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CHAPTER I
INTRODUCTION
In 1969, Dr. A.D. Jacka of the Texas Tech University
Geosciences Department received 42 slabbed cores from wells drilled
by Shell Oil Company.

These wells were drilled to strati graphically

test the lower San Andres Formation of Parmer County in West Texas
and the eastern New Mexico counties of Curry, DeBaca, Quay, and
Roosevelt, all of which are within the area encompassed by the
Northwestern Shelf of the Delaware Basin (Fig. 1 ) . The hydrocarbon
traps within the San Andres are largely stratigraphic in nature and
porosity occlusion is due primarily to cementation by dolomite and
anhydrite.

By studying these cores, analyzing porosity trends,

and learning the diagenetic evolution of the San Andres Formation,
it is hoped to increase the knowledge of this already prolific
hydrocarbon producing reservoir and thereby expand productivity
and provide insight into similar mechanisms in other hydrocarbon
producing areas.
Wells studied in this thesis were chosen to give a profile
of the proximal and distal facies relationships as well as the
time-stratigraphic unit changes.

Wells 7-69, 38-69, 2-69, 44-70

(Fig. 2) occur in a line approximately perpendicular to the
original depositional strike of the shelf.
Objectives of Study
This study of the middle Permian lower San Andres Formation
1
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was undertaken with certain objectives in mind.

These objectives

are as follows:
1.

Establish lithofacies, biofacies, and environments
in which the sediments of the lower San Andres
Formation were deposited.

2.

Form an idea of the porosity relationships of the
lower San Andres Formation.

3.

Construct a diagenetic sequence of events that
occurred in the lower San Andres Formation and
to observe the effect on porosity.

4.

Incorporate electric log responses with observed
data to further interpret depositional environments,
porosity, and effects of diagenesis.
Methods of Study

The slabbed cores from all four wells, totaling 515 feet,
were first examined macroscopically.

Supplemental examinations by

binocular microscope further assisted in noting the variations in
depositional environments, biofacies, lithofacies, and gross
porosity relationships which were charted on lithic log strips.
The logs furnished a general groundwork upon which correlations of
biofacies, lithofacies, and porosities were made possible.
At selected intervals throughout the cores, samples were taken
to be examined petrographically.

Consequently 170 thin sections

we»"e prepared and dually stained with Alizarin Red S and potassium
ferrocyanide.

The former stain allows calcite and dolomite to be

differentiated, while the latter stain distinguishes between nonferroan and ferroan carbonates (Lindholm and Finkelman, 1972).
Once stained, the thin sections were examined with a polarizing
petrographic microscope providing thorough analysis of the
depositional environments, diagenesis, paragenesis, and porosity
relationships.

Additional examinations for ghost allochems or

structures which were hidden by intensive dolomitization were done
with a reflecting light microscope.
Throughout these analyses, correlations of gamma ray, caliper,
sonic, and sidewall neutron porosity electric logs were completed
based on the Schlumberger Log Interpretation book (1972).

Electric

logs highlighted lithologic changes and supported trends noted by
the other methods of study.
Previous Works
The outcrop type section of the San Andres Formation in the
central part of southern New Mexico was initially described by
W.T. Lee in 1908. The next year, Lee and Girty declared the
San Andres Formation to be of Pennsylvanian age.

Later, some

disagreement arose about the age when several investigators (Darton,
1922; Adams, 1939; and Needham and Bates, 1943) proclaimed the
San Andres to be Permian in age and more specifically of the
Leonardian Series.

Further debate occurred when the margins of

the Delaware Basin, where exposed in the Guadalupe Mountains,
were said to be partially, if not completely, Guadalupian by
Dickey (1940), Lewis (1941), King (1942), and Jones (1953).
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Scattered over the next 20 years, several workers (Miller and
Furnish, 1940; Clifton, 1945; Skinner, 1946; Flower and others,
1946; Boyd, 1958; Hayes, 1959; and Silver and Todd, 1969) provided
an explanation for the previous discrepancies concerning the age
of the San Andres by showing that along the Northwest Shelf the
San Andres is Leonardian and along the Delaware Basin margin
where the San Andres had prograded it became increasingly younger
until it was definitely Guadalupian.
In 1972, Meissner stated that the discordance of San Andres
strata was due to a single cyclic phase of transgressive/regressive
deposition.

Chuber and Pusey (1972) agreed with the cyclicity of

Meissner, but disagreed with the number of events, stating that
several lesser transgressions and regressions had occurred instead
of the one event of Meissner.
In Curry, DeBaca, Quay, and Roosevelt counties of New Mexico,
several of the Shell Oil Company stratigraphic test cores were
studied by Barone (1976), Muir (1978), Foley (1978), and Tully
(1979).

These authors examined the diagenesis and depositional

environments of the lower San Andres.

Barone (1976) utilized

conodonts to establish that the lower San Andres in this area is,
at the youngest, late Leonardian in age.
Geographic Locations and Stratigraphic Position
In eastern New Mexico, 4 wells were selected for investigation.
One well is in southern Quay County (7-69), while the other three
wells (38-69, 2-69, and 44-70) are located in northern Roosevelt
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County (Fig. 2 ) . The wells trend approximately north to south and
provide a 45 mile dip section of this area of the Northwest Shelf
of the Delaware Basin (Fig. 1 ) .
Unconformably underlying the lower San Andres Formation is the
Glorietta Formation.

The Glorietta has been cored only in well

2-69 as a sandstone with carbonate and sulfate cements.

Where the

Glorietta does not underlie the San Andres, the red to gray shales
and sandstones of the Yeso Group are in contact (Woods, 1940;
Muir, 1978).

King (1942) and Hayes (1959) indicated a conformable

contact between the crystalline limestone of the Victorio Peak
Formation and the San Andres.

However, no such contact was

encountered in the wells examined.
The Artesia Group overlies the San Andres with the lowest
member being the Grayburg Formation.

The Grayburg Formation,

consisting of anhydrite, dolostones, and sandstones, has an
unconformable contact with the San Andres (Tait and others, 1962).
To the north of the study area the Grayburg becomes indistinguishable from other formations of the Artesia Group and in this
vicinity is best referred to as part of the "Artesia Group,
undifferentiated" (Tait and others, 1962).

Meissner (1972) sees

sandstones and red shales of Bernal Formation unconformably
overlying the San Andres farther to the north.

Also to the north,

the San Andres sediments consist almost wholly of elastics and
evaporites.
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Regional Paleozoic History
Adams (1965) provided a concise interpretation of the geologic
and tectonic events which controlled the formation of the Permian
Basin.

A synopsis of that history will be given here.

A branch of the Transcontinental Arch emerged forming a large
peninsular anticline through southeastern New Mexico.

By early

Ordovician, the arch had become lower and it was gradually covered
by epeiric seas.

The Tobosa Basin formed in the area of the former

arch by medial Ordovician times.

