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ABSTRACT.—Preliminary study of diagenetic features occurring in carbonate
strata of the Middle Pennsylvanian Morgan Formation (northeastern Utah and
northwestern Colorado) has revealed a complex history of calcite and silica ce-
mentation, dolomite and silica replacement, dedolomitization, fracturing, pres-
sure solution, and late-stage calcite cementation. Fibrous to bladed calcite spar
fringe cement grown isopachously upon former aragonite grains is interpreted
as former early submarine aragonite or high-Mg calcite, later neomorphosed ro
low-Mg calcite. Calcite spar grown syntaxially upon echinodermal substrates
and equanc czlcite spar filling interparticle and intraparticle pores both postdate
fringe cementation. This later calcite spar precipitation probably occurred in a
meteoric phreatic environment. Selective dolomite replacement of micritic
grains and matrix probably occurred after most calcite cementation. Dolomite
rhombs from the eastern study area are very finely crystalline, limpid, and un-
zoned. Dolomite thombs from the western study area, in contrast, are coarsely
crystalline and cloudy and display numerous synwaxial ferroan dolomite, dolo-
mite, ferroan calaite, and calcite overgrowths. The precipitational environment
for Morgan dolomirization is not enrirely clear, but the present data seems in fa-
vor of a phreatic, meteoric-marine mixing-zone interpretarion. Cachodolumines-
cence reveals a complex trace element zonation in both the calcite spar cements
and the coarsely crystalline dolomite rhombs. Dedolomitization is a relatively
rare phenomenon. It cither formed as a diagenetic event almost coeval with do-
lomitization, or during late-stage, near-surface weathering. Silica cementation
and replacement probably occurred concurrent with or after dolomitization. Sil-
ica cementation of primary depositional porosity is rare; it is most common in
secondary solution porosity and consists of two generations of length-fast
chalcedony and one later generation of megaquartz. Silica replacement in the
form of chert nodules and beds is selecnve for spiculicic, mud-supported car-
bonates and for former high-Mg calcite skeletal grains. The environment for
Morgan slicification is not entirely clear, but the present data seem in favor of
a phreatic, meteoric or meteoric-marine mixing-zone interpretation. Probable
pscudomorphs of halite, nodular anhydrire, and gypsum rosettes were first re-
placed (or possibly filled after early dissolution) by calcire spar, followed by fer-
roan dolomite, length-slow chalcedony, and megaquartz replacemenc. Pressure
solution postdates all previously mentioned features and is manifested by su-
tured stylolitic surfaces, interpenetrating grain-to-grain contacts, and nonsutured
solution seams. Late-stage cementation by brightly luminescent, nonferroan cal-
cite spar and by later dull-luminescent, ferroan calcite spar fills earlier tecron-
ic(?} fractures, intercrystalline and biomoldic porosity, and some stylolitic sur-
faces. Porosity preservation is greatest in coarsely dolomitized facies, in which
up to 10-15% combined intercrystalline and biomoldic porosity remains; the
lowest porosities (1%) occur in calcite spar-cemented grainstones.

INTRODUCTION

The Upper Morgan Formation is a 200-m-thick Middle
Pennsylvanian  (Atokan-Desmoinesian) sequence consisting
largely of 5- to 25-m-thick, fine- to very fine-grained quartzose
sandstone intervals (70-80% of total section) interbedded with
0.25- to 11-m-thick, mostly fossiliferous limestone and dolomite
units (fig. 1). It is well exposed in northeastern Utah and
notthwestern Colorado within the Wasarch and Uinta Moun-
tains, and also across parts of the Colorado Plateau (fig. 2). The
Morgan Formation was first investigated sedimentologically by
Driese and Dott (1984) in order to determine whether or not
it represented a form of cyclic sedimentation unique to the
western edge of the North American craton. Physical and bio-
genic sedimentary structures, as well as carbonate lichofacies
were both described and interpreted. The wide spectrum of car-
bonate lithofacies was interpreted as dominantly shallow sub-
tidal in origin. Carbonate lithofacies include (a) oolitic, bioclas-
tic, and peloidal grainstones and packstones, most of which
contain normal marine faunal assemblages, but some of which
show evidence of faunal restriction; (b) whole-fossil wacke-
stones; (c) intraclastic rudstones and floatstones; (d) chaetertid
boundstone masses; (¢) laminated, abiotic mudstones concain-

ing probable evaporite pseudomorphs; (f) low-angle, cross-
bedded, fossiliferous quartz sandstones to well-abraded, sandy
grainstones. Sandstone intervals were deposited by eolian dune
progradation. Carbonate intervals were deposited after rapid
marine transgressive cvents; carbonate environments were in-
itially stenohaline, but gradually became increasingly restricred
to episodically hypersaline as carbonate sediments accumulared
up to shoal conditions. With the use of a modified Markov
chain analysis procedure described by Carr (1982), repetitive
vertical sequences were quantitatively verified. Eustatic
changes—possibly related to Gondwana glaciarion—were hy-
pothesized as the probable causal mechanism for the repetirive
depositional patrerns.

Under the paleoenvironmental model presented by Driese
and Dott (1984), pore-fluid compositions would have had the
potential to fluctuare from meteoric to marine and, at times, to
hypersaline, with each marine advance and retreat. Thus, dia-
genesis in the Morgan Formation might have been directly in-
fluenced by sea-level fluctuations and the accompanying lateral
shifts in facies mosaics. Recent work by Heckel (1982) on the
diagenesis of Pennsylvanian midcontinent cyclothems suggests
that many diagenetic features may be controlled by depositional
facies. The Morgan Formation has never been the object of any
diagenetic study, aside from preliminary subsurface in-
vestigations by Picard (1977), who reported extensive dia-
genetic modification by dolomitization and silicification. The
purpose of the present study is fourfold: (1) to describe, in de-
rail, the diagenetic features present in samples from the Morgan
outcrop belt, as revealed by petrographic scudy; (2) to examine
the vertical distribution of diagenetic features relarive to the re-
petitive vertical sequences identified by Driese and Dott
(1984); (3) to attempt to put these features into a relative time
sequence; (4) to examine lateral (regional) variations in dia-
genesis. Such diagenetic study could aid in further evaluation
of the upper Morgan Formation and other lithostratigraphically
equivalent rocks as potential hydrocarbon reservoirs. Most of
the present Morgan gas production occurs in coarsely dolomi-
tized carbonate intervals and not in the interbedded (tight)
quartz sandstones (Verville and others 1973; Picard 1977).

METHODS OF STUDY

During the summer months of 1980 and 1981, the exam-
ination of outcrop exposures of the Upper Morgan Formation
occupied sixteen weeks in the field. Twenty-two stratigraphic
sections were measured (fig. 2). Within the Yampa and Green
River Canyons (Dinosaur National Monument), sections were
measured at 3- to 10-km intervals, thus permitting detailed
study of lateral and vertical facies relationships. Carbonate sam-
ples were collected at 0.25- to L-m intervals within each unit, or
wherever a major lithologic change occurred. Approximately
500 samples were slabbed, polished, and examined under low
magnification with a binocular microscope. About 200 samples
were selected for thin-section examination under a petrographic
microscope. Thin sections were stained with alizarin red-S to
determine the distribution of calcite and dolomite, and with
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FIGURE 1, -Generalized scrangraphic column tor Penasylvanian and Lower Permuan strara exposed in northeastern Utah and northwestern Colorado, Stratigraphic

terminology atter Hunsen {19775,
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potassium ferricyanide to determine if the calcite or dolomite
was ferroan (Dickson 1966).

