles which consist of vertical
sequences of the following deposits: 1) subtidal carbonates
{reef, backreef, lagoon), 2) intertidal clastics and carbon-
ates, 3} coastal sabkha (clastics, carbonates and evapo-
rites), 4) continental sabkha (clastics and evaporites) and
5) deflation flat clastics. These rhythms record alternate
submergence and emergence of the shelf and are inferred
to result from the following combination of factors: 1)
glacially conrrolled eustatic sea level fluctuations, 2) con-
tinuous subsidence, and 3) progradation of coastal-conti-
nental sabkha and deflation flat deposits, during high
stands of sea level, to progressively infill lagooms.

3. Vastextent of sabkha-type deposits, containing evap-
orites, in the Guadalupian does not reflect deposition in
gigantic coastal sabkhas (megasabkhas). Widespread oc-
currence of Middle Permian sabkha deposits records: 1)
deposition of continental sabkha deposits extending far
inland from coastal sabkha depasits extending far inland
from coastal sabkha and 2) seaward progradation of
coastal sabkha, continental sabkha and deflation flat de-
posits and progressive infilling of lagoonal deposits during
still stands of sea Jevel, following transgression of the sea
over all or part of the outer shelf

4. In (ruadslopian time high stands of sea level were
characterized by arid cHinates and precipitation of evapo-
rites in coastal and continental sabkhas. During low
stands of sea level the shelf was emergent and the outer
shelf area was characterized by increased rainfall.

3. The largest documented Guadalupian sea level
change is recorded in the upper third of the Yates interval
where & sea Jevel drop of at least 130 feet is recorded by
the previously described eollapsed cave interval. The 130
feet represents partial thickness of a paleo-vadose zone.
Based upon thicknesses of individual vadose zones, many
sea level drops scem 1o have ranged from 10-15 feet to
30--30 feet {minimum). The 130 foot {(minimum) drop may
represent a full glacial interval and others may correspond
to stadials,

6. From comparison of outcrop and subsurface data
the following paragenesis can be reconstructed for
Guadalupian sediments.

a. Deposition of reef, backreef, lagoonal. intertidal,
coastal sabkha, continental sabkha and deflation fat
facies.

b, Early hypersaline diagenesis in the coastal or conti-
nental sabkha environment. 1) precipitation of
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different types of gypsum crystals, 2) cementation of
sands by original gypsum—especially in the conti-
nental saubkha environment, 3) dolomitization of
aragonitic carbonates, 4) replacement of gypsum by
anhydrite to form pseudomorphs of gypsum crystals
or neomorphous nodules and chicken wire struc-
ture, 5) replacement of some carbonate by sulfate.

c. Fustatic lowering of sea level, change of climate to
one of increased rainfall ffor outer shelf area), and
mineralogic stabilization (aragonite and high mag-
nesium calcite to low magnesium caleite), leaching
and lthification of undolomitized, subddal-inter-
tidal carbonates occurred in a fresh water environ-
ment to form calcitic limestones.

d. During burial calcitic limestones (including petro-
caleic horizons), which had formed during early
subaerial exposure in a fresh water diagenetic envi-
ronment, became dolomitized and all effective
porosity was occluded by precipitation of voudfilling
anhydrite {originally gypsum?); this indicates that
the dolomitizing fluid was cnriched in Mg and
80,2~ ions. During burial of uncemented sands, epi-
taxial overgrowth of quartz on quariz grains and
erthoclase on orthoclase grains was followed by pre-
cipitation of dolomite and anhydrite cements. Cal-
citic material within clastic intervals became
dolomitized during burial, like calcitic limestones.

e. Uplift of Guadaluptan sediments in mid-Tertiary to
Pleistocens time inttiated another episode of fresh
water diagenesis which is siill in progress and dia-
genetic reactions include: 1} enlargement of frac-
tures by ground water sclufion and cave formation
{Carlsbad Caverns), 2) solution and bydration (o
gypsum) of anhydrite and replacement of sulfate by
calcite and length-siow chalcedony, 3} precipitation
of modern calcite cement in solution channels and
vugs, 4} minor dolemitizanon, 5) precipitation of
length-fast chalcedony in some voids (as a result of
subaerial exposure), 6) alteration of originally
brown-red sandstones 10 tan, buff or green-gray col-
ors probably reflects reduction of ferric iron.

7. Most dolomite in CGuadalupian shelf carbonates was
formed by replacement of calcitic limestones, which had
been stabilized and lithified in a fresh water diagenetic
environment during low stands of sea Jevel, rather than by
early dolomitization of aragonitic lime mud in coastal
sabkhas, Pojomitization of Hmestane occurred at a much
slower rate than replacement of unstable aragonitic pre-
cursors; therefore, it required the security of an environ-
ment where it could proceed uninterrupted by shorf-term
fluctuations in sea level and climate. Dolomitization of
cuter shelf limestones is inferred 1o have occurred during
burial by brines enriched in magnesiurn, sulfate and chio-
rides. Dolomitizing brine evolved in evaporite-bearing
clastic host materials of coastal and continental sabkhas

wherein early dolomitization and attendant depletion of
magnesium and sulfate did not occur. The brine, which
may have originated as original fresh water, moved later-
ally and downward by hydrodynamic reflux, intensively
dolomitized outer shelf limestones and partially dolomit-
ized basinal carbonate turbidites with an  unstable
mineralogy.
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