The Tobosa Basin was 350 miles

wide and was bounded by the Diablo arch to the west, to the south
by the Marathon embayment, and on the north and east by the
Texas arch.
From medial Ordovician through early Mississippian, the
deposition of shale and limestone had few breaks and resulted in
accumulation of almost 5000 feet of sediment.

However, by late

Mississippian the features of what was to become the Permian Basin
began to emerge--the Marathon Folded Belt and the Star Mountain
arch on the south, the Diablo arch on the west, and the Matador
arch, Roosevelt uplift and Pedernal Landmass on the north and
northwest.

The Central Basin Platform, a horst-block ridge,

divided the Permian Basin into the Midland Basin to the east and
the western basin was called the Delaware Basin.

The deepest

axes of both basins lie along the margins of this median ridge.
During Pennsylvanian time, the Delaware Basin became deeper and
central and southern areas became "starved" as sedimentation could

not equal the rapid subsidence.

Along the Northwest Shelf area,

shelf-edge reefs and carbonate shelf deposits became well developed
while clastic wedges formed along the edges of the basin.
8000 feet of Wolfcampian sandstone and shale sediments
spurred tectonism in the Delaware Basin during the early Permian,
with the Central Basin Platform, Diablo arch, and the Star Mountain
arch being raised to new elevations.

From these positive areas,

4000 feet of fine sands and shales were eroded and deposited in the
Delaware Basin during Leonardian time.

Although slower than during

earlier periods, relative subsidence during medial Permian times
continued.

The wide shelf areas of the north, east, and west

provided numerous lagoons which limited circulation of normal
marine waters and allowed widespread evaporite deposition.

In this

environment and area of the Northwest Shelf during late Leonardian
time, the San Andres was deposited.
By the end of Guadalupian time, carbonate reefs along the
margins prograded over foreslope deposits and finally closed the
Delaware Basin by bridging the gap between the Star Mountain arch
and the Marathon Mountains.

With the Hovey Channel sealed, the

Delaware Basin became transformed into a deep sea evaporite basin.
The evaporites formed during late Permian time are generally
classified as Ochoan and thicknesses of more than 1500 feet
accumulated.

The Delaware Basin became filled by saline deposits.
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CHAPTER II
DEPOSITIONAL ENVIRONMENTS
The lower San Andres Formation of the study area exhibited
four distinct environments of deposition.

During low and

intermediate stages of sea level the entire Tucumcari-Palo Duro
basin became a restricted evaporite province.

During high stands

of sea level the following environments of deposition from north
(proximal) to south (distal) are:

(1) the supratidal zone or

coastal sabkha, (2) algal flat, and (3) a broad subtidal shelf
lagoon.

All of the wells of the study area lie on the middle to

inner portions of this broad, early San Andres shelf.

With the

exception of the evaporite province, the other sedimentary
environments are analogous to the sediments encountered along the
Trucial Coast of the Persian Gulf (Kinsman, 1969; Kendall and
Skipwith, 1968, 1969).
Evaporite Basin
A 15 foot thick interval of halite occurs only in well 7-69
of the four study wells (Figs. 14, 15). The halite interval
contains thin layers of original vertical needle gypsum crystals
which were subsequently replaced and oseudomorphed by anhydrite;
these in turn became replaced to varying degrees by halite.

The

gypsum-halite couplets record multiple recharge events wherein
flooding of the evaporite basin was followed by evaporation and
precipitation of first gypsum and then halite.
8

Most halite

intervals have been recrystallized and original morphologies have
been largely obliterated.

The halite is very coarsely crystalline.

Many intervals appear white to clear while others are red-brown
in color owing to inclusions of red-brown shale.

Both core and log

data indicate a progressive increase in clastic content (within
halite intervals) to the north.

This suggests that the red muds

were transported into the evaporite basin by freshwater runoff
during infrequent rainy intervals from the northern clastic
province.
There are two to four halite intervals which are represented
by electric logs in the wells from which lower San Andres cores
were taken.

Of the four units, the upper two intervals are

represented in all the Shell Oil Company wells of the study area.
However, there is some variability in distribution of the lower
two units.

One of the tv/o lower units occurs in wells in the

northern half of the Palo Duro-Tucumcari Basin.
wells display both of the lower halite zones.

The northernmost
The wells in the

southern half of the Palo Duro-Tucumcari Basin do not have either
of the lower two halite intervals.

These wells are along the

northern flank of the Roosevelt Positive (Figs. 1 and 2 ) . Of the
wells examined for this study, only well 7-69 possessed either
of the lower two halite zones.

In well 7-69, however, only one of

the two lower halite zones appears, either in the core or in the
electric log responses.

It was not possible to determine which

of the two lower units was represented.

Neither of the two lower

10

halite units were recognizable in logs from the other three study
wells.

This, along with the relative position of the wells on

the flank of the Roosevelt Positive, indicate that wells 38-69,
2-69, and 44-70 do not contain either of the lower two halite zones
of the lower San Andres.
Tully (1979) used electric logs to determine the areal extent
of the larger of the two upper halite intervals.

This unit over-

lies lower San Andres sediments and has approximately the same
boundaries as the Palo Duro-Tucumcari Basin.

This large halite

unit does not disappear in the southern study wells as the lower
two units do. However, it does thin abruptly from approximately
340 feet in the north to 120 feet in the south on the flanks of
the Roosevelt-Matador Uplift.
The Matador Arch and Roosevelt Positive provided a barrier
which detached the Palo Duro-Tucumcari Basin from normal marine
circulation during low to intermediate stands of the basin. The
fact that salt layers are thickest in the northern part of the
basin and thin progressively to the south reflects greater rates
of subsidence in the axis and progressively less subsidence up the
flank of the Roosevelt-Matador positive.
During intermediate and low stands of sea level, freshwater
and seawater frequently filled the Palo Duro-Tucumcari salt pan.
Gamma ray logs reveal an increase in clastic content to the north
thereby substantiating freshwater recharge from that direction.
The Roosevelt Positive and Matador Arch protruded sufficiently

t'^--n:-miKm^Kjr2syi9as:^i^mitm
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from the sea to prevent southerly recharge of the salt pan.

Any

inflow of seawater to the basin probably occurred around the
eastern end of the Matador Arch.

When recharge from neither

source occurred, recurrent evaporation within the basin very
likely eliminated all moisture from the pan.

The Palo Duro-

Tucumcari Basin contains supratidal, intertidal, and subtidal
sediments which were deposited during relatively high stands of
sea level when the Roosevelt and Matador positives were submerged.
Supratidal Deposits
During high stands of sea level, coastal sabkhas existed in
supratidal areas.

Bathurst (1976) has found that modern sabkha

layers are cemented by halite.

Flooding, however, from abnormally

high tides and storms dissolves these loose halite cements.
Butler's (1969) inner recharge zone of the sabkha is completely
overlain by a soft mat of gypsum crystals.