The luminescent characteristics of the various carbonate
components were revealed by examining uncovered, lightly pol-
ished thin sections with a Nuclide Corporation ELM-2A Lumi-
noscopc® mounted on a conventional petrographic microscope.
Luminoscope operating conditions were: 10 kV beam energy,
0.6-0.8 ma beam current, cold cathode gun type, and variable
beam diameter. Cathodoluminescence (CL) petrography was
utilized in this study to supplement standard perrographic in-
vestigations. Sippel and Glover (1965) and Kopp (1981) have
alluded to the usefulness of CL in detecting trace element zona-
tion and “hidden” fabrics in carbonate rocks. Meyers (1974)
utilized CL in deducing a cement stratigraphy of Mississippian
carbonates in the Sacramento Mountains of New Mexico. Until
recently, only qualitative generalizations could be made con-
cerning the relationship between luminescent behavior and
trace-clement distributions. Frank and others (1982) have dem-
onstrated that the degree of luminescent intensity of a particu-
lar calcite zone is controlled by the Fe/Mn ratio, and not by
the concentrations of either cation. Frank (1981) similarly pro-
posed that the Fe/Mn ratio also governs luminescence in dolo-
mite. Pierson (1981), in contrast, suggested that the absolute
concentration of ferrous iron is the limiting factor for dolomite
luminescence.

It is hoped that the present study will serve as a
springbeard for future diagenetic studies in Pennsylvanian se-

quences of the western United States. The application of more
sophisticated analytical techniques (e.g., electron microprobe,
SEM, atomic absorption spectrophotometry, carbon and oxygen
isotope ratios, and fluid inclusions) to Morgan Formation dia-
genetic studies may eventually allow for more precise geochem-
ical interpretations than were possible within the scope of this
study.

DESCRIPTION OF DIAGENETIC FEATURES
Micnnzanon of Carbonate Grains

Micritized carbonate grains are observed primarily in bio-
clastic and peloidal grainstones and packstones, which occur at
the base and top of repetitive Morgan sequences (fig. 3). The
micritized regions range from a few microns to a half millime-
ter or $0 in thickness. A few distinct, micron-scale, tube-shaped
microborings filled with micrite or microspar were observed.
Typically, the micrite envelopes are internally homogeneous,
and no relict internal structures of the host grains are visible.
Partially micritized skeletal grains are most common. At least
some of the spheroidal grains identified as peloids may repre-
sent completely micritized skeleral grains and not fecal pellets.

Discussion

Micrite envelopes in Morgan carbonates probably formed
by algal—and/or fungal-boring of carbonate grains in a sub-
marine environment (Bathurst 1966, 1975; Swinchatt 1969).
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FIGuRE 2. —Map showing outcrop localities sampled for this study. Heavy line denotes approximare location of east-west diangenctic boundary,
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Because there are no Morgan carbonate facies thought to repre-
sent deep-water (bclow photic-zone) deposition, a photo-
synthetic algal origin seems most likely, although Friedman
and others (1971) cautioned against the overgenerahzation that
all borings and micrite envelopes were produced by algac,

Micritization could also have occurred beneath the sedi-
ment-water interface (May and Perkins 1979). Rarc phylloid al-
gal plates in some Morgan facies indicate at least some photic
zone deposition. The absence of stromatolites, oncolites, and al-
gal mat structures might reflect an abundance of grazing gas-
tropods. The abundance of micritized grains in basal and upper
grain-supported facies of Morgan repetitive sequences (fig. 3)
and their near-absence in the central mud-supported facies are
probably related to differences in water depth and/or sunlight
penetrabilicy.

Fibrous to Bladed Fringe Cements

Fibrous to bladed fringe cements are observed but are rare
in grainstone and mud-lean packstone lithologies, which typi-
cally occur at the base and top of reperitive Morgan sequences
(fig. 3). Crystals are 10-60 pm in length, 2-5 pm in width, and
exhibit acutcangle crystal terminations (figs. 4a,b, Sa). Their
cloudy nature is probably attributable to an abundance of mi-
nute (millimicron-scale) inclusions; whether the inclusions are
organic or fluid is uncertain. The best examples of fringe ce-
ments occur on substrates of formerly aragonitic composition
(c.g., oolitic, peloidal, and molluskan grains). Radiaxial calcite
fabrics are generally absent. Fringe cements emit a dark brown,
very dull luminescence, which contrasts markedly with the
bright yellow-brown colors that typity most equant calcite spar
pore-filling cements (fig. 4b). No evidence for growth or com-
positional zonation was observed. All fringe cements are non-
ferroan calcite, and never constitute more than $-10% of the
total cement in any given sample.
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Discussion

The fibrous fringe cements reported here closely resemble
some modern early marine sea floor cements (e.g., Shinn 1969,
1971, Land and Goreau 1970, James and others 1976, Ginsburg
and James 1976, Marshall and Davies 1981) or intertidal beach
rock cements (Moore 1973, Davies and Kinsey 1973). Their
cloudy, inclusion-rich nature and dominant clongarion normal
to growth substrates suggest precipitation in a magnesium-
rich or saline environment in which sideward growth was in-
hibited by the poisoning effect of magnesium and other forcign
ions (Folk 1974) or by differential charge development on crys-
tal faces (Lahann 1978). The isopachous growth pattern and
lack of meniscus (Dunham 1971) or gravitational (Muller
1971) growth feacures suggest precipitation in a phreatic, rather
than a vadose environment. The preference of fringe cements
for former aragonitic host substrates implies that there was
some host control on early cement nucleation, and it appears to
be the primary control on their vertical distribution in the
Morgan Formarion.

Syntaxial Caleire Spar Cements

Syntaxial calcite spar cements are most commonly observed
in echinoderm-rich, bioclastic grainstones (fig. 4c), which typi-
cally oceur at the base of repetitive Morgan sequences (fig. 3).
Most syntaxial cements are clear to fainely turbid and are non-
ferroan calcite. Cement growth is preferentially clongate in di-
rections parallel to the c-axes of monocrystalline host substrates
(fig. 4d). No microdolomite inclusions were ever observed
within these cements. Syntaxial cements typically emic a dull
brown luminescence or none at all. In the most echinoderm-
rich lithofacies, syntaxial cements may constitute up to 95% of
the calcite cements; in mixed bioclastic facies, 10-40% syntaxial
cement is more typical.
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FIGURE 4.—Examples of calcite and quartz cementation: (a) Fibrous to bladed calcite fringe cements (F) rich in inclusions, isopachously coat ooids (0), followed by

later equant calaee spar pore-filling cements (8), Thin section, plane lighe UW 1740/23. (b) Same oolitic grainstone scen in <a, as viewed under cachodo-
luminescence (CL). Omds (O) luminesce dull yellow-brown, fringe cements (black arrow) are dark brown, botryondal calciee cements (B) are dull brown,
calcite spar cements (S) are brght yellow-brown to nonluminescent. UN 1740723, (¢) Synuaxial caldiee spar-cemented comodal grainstone, overly close pauk-
ing due to later solution compaction. Thin section, crossed nicols. UM 1740724, (d) Syntaxial calcite spar cements viewed under CL. Early nonluminescent
cement zones (black) have grown preterenaally along direction of caxis of cnnaid columnal (Cr, outhned in white), followed by later zones of vellow-brown
|umincﬁ1ng cements (lighter colors). U 1740725, (¢) Caleire spar cements prnlplt.u(‘ti in shelwered pores in p(‘lmd-hu)(l,{sr grainstone. Thin section, pl;mc
light UW 1740/26 (D) Same field of view as 1 4e under CL, Spar cement consists of aleernanng vellow-brown luminescing (Light color) and non-
luminescing (dark color) zones; latest zone 15 baght yellow and occludes remaining intercrystalline porosity. UW 1740/26 (g) Two generations of length-
fast, fibrous chalcedonic cemenes (1 = clear, 2 = inclusion-rich) ssopachously coar dolominzad canoid grans (CR), followed by later equant megaquartz
cements (3), Thin secdion, plane lighe, UW 1740727 (h) Same field of view as in dg, under crossed nicols. LW 1740/27