Chicken-wire anhydrite,

which was more stable than gypsum under wery saline conditions,
gradually replaces the gypsum of the outer and middle recharge
zones (Kinsman, 1969).
Kendall and Skipwith (1968) in studies of the Persian Gulf
Trucial Coast found crinkle-type algal mats within the supratidal
facies.

However, such stromatolitic development has also been

observed in the lower San Andres even though intensive replacement
of stromatolites by anhydrite has occurred.

The usual features

observed in the supratidal environment are fenestral cavities

12

or birdseye vugs, mudcrack casts and flat-pebble conglomerates
(Figs. 8 and 29) and the normal sediment types are intrapelwackestones and algal boundstones (stromatolites).
During high still stands of sea level it is inferred that San
Andres sabkha deposits prograded basinward rapidly over intertidal
and subtidal facies.

Kinsman (1969) postulates that sabkhas

along the southwestern margin of the Persian Gulf are prograding
into shallow lagoons at rates of one to two meters per year.
Intertidal Deposits
Algal stromatolites dominate the intertidal zones of the
lower San Andres.

Basically, the stromatolites are of three kinds:

(1) crinkle stromatolites usually found near the upper limits of
tides, (2) laterally linked hemispheroids, indigenous to areas of
mild wave action, and (3) the vertically stacked hemispheroids
characteristic of the upper subtidal zone.

Anhydrite replacement

of stromatolitic deposits is commonly almost complete and
frequently obscures relic morphologies.
The dolomitized intertidal deposits studied v/ere further
characterized by vertically oriented domichnial burrows (Seilacher,
1964).

Sediment types distinguishing intertidal deposits were

wackestones and packstones.

Among the allochems found were

bioclasts, intraclasts, and peloids.
Subtidal Deposits
Five subtidal facies were discernable based on grain densities.

13

biota, and characteristic allochems.

The facies formed in a

sheltered lagoonal environment and the boundaries for each are
gradational.

The lithofacies subdivisions are outlined as they

occurred from north (landward) to south (basinward).
Subfacies one is composed of dolomitized bioturbated
wackestones and some packstones with peloids, intraclasts, and
bioclasts as allochems.

The few invertebrates observed are

represented by mollusks, ostracods, brachiopods, and fusulines
(Fig. 9 ) .
Subfacies two was deposited in slightly deeper water and is
composed of mudstones and wackestones which are mildly bioturbated.
Bioclasts and peloids are also present.

Mery little biota was

observed with scarce ostracods and unidentifiable shell fragments
represented (Fig. 10).
Subfacies three is the stromatolitic facies consisting of
vertically stacked hemispheroids which branch.

The sediment

between the branches is composed of wackestones with peloid and
bioclasts allochems.

Replacement of the stromatolites by anhydrite,

dolomite, or calcite is common (Fig. 11).
Subfacies four is composed of dolomitized bioturbated
oobiopelgrapestone-wackestones-packstones.

The biota consists of

ostracods, pelecypods, and fusulines (Fig. 12).
Subfacies five, the most distal facies, is composed of
incompletely dolomitized packstones and some grainstones having
ooids, peloids, and bioclasts as allochems.
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represented are bryzoans, fusulines, gastropods, and ostracods
(Fig. 13).
Depositional Mechanics
Cyclical deposition of lower San Andres sediments registers
eustatic changes of sea level.

A complete cycle of the types of

deposits encountered downward are evaporite basin, coastal sabkha,
intertidal algal flats, and subtidal lagoon sediments.

However,

normal seaward progradation was commonly altered by eustatic sea
level changes, either lowerings or rises.
The signature of a quickly occurring transgression as recorded
in the sediment is a thin layer of reworked sediment with subtidal
deposits superjacent to the reworked zone with supratidal deposits
of an earlier cycle of evaporite basin deposits subjacent to it.
Erosion of previously deposited sediments during times of subaerial
exposure formed disconformities which separate many cycles.
The Roosevelt Positive was determined to have subsided less
rapidly than the Palo Duro-Tucumcari Basin based on stratigraphic
correlations between well 7-69 (northermost well) and well 44-70
(southermost well).

By determining the elevations of the same

horizons, a difference in elevation in the direction of dip of 182
feet was observed with well 7-69 (to the north) being lower than well
44-70.

By dividing the difference in elevations by the distance

between well 7-69 and well 44-70, a regional dip of slightly more
than four feet per mile can be calculated.

This dip probably closely

approximated the initial depositional dip of the strata.

CHAPTER III
DOLOMITIZATION MECHANISMS
One of the most challenging puzzles which has confronted
geologists for years is the question of dolomitization.

In an

effort to solve this problem geologists have examined several sites
of recent dolomitization.

Among the areas studied have been

Bonaire Island, Netherlands Antilles (Deffeyes and others, 1965);
Sugarloaf Key, Florida (Atwood and Buff, 1970); Andros Island,
Bahamas (Shinn and others, 1965); Persian Gulf (Wells, 1962;
Illing and others, 1965; Kinsman, 1966, 1969; Butler, 1969;
Kendall and Skipwith, 1969).
Most geologists agree that for dolomitization to occur it is
necessary to have a hypersaline brine in which the ratio of
magnesium ions to calcium ions is greatly increased over that of
normal seawater and possibly as much as 35/1 (Butler, 1969).
Along the southwestern margin of the Persian Gulf, the
dominant areas of recent dolomitization are sabkhas.

The

aragonitic sediments of the sabkha are inundated by storm and
spring tides with normal marine water.

The water forms ephemeral

lagoons and lakes which become hypersaline as evaporation takes
place.

During evaporation, gypsum precipitates from the brine,

both at the surface and interstitially, thereby elevating the
Mg/Ca ratio to as much as 35/1 with resultant penecontemporaneous
dolomitization of the aragonitic host sediments (Butler, 1969 and

15
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Kinsman, 1969).

Most gypsum is precipitated interstitially

below the sabkha surface and above the water table. Also, most
dolomitization occurs below the surface.

The supratidal deposits

of the lower San Andres Formation have been dolomitized by a
process which most closely resembles the Persian Gulf sabkha model;
however, the subtidal and intertidal deposits have also been
dolomitized by a different mechanism.
Newell and others (1953), suggested that back-reef lagoonal
brines, high in magnesium ion content, passed downward through
the reef and reef sediment toward the basin, dolomitizing as it
moved through the sediment.

As evaporative drawdown occurred,

gypsum and anhydrite precipitated in these lagoons and a
hydraulic gradient was created as the calcium ions were removed
increasing the Mg/Ca ratio.

The process was amended and named

seepage refluxion by Adams and Rhodes (1960).