Figure 5. —Examples of dolomitizanon and dedolomitizaton (a) Selectve partial dolonute replacement ot micnioe grins in pelotdalantraclast grainstone Dalo-

mite thombs are very light colored. Note unaltered tnnge and sparry calate cements: Srained dun secoon, plane light TW 1740728 (b) Sclecave dolominza:
tion of micnte matnx i bodaste wackestone. Nore unu']‘.];mwl skeletal grains. Staned thin secnon, plane hghe LW 1740429 () Coarse mrergrown dolo-
mute thombs (D) and syneaxial overgrowths, 1= caletre, 2 = tercoan dolomute Ineercrystalline space filled wath calente spar or pseudospar (€] Stuned dhin
swenon, plane light T 1740730 (dy Dolonute thomb exhibiting complex zonation under CL Zone 1 lunnnesces bright vellow orange, Zone 2 s dull red
brown, Zone 3 1s medium-bnght orange with tunt red brown bands, Zooe 4 is dull red brown, Zone s 15 baghr yellow; nonluminescing bodies (Q) are
derntal quarte sand. UW PR 5L (o) Coarse dalomite thomb (1) contaoung syntaxidl fereoan calowe overgrowths (dark bands). Rhomb parely replaces(?]
calcite spar cement (O rhomb border appears pactly corroded Stnned thin secuon, plane hght U 1740032 () Zoned dolomite thombs viewed under CL
LW 1740435, (1) Rhombic forms, tormerly dolomite, now complerely replaced by calaire pseudospar. Note opagque iron oxtdes and orgame marcer displaced
to outer nurgins of thombs. Staned din secnon, plane highe LN L7000 540 (h) Porous dolomite viewed under CL Note pore (bromold 2) o cluded wich
brght yellow luminescing calcire spar cements display complex zonanaon; remainder of pore cemented by

nonlumineseent ferroan calcire spar (F)o Ovcher
black areas represent either empty pore space (P o detnina] quarce sand, LW 17404535,
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Discussion

Syntaxial spar cement growth was discussed by Evamy and
Shearman (1965, 1969) and Bachurst (1975). The clear, in-
clusion-free nature of most syntaxial cements in the Morgan
and the absence of vadose characteristics suggest precipitation
in a meteoric phreatic environment (Meyers 1974, 1978; Folk
1974). The absence of microdolomite inclusions probably rules
out a former marine, high-Mg calcite precursor for these ce-
ments (Lohmann and Meyers 1977, Meyers and Lohmann
1978). Fabric relationships suggest that syntaxial spar precipi-
tated after fringe cement growth but before equant spar cemen-
tation. Thus the fringe cements are probably early submarine
and may have originally precipitated as aragonite or high-Mg
calcite. Syntaxial cements, in contrast, might be early burial
phreatic and probably originally precipitated from meteoric wa-
ters as low-Mg calcite. The distribution of echinoderm grains
within normal marine grainstone facies appears to be the pri-
mary control on the vertical distribution of synrtaxial spar ce-
ments in the Morgan Formation.

Equant Calcite Spar Cements

Clear, 0.05- to 0.5-mm-diameter crystals of equant calcite
spar occur as both inter- and intraparticle pore-fillings through-
out all parts of repetitive Morgan sequences (fig. 3). The coars-
est cement crystals grew within cavities formed by larger skel-
etal grains (chiefly brachiopods and ostracods) or in sheltered
pores (figs. 4b,e). Intercrystalline boundaries are planar, crystal
size increases toward the centers of pores, and enfacial triple
junctions predominate. Equant spar cements are always non-
ferroan calcite. Standard petrographic examination did not re-
veal any evidence of compositional or growth zonation. CL, in
contrast, revealed multiple increments of growth; dull brown
or nonluminescing zones alternate wich yellow-brown to bright
yellow luminescent ones (figs. 4b,f). The widths of discrete
luminescent zones range from a few microns up to a millime-
ter. In general, the spar cements do not display a distinct
“stratigraphy” of luminescent zones; alchough correlation of
zones within the same sample was possible, both sample-to-
sample and outcrop-to-outcrop correlation proved impossible.
Equant spar cements typically constitute 60-100% of all calcite
cements in any given sample.

Discussion

The placement of equant calcite spar in original deposition-
al porosity, together with the high percentage of plane inter-
crystalline boundaries and the increase in crystal size toward the
center of pores, suggests its precipitation as a void-filling ce-
ment in the Morgan Formation (Bathurst 1975). The clear, in-
clusion-free nature of all Morgan equant spar and the absence
of vadose characteristics suggest precipitation in a meteoric
phreatic environment (Meyers 1974, 1978; Folk 1974). A for-
mer marine, high-Mg calcite precursor for the equanc spar
seems unlikely on the basis of the absence of microdolomite in-
clusions (Lohmann and Meyers 1977, Meyers and Lohmann
1978); precipitation as low-Mg calcite is more probable. Fabric
relationships suggest that the equant calcite spar precipitared
mostly after the syntaxial spar. Whether or not both were de-
rived from the same pore-fluids is not certain, but their differ-
ent luminescent properties do imply differences in Fe/Mn ratios
(Frank and others 1982) and, therefore, differences in pore-fluid
chemistries. The complex compositional zonation in Morgan
equant spar cements, as revealed by CL, indicates cement
growth in many different stages, as opposed to a single gener-
ation of growth for most fringe and syntaxial calcite spar ce-

ments. The widespread distribution of equant calcite spar ce-
ments in all carbonate facies within Morgan repetitive
sequences scems to imply that substrate preference was not an
important factor governing their distribution, unlike fringe and
syntaxial calcite spar cements; instead, the availability of open
pore spaces was most important.

Chalcedony and Megaquartz Cements

Most silica present in Morgan Formation carbonates, aside
from detrital quartz sand and silt, scems to be of replacive ori-
gin. However, some pore-filling silica cements are patchily dis-
tributed within porous, dolomitized grainstone and packstone
facies from the western part of the study area (fig. 2). They are
relatively insignificant compared to calcite cements and only oc-
cur at the top of repetitive Morgan sequences (fig. 3). Three
distinct generations of silica cements are generally observed in
Morgan carbonates (figs. 4g,h): (1) clear, isopachous, length-
fast chalcedony containing micron-scale microdolomite in-
clusions; (2) cloudy, isopachous, length-fast chalcedony con-
taining abundant opaque, minute (millimicron-scale) ferric iron
inclusions; (3) clear, 0.05- to 0.25-mm-diamerer, equant mega-
quartz containing large (5-20 um) fluid and/or vapor-filled in-
clusions. In both chalcedonic cements, the fiber-bundles are
grown clongate normal to the pore walls. The equant mega-
quartz crystals increase in size toward the centers of the pores.
This general tripartite zonation of silica cements was also ob-
served within the interiors of many chert nodules; some nodule
interiors still retain unfilled porosity. The first chalcedonic ce-
ment exhibits a dull brown luminescence, whereas the second,
darker one luminesces pale lavender. The megaquartz cement
does not luminesce. Silica cements generally constitute less
than 1-2% of all cement mineralogies present in any given
sample.

Discusston

The chalcedony and megaquartz are here interpreted as
pore-filling cements on the basis of their distinct growth fab-
rics. The isopachous growth pattern, elongation of fiber-bun-
dles normal to substrate walls, and lack of vadose characteristics
all suggest that the length-fast chalcedony grew as a phreatic
cement within an open cavity; length-fast chalcedony, accord-
ing to Folk and Pittman (1971), occurs primarily as a cavity
filling. The high percentage of plane intercrystalline bound-
aries, increase in crystal size toward the center of pores, and
lack of vadose characteristics suggest that the megaquarez also
precipitated as a phreatic void-filling cement. The tripartite pat-
tern of silica cementation in the Morgan Formation closely re-
sembles the pattern III silica cementation (substrace wall -
chert » chalcedony + megaquartz) reported as occurring in
Permian pelecypods and brachiopods by Schmitt and Boyd
(1981). Length-fast chalcedony and megaquartz in the Morgan
Formation resemble cements interpreted as having precipitated
in a phreatic groundwater system by Meyers (1977) and Meyers
and James (1978). The timing for emplacement of the three
generations of silica is uncertain, Three interpretations are pos-
sible: (1) Silica cements precipitated in original depositional
porosity; either they formed before calcite cementation (less
likely) or after calcite cementation and after dolomitization
(more likely). (2) Silica cements precipitated into pores formed
by the leaching out of calcite cements, probably after dolomiti-
zation. (3) These three silica phases are not cements at all but
formed by the direct replacement of carbonate. In this inter-
pretation, the isopachous chalcedony, some of which contains
microdolomite inclusions, probably represents a replacement of
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a botryoidal, high-Mg calcite, carly submarine cement, whereas
the equant megaquartz might represent replacement of equant
calcite spar. Because the same tripartite zonation of silica phases
also occurs in the centers of chert nodules, which clearly post-
date calcite cementation (see later section on silica replace-
ment), a cement origin for both the length-fast chalcedony and
megaquarez still seems most probable. The predominant occur-
rence of silica cements at the top of repetitive Morgan se-
quences and their greater abundance in western outcrop areas
imply there are both vertical and lateral controls on their distri-
bution, Perhaps quartz sandstones served as local sources of si-
lica for cementation. If this were the case, then proximity to
superjacent quartz sandstone intervals might explain the ob-
served vertical restriction, whercas the general westward de-
crease in carbonace thickness (and concomitant increase in
sandstone thickness) could be responsible for the observed lat-
eral variations.

Dolomitzanon

Lithologtc and Regional Controls

Both lithologic and regional factors have aftected dolomite
replacement in the Morgan Formation. A strong positive rela-
tionship exists between original depositional micrite content
and the amount of replacement; 25-100% replacement typifies
wackestone and mudstone lithelogies, whereas 0-25% character-
izes most grainstones and packstones. Consequently, the cen-
tral, mud-support-dominated part of repetitive Morgan se-
quences (fig. 3) is the most pervasively dolomitized. In
addition to this fabric control, a significant regional (east-west)
control seems apparent; samples from the eastern part of the
study area (fig. 2) are dominated by clear, very finely crystalline
dolomite, whereas those from the western area (fig. 2) are
cloudy (inclusion-rich) and coarsely crystalline and display com-
plex compositional zonation.

Eastern Region

Partial replacement by 2- to 100-um diameter, euhedral to
subhedral dolomite rhombs occurs within grain-supported,
mud-lean (<C5% depositional micrite) lithofacies from the east-
ern area (fig. 5a). Typically the dolomite is of a clear, “limpid”
variety; staining indicates a slightly ferroan composition. The
rhombs display strong host-selectivity, nucleating only within
micrite and micritic grains (e.g., micrite envelopes on skeleral
grains, foraminifera, peloidal grains, grapestone lumps, car-
bonate mudstone intraclasts). Conversely, coarsely crystalline
skeletal grains, fibrous fringe cements, and syntaxial and equant
spar cements are not replaced.

Selective replacement of both micritic grains and matrix by
very finely crystalline dolomite also vccurs in mud-rich (> 5%
depositional micrite) carbonate lithofacies (fig. 5b). Replace-
ment ranges from 10 to 100%; the greater the amount of
coarsely crystalline skeletal material and sparry calcite cement
present, the less the dolomite replacement. Petrographic evi-
dence for compositional zonation or overgrowth is rare, al-
though in some of the largest thombs cloudy cenrral cores are
visible. Most dolomite rhombs from the eastern region lumi-
nesce a bright red-orange color, and display dull red-brown cen-
tral cores.

Western Region

Dolomitization is so much more pervasive in samples from
the western area that original depositional textures and grain
types are difficult to impossible to identify. A few types of skel-
etal grains (e.g., crinoid columnals and brachiopod valves) re-

tain enough distunctive morphologic form so as co be identi-
fiable after dolomitization. Dolomite thombs in the western
region arc much coarser than any observed in the eastern area,
ranging from 0.1 to 1.5 mm in diameter; in spite of their large
sizes, no saddle-shaped or “'baroque” crystals were ever ob-
served. Rhombs are typically cloudy (inclusion-rich) and cu-
hedral to subhedral and display «calcite, ferroan calcite, dolo-
mite, and ferroan dolomite overgrowths (figs. 5¢.f).
Overgrowths range in thickness from 5 to 50 pm, and all are in
optical continuity with host thombs. The general trend is for
dolomite composition to become increasingly ferroan toward
the outer peripheries of thombs. In several samples, 10- to 50-p-
m diameter, cloudy cores are visible within the centers of the
coarsest thombs. Cathodoluminescence petrography reveals an
even more complex compositional zonation than was initially
recognized in stained thin sections (figs. 5d,f). Calcite zones
luminesce bright yellow to yellow-orange; ferroan dolomite is a
dull red-brown color; non-ferroan dolomite is a medium-bright
to bright intensity, red to red-orange color. Subzones within
major compositional zones are common (e.g., zone 3 in fig.
5d). Round central cores are very much more conspicuous un-
der CL as well. The basic CL zonation observed in all dolomite
thombs is (1) dull to medium-bright intensity, red to red-or-
ange central core, (2) bright red-orange to orange middle zone,
(3) dull red-brown outer zone. The coarsest rhombs always ex-
hibit the greatest number of composirional bands.

Discussion

Selective dolomite replacement was previously reported by
Land (1967), Shinn (1968), and Neal (1969), among others.
Neal (1969) observed an order of relative susceptibility of com-
ponents to dolomitization that is almost identical to the one
observed in the Morgan Formadon: lime mud matrix = fer-
roan calcite spar > nonferroan calcite spar > «calcite bioclasts,
Selective dolomite replacement of micrite is apparently related
to the greater number of potential reaction sites in the micrite
and the relative stability of low-Mg calcite cements and bio-
clasts. Models for dolomitization generally invoke either some
form of brine reflux (eg., Adams and Rhodes 1960, Deffeyes
and others 1965, Hsii and Siegenthaler 1969) or the mixing of
meteoric and marine waters (e.g., Hanshaw and others 1971,
Badiozamani 1973, Folk and Land 1975). A newer model by
Baker and Kastner {1980, 1981) proposes that dolomicization is
favored by a reduction in both dissolved sulfate and silica. Ir is
difficult to ascertain, at the present level of investigation, the
mechanism(s) by which Morgan carbonates were dolomitized.
However, the evidence does not seem in favor of pene
contemporaneous or evaporative dolomitization, for several rea-
sons: (1) There is no evidence for the former presence of any
extensive evaporite sequences in the Morgan Formarion, al-
though rare evaporite pseudomorphs were reported by Driese
and Dott (1984). (2) There is not a strong tie between evapo-
ritc pscudomorph occurrences and pervasivencss of dolomitiza-
tion {(e.g., a stenohaline wackestone lithology exhibits the same
degree of dolomite replacement as a laminated, evaporitic mud-
stone). (3) Morgan carbonates are almost exclusively shallow
subtidal and were rarely emergent (Driese and Dott 1984). A
mixing-zone model seems more likely for the dolomitization of
Morgan Formation carbonates based on dolomite crystal mor-
phologies. The finely crystalline, euhedral, limpid dolomite
rhombs characteristic of the eastern study arca probably formed
under slow rates of crystallization, an absence of foreign 1ons
competing for structural sites, and low Mg/Ca ratios (Folk and
Land 1979). Folk and Land (1975) suggested that fluctuation
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from dolomite to calcite precipitation occurs in waters with
Mg/Ca ratios around 1; hence, the alternation of calcite and
dolomite overgrowths grown syntaxially on coarse, inclusion-
rich thombs in the western study area could reflect slight shifts
in the Mg/Ca ratio above and below the cridical 1:1 ratio. The
common occurrence of ferroan dolomite and ferroan calcice as
overgrowths suggests that at least chese later stages of dolomi-
tization occurred within a low Eh, phreatic environment con-
taining abundant reduced iron (Evamy 1969).