Adams and Rhodes

(1960) predicated their model on the existence of hypersaline
Permian lagoons isolated from normal marine water circulation.
However, it has been contended and shown that Permian reefs did
not prohibit mixing of seawater and back-reef lagoons as there were
numerous tidal channels and submarine canyons to allow circulation.
It was for this reason that Jacka and Franco (1975) renounced
the seepage refluxion model.

Their petrographic studies provided

evidence supratidal zones are where sulfates formed as in modern
sabkhas, while intertidal and subtidal facies provided areas for
sulfate replacement and cementation.
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A dolomitization model based on combining fresh water and sea
water was first postulated by Hanshaw and others (1971).
Badiozamani (1973) advocated the freshwater model and called it the
Dorag dolomitization model.

Dorag means mixed blood in Persian.

This model is based on sea water providing magnesium ions for
dolomitization at the base of a coastal freshwater lens in the
zone of mixing.

Land (1973) applied this explanation to

dolomitization of Mid Pleistocene Jamacian reefs. This model
became less plausible when no dolomite was found after a borehole
was drilled through a modern freshwater lens in the West Indies
(Steinen, 1974).
In the Permian Basin, Jacka and Franco (1975) perceived a
dolomitization model based on hydrodynamic reflux by a hypersaline
brine, derived from beneath continental sabkhas.

In this model,

meteoric groundwater becomes increasingly dense and saline as the
fluid passes through previously deposited evaporitic sediments
until the fluid encounters a seal or aquaclude then moves
laterally and basinward.

Where such a brine would have derived

the magnesium required for dolomitization is not known.
Although the mechanism for dolomitization of subtidal and
intertidal deposits is poorly understood, lower San Andres
supratidal deposits are most analogous to the dolomitization
model proposed for the Persian Gulf.
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Dolomitization of San Andres Subtidal
and Intertidal Deposits
Dolostones of the lower San Andres Formation exhibit variations
in dolomite rhomb size which, except for supratidal deposits,
reflect distance of discharge of dolomitizing fluids.

Matthews

(1968) postulated that nucleation of a new mineral requires a
higher concentration of ions within a fluid than would be needed to
allow a pre-existing crystal to grow.

Under high degrees of

supersaturation, closely spaced nuclei form and smaller crystals
result, while under lower ionic concentrations, nuclei become more
widely spaced and larger crystals can form.
be seen in the dolomite of the San Andres.

This relationship can
Supratidal zones

contain relatively small dolomite crystals with sizes up to 8
microns (Fig. 8 ) . Within subtidally deposited dolostones crystal
size generally increases from north to south.

In well 7-69, the

most proximal well, dolomite crystal size ranges up to 30 microns.
In wells 38-69 and 2-69, which are intermediate, dolomite crystal
size ranges up to 50 microns (Fig. 23). The most distal well,
44-70, contains dolomite crystals which range up to 120 microns
in diameter.

This suggests that the source of the dolomitizing

fluids was landward (proximal) and migration of the fluids was
lateral, as well as seaward.

As the dolomitizing fluids

discharged seaward, the magnesium ion content became depleted
progressively as intertidal and subtidal sediments were
dolomitized.

CHAPTER IV
DIAGENESIS OF THE LOWER SAN ANDRES FORMATION
Early Diagenesis in the Marine Environment
Micritization
Many crystalline allochems are attacked by endolithic bluegreen algae which alter the allochems to pseudomorphs with a
microcrystalline texture.

The tiny borings formed by the algae

become filled with micrite.

This process is termed micritization.

It begins at the surface of the allochems and progresses
uniformly inward.

However, when only the outer portion of a

shell or allochem is micritized a micrite envelope is formed.
Complete micritization of small or thin shells is a common
phenomenon.
Several factors may affect micritization.

Among these are:

(1) exposure to sunlight, including how often, how much, and how
long; (2) proportions of the allochem; (3) composition of the
particles; (4) fabric and permeability of the grains; (5) carbon
dioxide balance and acidity as determined by the environment
(Kendall and Skipwith, 1969).

Micritized material is rendered

very resistant to subsequent diagenesis (Jacka, 1978).

Micritized

allochems are abundantly represented in the lower San Andres.
When micrite envelopes are formed around crystalline aragonitic
allochems, the aragonitic cores may subsequently be dissolved by
freshwater or during dolomitization.
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Hollow micrite envelopes
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commonly form and may or may not become filled by cement.

These

were abundantly produced in the San Andres and some were filled
and some remain open.
Submarine Cementation
Deposition and submarine cementation of sediments in Permian
Gulf lagoons occurred penecontemporaneously (Shinn, 1969).

The

seawater is supersaturated with respect to calcium carbonate and
aragonite is precipitated as isopachous, fibrous rims around
grains.
In San Andres wells 7-69 and 2-69, oopelgrapestone grainstone
facies exhibit early submarine cement which appears as radial
fibrous rims on the surfaces of the allochems.

This was originally

either aragonite or magnesium calcite which was later paramorphically
dolomitized.
Dolostone Diagenesis
The dolostones found in the lower San Andres Formation are
neomorphic dolostones.

In neomorphic replacement of original

dolostones, replacement of predominantly aragonitic sediment
results in creation of a new rhombic crystal fabric.

Neomorphic

dolomitization in sabkhas must have occurred penecontemporaneously
with deposition within one meter of the surface.
Dolomite rhomb size and shape is highly variable.
some correlations can be made.
described in Chapter III.

However,

The size relationships were

In subtidally deposited carbonates.
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the size of the dolomite rhombs increases basinward (seaward)
and downward within dolostone intervals.

Correlations based on

shape are not possible because the degree to which dolostone
intervals exhibit idiotopic, hypidiotopic, or xenotopic fabrics
is dependent on the degree to which overgrowths and compromise
boundaries have formed.
Shearman and Skipwith (1965) have noted that yery fine
dolomite crystals occur in organic-rich peloids and micritized
shells (Fig. 23). They hypothesize that a permeability barrier
is formed by the organic matter which further serves as a chemical
buffer.

This inhibits the reaction between the dolomitizing

solutions and aragonite crystals.

Within the organic-rich matrix,
('

only tiny spaces are available for carbonate crystals and after

r

dolomitization the dolomite crystals occupy the same tiny spaces
as the original aragonite.

This could explain the unusually fine

crystallinity of organic rich peloids and other micritized
allochems.
Dolomite cement lines and fills intercrystalline voids and
intrabiotic cavities.

There are two types of cement involved:

(1) that cement which forms epitaxially on initial rhombs, and
(2) those rhombs which are purely cement crystals.

The amount of

dolomite cement and the thoroughness of pore occlusion shows a
proximal-distal progression.
Degrees of porosity occlusion decrease distally (seaward).
These phenomena are related to the relative proximity of the

,
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seaiments to the dolomitizing solutions and to the duration the
sediments and fluids are in contact.

Despite the abundance of

dolomite cement, occlusion of porosity by dolomite is generally
incomplete.