The reasons for the observed east-west gradient in dolomiti-
zation of Morgan carbonates are also unclear. Dunham and Ol-
son (1978, 1980) alluded to an east-west paleogeographic con-
trol on dolomitization of Middle Paleozoic carbonates in the
Cordilleran miogeocline of central Nevada. They proposed that
meteoric water derived from subaerially exposed tracts in the
eastern part of the miogeocline migrated westward to mix re-
peatedly with marine waters; hence, there is a consistent tem-
poral and spatial distribution of limestone rtowards the west
and dolomite towards the east. Although an east-west paleo-
hydrologic control may have governed Morgan dolomitization
as well, the observed spatial distributions of less extensive do-
lomitization in the cast (shelfward) and more pervasive towards
the west (miogeocline) are not as predicted by Dunham and
Olson’s (1978, 1980) model. Another possible explanation is
that lateral variation in dolomitization is related to east-west
changes in depositional facics—Morgan carbonates thin greatly
at the expense of intervening quartz sandstones when traced
westward, and the quartz sandstones assume a more shallow-
marine rather than eolian character (Driese and Docr 1984).
The decrease in thicknesses of carbonate packets and increase in
thickngsses of intercalated (permeable?) quartz sandstone units
might have facilitated dolomitization. Alternatively, an cast-
west gradient in maximum burial temperatures, as deduced
from conodont alteration indices (Epstein and others 1977),
may have had an influence. Conodonts from castern Morgan
carbonate samples suggest maximum burial temperatures in the
range of <<50-80°C, whereas in the western area, temperatures
were as high as 85-170°C. However, if the dolomite had
formed at these clevated temperatures during deep burial, then
saddle-shaped or “baroque” crystals would have been expected
to form (Radke and Mathis 1980), yer none were ever ob-
served; it therefore seems unlikely that the dolomite is of high-
temperature, deep-burial origin.

The timing of dolomitization cannor be precisely deter-
mined. Although it clearly postdates calcite spar cementation,
it could cicher predate or be coeval with silica replacement. If a
mixing-zone interpretation for Morgan dolomitization is cor-
rect, then dolomite could have precipitated early while mete-
oric-marine fronts repeatedly passed through the section with
cach transgression and regression. If the dolomite formed at
deep-burial depths (which seems less likely), then it might have
precipicated very late, but probably before Cenozoic tectonism.

Dedolominzinen

Dedolomite occurs rarely within the coarsely dolomirized
facies of the western study area. The most common expression
of dedolomite is as a polycrystalline mosaic of calcite pseudo-
spar and microspar in which the thombic outlines of the for-
mer dolomite rhombs are still preserved (fig. 5g). Incomplete
dedolomitization commonly appears as a mottled, or “swiss-
cheese,” fabric. Dedolomite is very sporadic in occurrence; it
typically grades both laterally and vertically into unreplaced
dolomite in outcrop, over distances of no more than a few me-
ters. It is volumetrically insignificant compared ro dolomite,

generally replacing much less than 1% of the dolomite in the
samples examined. Organic inclusions and ferric iron thar were
probably originally contained within the dolomite appear to
have been forcibly displaced toward the outer periphery of each
thomb, thus forming opaque rims (fig. Sg). Calcite-replaced
dolomite rhombs luminesce a dull brown to medium-bright in-
tensity, yellow-brown color that is clearly distinguishable from
the bright red to red-orange luminescence of the unreplaced
dolomite; opaque outer rims do not luminesce.

Discussion

Dedolomitization is believed to occur when solutions with
a high Ca/Mg ratio react with dolomite to form calcite (Evamy
1967). Three mechanisms were proposed for the process: (1)
surficial chemical weathering, (2) reaction of dolomite with so-
lutions containing sulfate, (3) changes in the Mg/Ca ratio of
dolomitizing pore-fluids (Katz 1968). The mode of formation
of Morgan dedolomite is difficule to ascertain because of its
sporadic and scemingly unpredictable distribution. The com-
mon occurrence of Morgan dedolomite as coarse thombs com-
posed of polycrystalline aggregates of calcite pseudospar and
microspar points to direct replacement of dolomite by calcite,
rather than by dissolution-precipitation (Evamy 1967). The
opaque rims fringing dedolomite rhombs might have formed
when excess ferrous iron was expelled from the rhomb during
calcite replacement and reprecipitated as colloidal ferric hy-
droxide (Evamy 1963). Alternatively, the ferric iron rims could
simply be a consequence of the fact that the ferrous iron con-
tent of Morgan dolomite rthombs typically increases outward
from the centers of rhombs, The timing for the formation of
calcitized dolomite rhombs is interpretable in two different
ways: (1) Early diagenetic dedolomitization could have oc-
curred almost coevally with dolomitization. If che chemical en-
vironment was unstable, a slight shife in the Mg/Ca ratio pro-
duced a change from dolomite precipitation to
dedolomitization. (2) Late-diagenetic dedolomitization could
have occurred as a near-surface weathering feature, which there-
fore postdates all other diagenetic events, including late-stage
calcite spar cementation. Vertical discributional controls on
dedolomitization in repetitive Morgan sequences are not appar-
ent; the restriction of dedolomite to western, coarsely dolomi-
tized carbonate facies suggests some lateral control(s), perhaps
telated to the same factor(s) governing the observed cast-west
lateral variation in dolomite replacement.

Silicification

Lithologic and Regional Contrals

Silica replacement of carbonate grains, marrix, cements, and
dolomite appears to have been governed by depositional texrure
and geographic location in much the same manner as was the
dolomite; 0-5% silica replacement typifies most grainstone and
packstone lithologies, whereas some wackestones and mud-
stones are up to 30% chert replaced. Consequently, the mud-
support-dominated central parts of repetitive Morgan sequences
are the most extensively replaced by silica, whereas basal and
upper grain-support-dominaced parcs are generally not replaced
(fig. 3). Silicification is also much more pervasive in the west-
ern part of the study area, where whole beds of carbonate of
any texture are replaced.

Eastern Area

Skeletal grains are partially to completely replaced by chert
and/or chalcedony in the eastern area (fig. 6a). Skeletal grain
type susceptibility to silica replacement is echinoderm =
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brachiopod > bryozoan > all other grains. The chert and
chalcedony are colotless to pale yellow-brown in transmitted
light; both contain rare 2- to 10-pm-diameter microdolomite
inclusions. Chalcedony fiber-bundles are randomly oriented
within replaced grains and are both length-slow and length-
fast. Concentrations of opaque ferric iron, organic material, and
ferroan calcite all occur at the boundaries berween unaltered
carbonate and replacive silica (figs. 6a,b).

Silica replacement occurs on a megascopic scale in the form
of 1- to 40-cm-diameter chert nodules and 1- to 15-cm-thick,
laterally discontinuous chert beds. Depositional stratification,
burrow structures, and skeletal grains are all directly traceable
from the chert nodules and beds into adjacent carbonate. Local-
ly abundant, laterally discontinuous concentrations of skeletal
grains were favored sites for silica replacement, as were spiculit-
ic wackestone and mudstone lithologies. Some nodules contain
length-fast chalcedony as pore-filling cements filling shrinkage
cracks within their interiors; they were generally followed by
equant megaquartz cements, All silica-replaced carbonate exhib-
its dull brown luminescence or is nonluminescent.

Western Area

In the western part of the study area, silica replaces not
only carbonate grains and marrix, bur also calcite cements and
dolomite. Dolomite replacement was probably preceded by dis-
solution or corrosion (fig. 6b). Silica replacement of skeletal
grains typically preserved even the most delicate details of skel-
etal microstructure (figs. 6¢,d). Though not provable, whole-
sale replacement of former carbonate cements is also inferred in
figures Ge and 6f because of a lack of fabrics suggestive of
growth into open pores, as are evident in ﬁgures ig and 4h.
Authigenic quartz overgrowth on quartz sand and silt grains is
restricted to the western area. Anhedral overgrowths pre-
dominate in very sandy carbonate lithologies (fig. 6g), whereas
euhedral to subhedral overgrowths are best developed in lith-
ologies in which the quartz grains are not in direct grain-to-
grain contact with each other (fig. 6h). Outlines of host detrit-
al grains are commonly accentuated by rings of disseminated
microdolomite inclusions (fig. 6h). The crystal habit adopted
by most overgrowths is a doubly terminated hexagonal prism.
Overgrowths do not luminesce under the beam-currenc condi-
tions normally used to examine the carbonate facies, but many
detrital nuclei luminesce a bright blue color.

Discussion

The primary controls on the distribution of replacive silica
in repetitive Morgan sequences appear to have been skeletal
grain composition and micrite matrix content. Selective silica
replacement of skeletal grains and lack of replacement of neigh-
boring intraclasts and micrite matrix might be explained by the
presence of organic decomposition products within the skeletal
grains that created favorable microenvironments conducive for
silica replacement  (Jacka 1974). The occurrences of both
length-slow and lengrh-fast chalcedony as skeletal replacements
in the Morgan are somewhat puzzling; the presence of length-
slow chalcedony might serve to differentiate cases of direct re-
placement of skeletals from c¢hose in  which dis
solution/precipitation (i.e., cementation) probably occurred
(Folk and Pirtman 1971). The abundant chert replacement ob-
served in Morgan wackestones and mudstones might be a func-
tion of their higher sponge-spicule contents; the sponge spic-
ules may have served as local sources of silica (Meyers 1977). It
is difficule to ascertain, at the present level of investigation, the
mechanisms by which Morgan carbonates were silicified. Pre-

vious researchers have postulated silica replacement wicthin me-
teoric phreatic lenses (Meyers 1977) or by mixing marine and
meteoric waters (Knauth 1979). The relative timing of silicifi-
cation is likewise unclear. Fabric relationships in which silica re-
places dolomite or in which dolomite inclusions float within si-
lica seem to imply that at least some silicification postdates
dolomitization. However, many of the microdolomite in-
clusions, which are common within silica-replaced grains of for-
mer high-Mg calcite composition (¢.g., echinoderms, brachio-
pods, bryozoa), could have formed by dolomite exsolution
during silica replacement (Jacka 1974); thus their presence need
not require that silicification postdate dolomitization. A recent
dolomitization model proposed by Baker and Kastner (1981)
seems to imply that silicification may in face be conducive to
dolomitization —chus it is also possible that the two occurred
coevally. The grearer pervasiveness of silicification observed in
the western study area appears to coincide with greater dolomi-
tization in that same region; hence, the facror(s) responsible
for the lateral variability of dolomitization may also have affect-
ed silicification.
Evaporite Diagencsis

Rare evaporite pseudomorphs were observed within lami-
nated mudstones and in wackestones containing abundant pe-
loidal grains or restricted faunal assemblages (e.g., ostracods,
lingulid brachiopods, gastropeds, and encrusting foraminifera).
The pscudomorphs typically occur in the upper part of repeti-
tive Morgan sequences, directly beneath the uppermost grain-
supported facies (fig. 3). They arc generally more common in
carbonates from the castern part of the study arca than from
the western part. They do not occur in extensive, laterally con-
unuous beds buc in 1- to 10-cm-thick, patchy zones. There are
three principal morphologic forms of pseudomorphs, each of
which are replaced to varying degrecs by nonferroan calcite, fer-
roan dolomite, length-slow chalcedony, and megaquartz. The
first morphologic type is a 0.25- to 1.5-mm-diameter cubic
form, which is probably pseudomorphous after halite (fig. 7a).
The second is a globular, irregularly shaped, massive form, pos-
sibly pseudomorphous after nodular mosaic anhydrite (figs.
7b,f). The third and most common type is a stellate form that
consists of 1- to 20-mm-diameter, radiating swarms or aggre-
gates of lathlike crystals, many of which exhibit “swallowtail”
terminations (figs. 7c,d,e,g). It is most likely pseudomorphous
after gypsum (selenite) rosettes. No relict evaporite minerals
per se were ever observed in Morgan carbonates. The pscu-
domorphs, in general, constitute less than 10% of most samples
in which they are observed. Fabric relationships suggest replace-
ment of evaporites in the following sequence: nonferroan cal-
cite pseudospar > ferroan dolomite -+ length-slow chalcedony
and megaquartz (fig. 7f). Microdolomite inclusions occur in
some chalcedony- and megaquartz-replaced pseudomorphs (figs.
7¢d). Although calcite-crystal fabrics in a few pseudomorphs
are suggestive of void-fillings, the majority suggest a direct re-
placement origin for the calcite (fig. 7g). Under CL, calcite
pscudospar luminesces a dull to medium-bright intensity,
brown to yellow-brown color; ferroan dolomite luminesces dull
red-brown; chalcedony and megaquartz generally do not lumi-
nesce (fig. 7a). Many pseudomorphs also conrain cloudy, semi-
opaque masses (organic material?) thac luminesce an intense
bright blue color.

Discussion

Although marine evaporites occur most commonly in
supratidal - (sabkha) environments (Shearman 1963, Murray
1964, Kinsman 1969), care should be exercised against over-
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generalizing that their presence in a stratigraphic sequence is
indicative exclusively of supratidal deposition (Dean and others
1975). Driese and Dot (1984) pmposed that Morgan car-
bonate facies containing evaporite pseudomorphs formed under
low-energy, shallow subridal conditions in hypersaline lagoans
or bays on the basis of an absence of probable supratidal or in-
tertidal features (e.g., desiccation polygons, fenestral or birdseye
fabrics, algal-mat structures, stromatolites). Evaporite replace-
ment might have been concurrent with several of the dia-
genetic cvents previously alluded to on the basis of similarity of
relative time order, luminescent properties, and mineralogy: (1)
It is possible that calcite pseudospar replacement of evaporites
and calcite spar cementation are related. (2) Ferroan dolomice
replacement of evaporites could have been coeval with the
more widespread dolomitization that affected most Morgan car-
bonate facies. (3) Length-slow chalcedony and megaquartz re-
placement of evaporites probably was concurrent with silica re-
placement of carbonate grains, matrix, and cements. The lateral
restriction of evaporite pseudomorphs to the eastern part of the
study area scems to indicate more arid conditions and more im-
paired marine circulation on this part of the shelf. Their verri-
cal restriction in repetitive Morgan sequences, according to
Driese and Dotr (1984), probably reflects upward shoaling of
carbonate environments coincident with increasingly impaired
water circulation.