When occlusion of porosity is completed, it is

accomplished by supplemental calcite and anhydrite cement.
Carbonate materials exhibit the following order of
susceptibility to dolomitization:

(1) aragonitic lime mud,

(2) unmicritized aragonitic shells and voids, (3) peloids,
micritized allochems and algal stromatolites, (4) calcite.
Calcitic material of any kind is by far the most resistant to
dolomitization.

As a result, calcitic bioclasts are able to

withstand dolomitization longest and therefore may remain calcitic.
Limestone Diagenesis
Considerable research of limestone diagenesis in recent years
has provided insights into diagenetic interpretations.

This

information is summarized below:
1.

Calcitization is predominantly a meteoric freshwater

phenomenon (Matthews, 1968; Steinen and Matthews, 1973).
2.

Dissolution and reprecipitation accounts for the vast

majority of aragonite becoming calcite.

The reaction creates a

surplus of unneeded calcite which then serves to cement nearby
matrix (Pingatore, 1970).
3.

Solution molds are created when crystalline aragonitic

allochems are dissolved.

The cavities may be filled by calcite

imi

U.M
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cement.

The scarcity within aragonite allochems of calcite

nucleation sites allows aragonitic dissolution to occur more
rapidly than calcite precipitation (Matthews, 1968).
4.

Matthews (1968) suggests that precipitation of calcite can

occur at the same rate as aragonite mud dissolves under certain
circumstances.

This is based on the relatively homogenous presence

of calcite nuclei in aragonite mud.

Freshwater solutions dissolve

the more soluble aragonite creating a supersaturated CaCO^
solution.

This results in immediate precipitation of calcite at

the nucleation sites within the aragonite mud.
5.

Less stable high magnesium calcite paramorphically

alters to the more stable low magnesium calcite (Friedman, 1964).
This process involves the incongruent dissolution of magnesium ions
(Land, 1967).
6.

Increased quantities of carbon and oxygen isotopes with

lower strontium content accompany dolomitization and calcitization
(Bathurst, 1975).
7.

In meteoric phreatic zones mineralogic stabilization to

calcite occurs more rapidly than in vadose zones (Steinen and
Matthews, 1973; Jacka and Brand, 1977).
8.

As meteoric water passes through a newly deposited

unstable carbonate, aragonitic allochems are dissolved.

This

produces moldie porosity much earlier in phreatic than in vadose
zones.

Upon reaching the phreatic zone, sparry calcite cement
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derived from formation of aragonite molds in superjacent vadose
zones is precipitated thereby occluding porosity below paleogroundwater tables (Jacka and Brand, 1977).
San Andres Limestones
When traced distally (shelfward) many dolostone intervals
grade into limy dolostones, dolomitic limestones, and limestones.
This relationship could be explained by two mechanisms:
1.

As dolomitizing fluids discharged laterally, magnesium

ions became progressively depleted and finally the fluid became
enriched in calcium ions.

The calcium rich fluids then calcitized

distal segments of the carbonates.
2.

Discharge of dolomitizing fluids was terminated before

distal segments had been dolomitized.

These remained unstable

until later fresh groundwater discharged through them and
calcitized them (converted them to limestones).
Lower San Andres limestones, examined in this study, contain
evidence of having stabilized within freshwater diagenetic
environments.

The original lime mud matrix has been recrystallized

to microspar and pseudospar.

Many aragonite shells have been

selectively dissolved and molds have been filled by meteoric,
scalenohedral calcite cements.

Thus, evidence favors the second

mechanism for formation of San Andres limestones.

The same fresh

groundwaters that formed San Andres limestones probably also
subjected many previously formed dolostones to leaching,
dissolution of anhydrite, replacement of anhydrite by calcite.
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hemihydrate and minor gypsum.

Microcrystalline aragonite peloids

became calcitized and were neither dissolved nor recrystallized.
Individual, generally large dolomite rhomb porphyroblasts "float"
in calcitic groundmasses.

Dolomite rhomb growth is probably

facilitated by mobilization of magnesium ions during mineralogic
stabilization of high magnesium calcite to low magnesium calcite
(Land, 1967).

Many formerly aragonitic gastropod shells became

neomorphically converted to anhedral calcite spar instead of
dissolving,
Dedolomitization
When low magnesium calcite replaces dolomite, this phenomenon
is termed dedolomitization.

The replacement occurs paramorphically,

that is, the crystal structure of the dolomite remains after
replacement by calcite.

In order for this change to occur, the

ratio of calcium ions to magnesium ions must be at least two to
one (Evamy, 1967).

Also, Evamy (1967) and DeGroot (1967) believe

dedolomitization must occur at relatively shallow subsurface
depths.

After staining with Alizarin red S, dedolomite appears

as red rhombohedral calcite rather than dolomite (Fig. 25).
Late Calcite Emplacement
As a result of freshwater diagenesis, late stage calcite was
commonly emplaced as a cement in fractures (Fig, 27) and secondary
intercrystalline voids and vugs.

Such calcite also occurs as a

replacement of anhydrite and, in some instances, hemihydrate.

In
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many cases late stage calcite has subsequently been replaced by a
second generation of anhydrite.

This once again illustrates the

complex, multicyclic nature of San Andres diagenesis.
Sulfate Diagenesis
Gypsum Emplacement
In modern sabkhas, gypsum is the primary sulfate (Butler,
1969; Kinsman, 1969), and it becomes progressively replaced by
nodules of felted-lath anhydrite during sabkha progradation.
These same relationships are inferred to have occurred in San
Andres sabkhas, and all original gypsum has been replaced by
felted-lath anhydrite with minor amounts of celestite and barite.
All gypsum which occurs in the San Andres represents a
retrograde diagenetic replacement of anhydrite.

This reflects

paleo-episodes of freshwater diagenesis.
u

Anhydrite Emplacement
In carbonates, anhydrite tends to nucleate in organic-rich
allochems (Fig. 11), such as shells, ooids, peloids, algal
stromatolites and burrows and calcite is selectively replaced over
dolomite (Jacka, personal communication, 1979).

This selectively

is observed in lower San Andres sediments of this study.

Foley

(1978) observed five methods whereby anhydrite nucleates and grows
in lower San Andres deposits.
(1978) are:

These methods, as stated by Foley

V
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1.

Anhydrite occurs as an alteration of gypsum.

Felted-lath

anhydrite crystals within rosettes suggest a micro-solution
reprecipitation mode of replacement.
2.

Sparry anhydrite nucleates in and replaces bioclasts and

organic-rich sediment in all environments.
3.

Anhydrite precipitates in void spaces such as intrabiotic

cavities, interstitial pores and fractures (Fig. 24) in all
environments.
4.

Anhydrite grows outward from the nuclei and replaces

carbonate matrix and allochems in surrounding sediment.

Tiny

carbonate inclusions occur in outer replacement zones causing a
cloudy appearance, but blocky lath outlines are often clearly
visible (Fig, 22).
5.

Some anhydrite grows displacively, especially in sabkhas.

Megascopically, nodular morphologies were present in all
environments and formed by all methods outlined by Foley (1978).
Nodule patterns ranged from isolated scattered nodules of varying
sizes to dense nodular mosaics ("chickenwire") where the nodules
coalesced and grew together (Fig, 16), Som.e remnants of organic
matter, dolomite, clay, and hydrocarbons often outlined the
nodules of dense mosaics.

Once, nodular anhydrite mosaics were

associated only with sabkha deposits.

This can no longer be

assumed with such "chickenwire" deposits found in all carbonate
environments evidenced in this study, as well as Foley (1978),
Muir (1978), and Tully (1979),
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Anhydrite, which has replaced supratidal dolomite consists
of wery tiny laths (Fig. 29). These laths may be up to 11 microns
long.

Many supratidal and intertidal deposits consist of layers of

thinly laminated anhydrite which replaced and pseudomorphed
algal stromatolites (Fig. 8 ) . Structureless, massive anhydrite
intervals were formed by anhydrite which:

(1) first nucleated

in and replaced allochems and organic rich sediment, then expanded
outward from original nuclei and replaced the surrounding carbonate
matrix; (2) first precipitated within voids, fractures and pore
spaces and then invaded the surrounding matrix by replacement.
Stromatolites frequently were replaced by felted-lath
anhydrite.

Allochems and carbonate matrix were replaced by either

felted-lath or sparry anhydrite.

Sparry anhydrite usually replaces

bioclasts, composes void-filling cements, and replacement fronts
(Fig. 22). Blocky, stairstep morphologies are characteristic of
anhydrite replacement fronts (Jacka and Stevenson, 1977),
In many intervals, evidence for emplacement of a second
generation of anhydrite is manifested (Fig, 20). Stairstep molds,
formed by dissolution of first generation anhydrite, have been only
partially filled by "fresh" crystals of second generation anhydrite.
Late calcite, which replaced first generation anhydrite and was
precipitated as cement, became replaced by a second generation of
"fresh" anhydrite.
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Hemihydrate (Bassanite)
Partial hydration of anhydrite yields hemihydrate (bassanite).
This generally first occurs at the outer edges of anhydrite
nodules and has a "plaster of Paris" appearance in cored samples.
The "plaster of Paris," which is utilized in building construction,
actually is hemihydrate (bassanite) and is produced from gypsum.
Replacement of anhydrite by bassanite is generally a volume for
volume phenomenon and may occur in fractures and cavities.
Hemihydrate formed during freshwater diagenesis because it is
frequently accompanied by dissolution of anhydrite and calcite
replacement of anhydrite (Figs. 31 and 32).
Celestite and Barite
Some celestite and barite commonly are associated with all
morphologies of anhydrite.

Both celestite and barite have lower

birefringence than anhydrite, with celestite being slightly lower in
birefringence than barite,

Celestite crystals have survived in

leached zones where anhydrite was dissolved, demonstrating it is
more stable than anhydrite.
Halite
A fifteen foot thick halite interval was cored in well 7-69
(Figs. 14 and 15). The halite is mostly red brown in color, with
some clear and cloudy white intervals occurring toward the bottom.
Hematite stains and red mud account for the red brown color.
Within the halite interval are thin layers, which originally

•
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consisted of vertically oriented gypsum crystals which were
deposited at the sediment-water interface.

Gypsum-halite couplets

record separate recharge events, each of which was followed by
evaporative drawdown and precipitation of gypsum followed by halite.
The gypsum crystals have since been replaced by anhydrite and
some halite.
zone.

Anhydrite inclusions are abundant within the halite

The halite unit in well 7-69 is overlain by an anhydrite

zone approximately three feet thick and is underlain by approximately
ten feet of anhydrite.
Most original halite crystal morphologies were destroyed
when the halite was recrystallized.

The red muds that occur in

the halite must have been transported into the evaporite basin from
the northern clastic coastal plain.

This indicates that much of

the recrystallization was by the same meteoric waters that brought
in the mud,
Fluorite
The presence of fluorite in subtidal facies as void fill and
replacement of dolomite, anhydrite, hemihydrate, and gypsum
signifies a freshwater diagenetic event.

It is characterized in

thin section by its yellow appearance in plane polarized light and
with crossed nichols it is isotropic.

Individual euhedral crystals

are characteristically cubic (Figs. 20 and 21), Presence of
fluorite in other San Andres study wells also was noted by Tully
(1979), Foley (1978), and Muir (1978),
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Pyrite
Pyrite occurs in stromatolitic, organic rich sediments and
associated with anhydrite.

It is thought that pyrite may have been

formed in localized reducing environments where hydrogen sulfides
were discharged as organic matter was destroyed.

Because it is

opaque in thin section, pyrite was identified by reflected light
microscopy.
Silica
Small amounts of authigenie quartz was observed in most San
Andres carbonates.

Its presence has been associated with freshwater

diagenesis as it has been observed in association with bassanite
and calcite replacement of anhydrite.
Studies of other San Andres cores by Foley (1978), Muir
(1978), and Barone (1976) indicated the presence of silica
polymorphs such as megaquartz and length slow chalcedony.
(1979) reported only quartz porphyroblasts.

Tully

Although authigenic

quartz was frequently observed in this study, the quantities were
very small.

Some minor detrital quartz was also observed in sabkha

deposits and halite intervals.
Compaction
Subtidal sediments of the lower San Andres generally contain
thin dark wisps which are associated with compaction.

Pressure

applied to aragonite mud reduces porosity and forms kerogen (Shinn,
1977).

The kerogen forms fine, dark brown horizontal laminations
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which resemble the wispy fabric found within the San Andres.
Other impurities may also be concentrated along compaction wisps
such as clay and quartz grains.

Flattened burrows or bioclasts,

which have partially withstood compaction, may have compaction
wisps draped over them (Fig. 26).
Stylolites
Vertical, horizontal, and subhorizontal stylolites also are
widespread in San Andres sediment.

These stylolites represent

concentrations of insoluble residues, such as hydrocarbon, clay,
silica, and pyrite, along the corrugated seams,

Stylolites,

because of their insoluble nature, may serve as permeability
barriers.

It seems unlikely that vertical stylolites were formed

by pressure-solution which generally is invoked to explain
horizontal stylolites.
Diagenetic Fractures
Three types of fracture patterns exist in lower San Andres
sediments.

Foley (1978) described wedge-shaped fractures which

radiate from anhydrite nodules.

The fractures may interconnect

nodules or may terminate in the surrounding matrix.

The nodules

generally consist of felted-lath anhydrite and hemihydrate,
while the fractures may be filled with sparry anhydrite. The
fractures are thought to result from volume increase as hemihydrate
replaces anhydrite.