Pressure Solurion

Pressure solution shows as stylolites, fitted-fabric textures,
and nonsutured solution seams. These feacures generally occur
within Morgan carbonate strata that were relatively unaffecred
by either extensive dolomitization or silicification; hence, pres-
sure-solution phenomena are more abundant in the eastern part
of the study area. Evidence for physical compaction (e.g.,
crushed ooids, broken micrite envelopes) is relatively rare. Su-
tured stylolitic surfaces are the most easily recognized form of
pressure solution (fig. 8a,b,g). Stylolites are most abundanr in
the basal grain-support-dominated lithofacies within repetitive
Morgan sequences (fig. 3}; about 25% of the grain-rich car-
bonates examined contain some stylolites. Most stylolites have
2 dominant horizonral to subhorizontal orientation; maximum
observed vertical amplitudes are about 2 cm. The insoluble resi-
dues that occur along stylolitic surfaces consist of very fine de-
trital quartz sand and fine-to-coarse quartz sil, heavy mineral
grains, very finely crystalline dolomite rhombs, phosphatic skel-
ctal material, and opaque iron oxides. Many dolomite rhombs
are cruncated against stylolites (fig. 8g). Calcite spar cements
associated with stylolitic surfaces are distincely different from
all other cements when viewed under CL, because they emir a
very bright luminescence of an intensity rivaled only by that of
calcite spar fracture-filling cements (c.g., compare figs. 8b and
8h). Solution compaction is also expressed as overly close
packed or fitted fabrics, in which all grain-to-grain (or grain-ce-
ment) boundaries are interpenctrative, yet distinctly sutured
stylolitic surfaces are absent (figs. 4¢, 8c). This feature is also
most common in the basal part of reperitive Morgan sequences
(fig. 3); almost every bioclastic grainstone showed some grain-
to-grain interpenetration.

An overly close packed fabric can also be the final produce
of solution compaction in the mud-supported lithologies that
dominate the central part of repetitive Morgan sequences (fig.
3). Most grains are not in direct grain-to-grain contact, but are
separated by thin (micron-scale) microstylolite swarms that
contain abundant insoluble residuc (fig. 8d). Where signiticant
loss of micrite matrix is inferred, a crude fabric is developed
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that resembles a foliation or a fissilicy. This fabric, roughly par-
allel to bedding, is evident in figure 8d; hand samples show a
tendency to break along these planes. These features are also
observed in outcrop and are recognized where carbonate strata
thin across rigid, insoluble chert nodules and lenses. Solution
compaction in very mud-rich lithologies (>>80% depositional
micrite) is typically expressed as swarms of wispy, anastomos-
ing solution seams, only a few microns wide (fig. 8¢); fine in-
soluble residucs, including some clay, occur along solution
secams. About 50% of the mud-rich carbonares examined con-
tain some nonsutured solution seams.

Discusston

Pressure solution is an important diagenetic process in
many carbonate rocks, especially with respect to the reduction
of inter- and intraparticle porosity (Wagner and Macthews
1982). Although experimental work indicates that modern car-
bonate sediments are compactable (Shinn and others 1977),
this does not appear to have been an important process in Mor-
gan carbonares. The vertical distribution of pressure-solution
phenomena in repetitive Morgan sequences is probably a func-
tion of the different types of responses of different lichologies
to vertically directed overburden (burial) stresses (Wanless
1979); sutured seam solution (stylolitization, fitted fabric tex-
tures) dominates in carbonates that had structural resistance to
stress, whereas nonsutured scam solution occurs in structurally
responsive, grain-poor carbonates that conrained appreciable
amounts of clay and platy silt. Fabric relationships suggest that
most pressure solution postdated calcite spar void-filling (e.g.,
figs. 4c, 8a) and dolomitization (fig. 8g), although a minor
amount of very finely crystalline dolomite could have formed
from Mg?* released during pressure solution (Wanless 1979).
The lateral restriction of pressure-solution features to the east-
ern part of the study area is 2 consequence of the greater per-
vasiveness of dolomitization and silicification in the western
area and is further evidence that pressure solution postdated
these features. The similarity of luminescent properties between
the calcite spar associated with stylolitic surfaces and that in
late-stage tracture-fillings is interpretable in two ways: (1) Pres-
sure solution served as a local source of calcite for late-stage ce-
mentation. Some of the calcite reprecipitated along the stylo-
lites and some migrated into late-stage porosity (e.g., fractures,
intercrystalline and biomoldic porosity). (2) The brightly lumi-
nescent calcite spar came into the stylolites much later and
therefore is not related to pressure solution,

Late-Stage Cementation

Vertically to subvertically oriented, 0.1- to S-m-wide frac-
tures crosscut carbonate grains, matrix, cements, and dolomite
thombs. They occur equally in all facies within repetitive Mor-
gan sequences (fig. 3) and across all parts of the study area.
Typically the fractures are filled with 0.05- to 0.5-mm-diameter,
bladed to equant calcite spar cements. The wider fractures (2-5
mm) commonly display two generations of cement growth—an
carly bladed cement, elongate normal to the fracture wall, fol-
lowed by equant calcite spar cements, which occlude maost of
the remaining porosity. Staining indicates chat both ferroan
and nonferroan calcite spar cements occur within the same frac-
cures; in general, ferroan calcire is the latest form. Nonferroan
calcite fracture-filling cements luminesce an intense bright yel-
low to yellow-orange color under CL (fig. 8h), far brighrer
than any other cement type, except for cements associated wich
stylolitic surtaces (fig. 8b) or occluding intercrystalline porosity
within coarscly dolomitized facies (fig. 5h). In several samples,
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CL revealed the presence of more than one generation of filled
fractures, each generation luminescing a slightly different color.
“Hidden” fracture-filling cements grown in optical continuity
with associated early equant calcite spar cements were also re-
vealed by luminescence,

Discussion

Fracture-filling cementation consticutes the latest dia-
genetic event, except for possible near-surface calcite dissolurion
and dedolomitization. Fracturing might be related to regional
Cenozoic tectonism because of its widespread lateral and verti-
cal distribution in Morgan carbonares. On the basis of the
strong similarity of their luminescent properties, ions released
during pressure solution are hypothesized as possible sources
for the brightly luminescent calcite cements that fill fractures
and intercrystalline and biomoldic porosity; the intensity of
their luminescence suggests Fe/Mn ratios less than 0.5 (Frank
and others 1982). The occurrence of ferroan calcite juxtaposed
in the same pores with luminescent, nenferroan calcite implies
two generations of late-stage cementation within differing
chemical environments—the late ferroan calcites probably pre-
cipitated in low Eh, meteoric phreatic environments containing
abundant reduced iron (Evamy 1969).

Porosity Evolution

Porosity evolution in Morgan carbonates has been exceed-
ingly complex, and many questions remain unanswered con-
cerning the mechanisms of porosity formation and occlusion,
and their relative timing. Almost all original depositional poro-
sity of both inter- and intraparticle types was probably occluded
by early fibrous to bladed fringe cementation and later syntaxial
and equant calcite spar pore-filling. Conscquently, the grain-
stones and mud-lean packstones from the eastern part of the
study area are tight. Possible episodes of development of scc-
ondary porosity in the Morgan and their approximate relative
riming include (a) evaporite dissolution (pre-cquant calcite spar
cementation), (b} calcite and dolomite dissolution/corrosion
(postdolomitization, pre-silica cementation and/or  replace-
ment), (c) calcite dissolution (post-silica cementation and/or
replacement, pre-late-stage calcite spar cementation), (d) frac-
turing (post-pressure solution, pre-late-stage calcite spar cemen-
tation), (e) near-surface leaching of calcite and weathering of
dolomite {post-late-stage calcite spar cementation). Of these,
events (c) and possibly (¢) are most responsible for the ob-
served porosity that still is unfilled. Coarsely dolomitized carbo-
nates of all textures from the western part of the study area
have the highest present porosities; combined intercrystalline
and biomoldic porosities of 2-3% are typical but range as high
as 10-15% in 100% dolomitized facies (fig. 5h). This type of
outcrop facies closcly resembles those which constitute the pro-
ducing zones in the subsurface Morgan Formation of the West-
ern Overthrust Belt (Verville and others 1973, Picard 1977).

SUMMARY
Relative Timing of Diagenenc Events

The relative ime-order for Morgan diagenetic teatures is
summarized in figure 9. Morgan diagenesis is divided into four
major phases. During the carliest part of the carly phase, mi-
critization and fibrous to bladed fringe cementacion occurred in
a submarine environment. Syntaxial and equant calcite spar ce-
ments precipitated later, probably in a metcoric phreatic envi-
ronment. The middle diagenetic phase was firse dominated by
dolomitization, possibly occurning in a meteoric-marine mix-

ing-zone, and then by silica replacement/cementation, which
could have formed in either a meteoric phreatic or mixing-zone
environment. The late phase was dominated by pressure solu-
tion, fracruring, and late-stage calcite spar cementation; pres-
sure solution was probably caused by overburden (burial)
stresses, whereas the fractures may be of rectonic origin. A
near-surface diagenetic phase is also postulated to include sur-
ficial weathering processes.

Influence of Depositional Environments upon Diagenesis

An important question is whether deposition in different
environments had a perceivable influence on diagenetic history.
Heckel (1982) recently proposed that diagenetic differences do
exist between the various depositional facies that comprise mid-
continent Pennsylvanian cyclothems. He suggested that the
thin, basal “rransgressive” limestones were more deeply buried
and compacted before cementation chan were the thick, upper,
“regressive” units, which experienced a much greater variety of
diagenetic events. Diagencetic features unique to upper regres-
sive limestones included carly marine fringe cementation, leach-
ing by meteoric groundwater, and blocky calcite spar, ferroan
calcite, and ferroan dolomite cementation, respectively. The
black shale “core” facies of midcontinent cyclothems, which ac-
curs sandwiched between lower transgressive and upper re-
gressive carbonate facies, was inferred to have behaved as an im-
permeable seal, effecrively separating two distinctly different
diagenetic environments.

The vertical progression of Morgan carbonate facies de-
scribed by Driese and Dott (1984) bears some resemblance to
midcontinent cyclothems in that it is conspicuously repetitive
and consists of a thin, lower transgressive interval and a thick-
er, upper regressive one. From base to top, the vertical sequence
consists of (fig. 3) (a) sharp, basal transgressive surface, (b)
shallow subtidal, grain-supported, normal marine facies, (c¢)
shallow subtidal, mud-supported, normal marine facies, (d)
shallow subtidal(?), mud-supported, restricted to episodically
hypersaline facies, (¢) shallow subtidal to rare intertidal, grain-
supported, restricted facies, (f) intertidal (foreshore), mixed ter-
rigenous-carbonate facies, gradational into (g) overlying silici-
clastic eolian dune sandstones. However, vertical diagenetic
changes solely relared to differences in Morgan depositional en-
vironments do not appear as important as changes related to
depositional texture, micrite matrix content, and grain type.
Thete are several lines of evidence to support this: (1) Grain-
tich carbonate lichofacies sampled from different positions
within the same Morgan carbonate interval (repetitive se-
quence) and from the same region all scem to have expetienced
an identical calcite cementation history, irrespective of cheir en-
vironmental interpretation. Equant calcite spar cements are
widespread because their distribution was dependent solely
upon pore-space distribution and not upon the types of sub-
strates available, in contrast to fringe and syntaxial spar ce-
ments. (2) Mud-rich carbonate lithofacics sampled from differ-
ent positions within the same Morgan carbonate interval and
from the same region all seem to exhibit the same degree of
dolomite replacement, irrespective of their environmental inter-
pretation. For example, a bioclastic wackestone deposited in a
low-energy, normal marine environment displays the same de-
gree of selective dolomite replacement of micritic matrix as an
abiotic, evaporite pseudomorph-bearing wackestone deposited
in 4 low-energy, hypersaline environment. There does not ap-
pear to be a strong positive relationship between hypersaline or
restricted carbonate facies and pervasiveness ot dolomitizaction.
(3) Silica replacement and cementation were controlled by de-
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positional texture, micrite matrix content, and grain types pres-
ent. All mud-rich wackestones and mudstones display ac least
some chert replacement of carbonarte, irrespective ot strati-
graphic position and environmental interpretation. Environ-
mental factors were responsible for the discribution of high-Mg
calcite skeletal grains, which are most susceptible to silica re-
placement. Silica cementation is primarily confined to grain-
supported, mud-lean lithofacies, within original depositional
porosity or in secondary solution porosity. The occurrence of
silica cements is not confined to any one particular environ-
ment or to a single stratigraphic position.

It would be difficule to ascerrain, with the presenc data,
whether or not specitic diageneric features are correlative with
discrete transgressive and regressive events or represent the sum
total effect of many such events overprinted one upon the
other. The complexity of Morgan paragenetic relationships and
my inability to correlate certain features (e.g., luminescent zo-
nation in calcite cements and dolomite thombs) suggest thar
there has been much overprinting of one diagenetic event upon
another, making interpretation difficult.

Lateral Diseniburion of Diagenetic Feaures

The lateral distribution of Morgan diagenctic features is
summarized in table 1. Many early-phasc diagencetic fearures
(c.g., micritization, calcite cementation) appear equally dis-
tributed over both the western and eastern regions. Middle-
phase features (e.g., dolomitizarion and silicification) are much
more pervasive in the western study area, where they tend to
obscure carlier diagenetic events. Late-phase features (e.g., pres-
sure solution, fracturing, late-stage cementation) appear equally
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diseribured in both regions. Porosity is generally higher in the
western area, especially within dolomitized facies. Paleohydro-
logic differences, depositional facies changes. and burnal cemper-
arure/depth differences are all postulated as possible factors thar
might account for observed regional differences in diagenesis,

Vertcal Distnbution ot Diagenene Fearures

The vertical diseribution of diagenertic features, as it occurs
within the repetiive Morgan sequence previously defined by
Dricse and Dotr (1983), ts summarized in figure 3. The pri-
mary vertical controls on diagenesis appear to be depositional
texrure, which influences porosity, and permeability, micrite
matrix content, and grain type. The distribution of micritized
grains was probably influenced by light penetrability. Fringe ce-
ment distribution seems related to the distribution of former
aragomitic host substrates. Syntaxial spar cementation required
abundant echinodermal host substrates. Equant calcice spar ce-
ment distribution was influenced only by the availability of
open pore-spaces. Evaporites (now pseudomorphs) seem con-
fined to facies interpreted as low-energy, shallow subtidal, hy-
persaline lagoon or tidal pond deposits. Dolomite replacement
was strongly selective for mud-supported facies that contained
abundant micrite matrix or micritic grains. Selective silica re-
placement for mud-supported  facies probably refleces  their
higher initial sponge-spicule contents. Silica replacement was
also selective for former high-Mg calcite skeletal grains and for-
mer evaporites. Stylolites were restricted to grain-rich, grain-
supported facies, whereas nonsutured solution seams anc mi-
crostylolite swarms  dominated martrix-rich, mud-supported
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TABLE 1
Summary of Regional Distribution of Diageneuc Features
ba;:em 4reu Western Area*
Micnnzed carbonate grains Commaon Common
Fibrous o bladed fninge cement Rare Not observed
Syntaxial calcite spar cement Common Rare
Equant calcite spar cement Common Common
Evaporite pscudomaorphs Rare Not observed
Silica cemenes Not observed Rare
Dolomite replacement Common (very fine xlline) Abundant (coarscly xlline)
Dedolomite Not observed Rare
Silica replacement of carbonare Common Abundant
Authigenic quartz overgrowths Not observed Common
Pressure solution teatures Abundant Common
Fracrures Common Common
Late-stage calcite spar cements Common Common
Porosity Low (<<3%), pnmanly Moderate (2-5%, as high as
in dolomitized facies 10-15%), pnmarily in
1nlomm?cd faucs

e S w3 e 1 A L o s s S 2 —
rocks. Fractures and late-stage calcite cementation showed no  Duese, 8 G, and Dore, RH., Jr, 1984, Model for sandstone-carbonate “cy-

preferted vertical distribution. Present porosity is lowest in cal-
cite-cemented grainstones and highest in pervasively dolomi-
tized wackestones.
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