The nodules exhibiting this phenomenon were

observed in subtidal deposits.
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In most instances replacement of

33

anhydrite by hemihydrate was not associated with fracture formation.
Filling of these fractures by "fresh" anhydrite constitutes another
line of evidence for second generation anhydrite.
Muir (1978) and Tully (1979) reported another fracture type
represented in subtidal sediments. These are stop and go fractures
which are overlain and underlain by compaction wisps.

The fractures

may be filled with anhydrite cement (Fig. 24). It was inferred
that these fractures occur in differentially lithified strata as
other surrounding unlithified layers were compacted (Muir, 1978;
Foley, 1978; and Tully, 1979).

In this study some stop and go

fractures were as small as two millimeters in length and were filled
with anhydrite cement.
The third fracture pattern occurs in brecciated zones.

The

collapse breccias occur when underlying halite or sulfate intervals
d.re dissolved by groundwaters.

Anhydrite cement, dark insoluble

residue, and replacement hemihydrate separate the angular brown
dolomitic fragments of the breccia.

The insoluble residue is

suggestive of dead oil. All three fracture types, the wedge-shaped
fractures, the stop and go fractures, and the collapse breccias,
were noted in this study.
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CHAPTER V
PARAGENESIS
Diagenesis in the Marine Environment
Lower San Andres carbonates originally consisted predominantly
of aragonite and high magnesium-calcite.

In localized areas,

cementation of grainstones occurred at and immediately below the
sediment-water interface while on the lagoon floor crystalline
allochems were micritized concurrently.
Diagenesis in Coastal Sabkha Environments
Interstitial precipitation of gypsum beneath the sabkha
surface and neomorphic dolomitization of original aragonitic muds
occurred penecontemporaneously.
Gypsum crystals became gradually replaced by anhydrite because
recharge of the coastal sabkha became increasingly more infrequent
as the shoreline prograded basinward.

Dense nodular mosaics

resulted because anhydrite is more stable than gypsum under
hypersaline brine conditions which occurred from the joint effects
of less marine recharge and evaporite drawdown.
Shallow Subsurface Diagenesis
Most intertidally and subtidally deposited carbonates were
probably stabilized in the shallow subsurface and were subjected
to complex multicyclic diagenesis that included diagenesis by
dolomitizing fluids, hypersaline brines and fresh groundwaters.
34
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Magnesium-rich brines migrated distally (basinward) neomorphically
dolomitizing aragonitic mud.

The same fluid selectively dissolved

some ooids and calcitic shells creating oomoldic and biomoldic
porosity (Fig. 12).
Subtidal sediments which are most distal from the origin
of the dolomitizing solutions are the least dolomitized and
therefore were partially to completely calcitized by a subsequent
influx of fresh groundwater (Fig. 13). It is suggested this
attenuation in dolomitization records either a shorter residence
time for the dolomitizing fluid or depletion of magnesium ions in
the fluid.
After (and possibly during) dolomitization anhydrite was
emplaced.

In many materials anhydritization was followed by a

freshwater diagenetic episode during which dissolution and
replacement of anhydrite by hemihydrate, calcite, and minor gypsum
took place along with dedolomitization precipitation of calcite
cement (Fig. 30) and emplacement of silica and fluorite (Figs.
31 and 32).
A second generation of anhydrite was em.placed in many intervals
by subsequent discharge of another hypersaline brine. This is
evidenced by partial filling of tertiary stairstep molds by
unaltered anhydrite crystals and close association of altered
anhydrite, which was replaced by hemihydrate, calcite, or gypsum,
with "fresh" unaltered anhydrite.
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Fluorite and authigenic quartz have been inferred to have been
precipitated out during fresh groundwater events.

Dolomite,

calcite, gypsum, anhydrite, and hemihydrate underwent partial
replacement by fluorite at some point during this freshwater event.
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CHAPTER VI
POROSITY
Development, Occlusion, and Preservation
of Primary Porosity
In the lower San Andres, two varieties of primary porosity
occur:

intergranular pores in grainstones and intrabiotic cavities

of invertebrates.

In many grainstones most porosity was partially

occluded early by precipitation of submarine cements as isopachous
crusts of original Mg-calcite or fibrous aragonite.

These later

became completely occluded by subsequent precipitation of anhydrite
and dolomite cements.
Little primary porosity has been preserved.

Tully (1979)

claimed the only primary porosity remaining in his study was that
within algal calcisphere cavities, and these were also noted in
this study.

Such voids have poor permeability unless the intra-

biotic, spheroidal cavities of the algal calcispheres are
innerconnected by secondary intercrystalline voids.
Development, Occlusion, and Preservation of Secondary
Porosity in Dolostones and Limestones
Secondary porosity developed in two ways in the lower San
Andres dolostones.

Following neomorphic dolomitization of

aragonite muds, intercrystalline spaces between the rhombs account
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for most of the secondary porosity, especially in wackestones
(Fig. 27). Jacka (1975) attributes this intercrystalline porosity
to the voids which occur between rhombs of a neomorphic dolostone
which initially forms an idiotopic fabric.

Furthermore, the

interrhombic spaces are larger basinward as the size of the dolomite
rhombs increases in this direction (see Chapter III). As stated
above, there are two types of secondary porosity.

The second

develops during dolomitization when allochems are dissolved by the
dolomitizing fluids (Murray, 1960).
Limestones exhibit moldie porosity.

Most primary and secondary

voids in limestones are filled by calcite cements.

However, most

biomoldic cavities and intercrystalline pores in dolostones are
filled by dolomite and anhydrite cements.

There is some minor
'•>

preservation of oomoldic porosity (Fig. 12).
Occlusion of secondary porosity is accomplished most readily by
epitaxial cementation of initial dolomite crystals.

If the sediment

is subjected for prolonged periods to dolomitizing fluids, or
should a later dolomitizing event occur, the epitaxial growth of
dolomite cements may completely fill intercrystalline cavities.
After dolomitization has been completed, individual crystals lose
their rhombic outline as dolomite cement produces compromise
boundaries and the fabric changes from idiotopic to hypidiotopic.
As in occlusion of primary porosity, anhydrite again supplements
dolomite in occluding secondary porosity in some instances.
Intercrystalline porosity is occluded to greater degrees by
dolomite cement in landward (proximal) segments of dolostones and
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virtually none remains in well 7-69 (Fig. 27). Intercrystalline
porosity is best preserved in wells 2-69 and 44-70 (Figs. 25, 10).
The greater preservation of intercrystalline porosity in distal
segments of dolostones lends credence to the lateral migration
theory of Jacka and Franco (1975).
Deposits that are closest to the source of magnesium rich brines
are exposed to a higher concentration of magnesium ions than the more
seaward sediments, because as the dolomitizing brine moves seaward
magnesium ion content is depleted.

Therefore, in landward deposits,

dolomite crystals should be smaller and crystal size should increase
along the direction of discharge of the dolomitizing fluid.
A second element to be considered is that because landward
sediments are closer to the source of the dolomitizing fluids, they
should be in contact with the fluids for greater periods of time
relative to more distal deposits.

Dolomite cementation of landward

deposits should be more complete.
Finally, with the landward sediments becoming so thoroughly
cemented and permeability hindered, less dolomitizing fluid reaches
more seaward deposits and therefore overgrowth cementation is
reduced and more secondary porosity is preserved there.

Thus the

residence time of the dolomitizing fluid is the critical factor in
formation, occlusion, and preservation of porosity in dolostone.
Development, Occlusion, and Preseryat^ioji
of Tertiary Porosity
In 1977, Jacka and Jacka and Stevenson first recognized the
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presence of tertiary porosity in Cretaceous sediments.

Tertiary

porosity exists in the lower San Andres and can be recognized
by its characteristic stairstep morphology (Fig. 28). This
porosity occurs when replacement anhydrite porphyroblasts, anhydrite
cement, or replacement anhydrite, which were emplaced after
development of secondary porosity, became dissolved by influx of
fresh groundwaters (Fig. 23). Dissolution of this anhydrite
increases porosity within the deposits and the distinctive
stairstep shape discriminates tertiary porosity from secondary
porosity.
A second type of tertiary porosity exists within dolostones.
This is intracrystalline porosity exhibited by hollow dolomite
rhombs.

Organic rich aragonite mud was neomorphically dolomitized

producing an idiotopic fabric and intercrystalline porosity.
Clear epitaxial overgrowths formed on the neomorphic dolomite
crystals and occluded some of the secondary porosity.

Anhydrite,

having a preference for nucleation in organic rich material,
selectively replaced the cores of the dolomite crystals.

Later,

leaching by fresh groundwaters, dissolved the anhydrite porphyroblasts, creating the hollow dolomite rhombs (Fig. 30).
Among the occluders of tertiary porosity are calcite,
second generation anhydrite, and small amounts of dolomite cement.
When calcite and dolomite cements occlude tertiary porosity, it
is evident by the stairstep morphologies these cements assume.
However, discerning earlier tertiary porosity when second generation
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anhydrite is the cement is difficult, but frequently possible
when second generation anhydrite does not completely fill the void.
Occlusion of tertiary porosity by other materials was not
evidenced in this study, but Muir (1978) and Foley (1978) reported
occlusion of tertiary porosity by silica, halite, and residual
hydrocarbons.

Intracrystalline porosity is occluded by calcite

cement and some replacement calcite (Fig. 30).
Preservation of tertiary porosity is good in both dolostones
and limestones.

Tertiary voids are abundant in all study wells.

Most stairstep molds are open.

However, there is anhydrite cement

in some tertiary voids. This is inferred to be second generation
anhydrite due to its sharp boundaries and its partial occlusion of
the stairstep voids.

In distal dolostones tertiary pores are

generally interconnected with secondary pores resulting in wery
high permeabilities in many intervals. Much intracrystalline
tertiary porosity is preserved in dedolostones in well 38-69 (Fig,
30),

Intracrystalline voids in the original dolostone have been

preserved after the dolomite was paramorphically replaced by calcite.
The best porosity occurs in wells 38-69 and 2-69 where secondary
intercrystalline and tertiary porosity combine to form some highly
porous intervals (Figs. 30, 31, 32).

CHAPTER VII
ELECTRIC LOG INTERPRETATIONS
Electric logs were made available for this study by Shell Oil
Company and were run by Schlumberger Logging Service and therefore
their type log names will be used.

The logs provided include

caliper, sidewall neutron porosity, gamma ray, borehole
compensated sonic, and laterolog.
Depositional Environments
Electric logs are useful in ascertaining depositional environments remembering that the environments to some degree reflect
lithologies and position within depositional cycles.
Evaporite Province
Caliper logs and sonic logs used in combination provide the
best means of identifying evaporite deposits.

Halite is indicated

on the caliper log by an enlarged borehole where drilling fluids
have dissolved and eroded the outer part of the halite interval,
even though a salt gel drilling fluid was used.

The theoretical

velocity in halite for the sonic log of 67 microseconds per foot
(Schlumberger, 1972) is closely approximated consistently by
observed velocities from 69 to 73 microseconds per foot (Figs. 4,
5, 6, and 7 ) . Clastics within the halite intervals increase to
the north as evidenced by a progressive increase in radioactivity
which largely reflects increase in red shale.
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Sabkha
Electric log characteristics of coastal sabkha deposits
include wery low porosity, unenlarged borehole diameters, low
radioactivity, and sonic log velocities ranging from 45 to 50
microseconds per foot. This variety of electric log responses
reflects coastal sabkha lithology which may range from homogenous
dolomite to dense dolostone with small amounts of anhydrite, to
nearly pure replacement anhydrite or various mixtures of the two.
This makes coastal sabkha deposits difficult to distinguish from
other anhydrite-bearing units.
Intertidal
It is difficult to differentiate intertidal and sabkha
deposits from electric log responses as both have low porosity
and natural radioactivity, and borehole diameter remains normal.
Intertidal stromatolites have been largely replaced by anhydrite,
which according to Schlumberger (1972) should have a theoretical
velocity of 50 microseconds per foot. The observed velocities
for this type deposit ranged from approximately 50 to 55 microseconds per foot which closely approximates the theoretical value
for anhydrite (Figs. 4, 5, 6, and 7 ) . Similarities of electric log
responses of supratidal and intertidal deposits make differentiation
between the two almost impossible.
Subtidal
The innermost of the subtidal facies consists of dolostones
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with little to no porosity.

For this reason sonic logs provide

records of correspondingly high velocities, some as high as 45
microseconds per foot but generally velocities of approximately
47 microseconds per foot are more abundantly represented (Figs,
4, 5, 6, and 7 ) . These velocities were the highest of those
recorded for the cored intervals of the wells examined.

Among

the high velocity units of dolostone, lower velocity units are
intercalated which have porosities ranging up to 19 percent, as
indicated by the sidewall neutron porosity log. Thin units of
porous dolostone are reflected by a sharp curve on the sidewall
neutron porosity logs.

Other logs indicate that natural

radioactivity is nearly zero and normal borehole size is
maintained.
Tully (1979) observed that digitate stromatolites produce
an unusual response on the gamma ray log. Apparently natural
radioactivity is more intense in the lithofacies containing
digitate stromatolites, and therefore a sharp peak occurs on the
gamma ray log.

On the sonic log, velocity decreases to as much as

65 microseconds per foot, along with the increase in
radioactivity.

It has been shown that these stromatolite zones

do indeed concentrate radioactivity to as much as ten parts per
million (Peterson, personal communication, 1979); however, it
is not an economical source of radioactivity.
The most distal subtidal units have slightly higher
radioactivity than more proximal deposits, as indicated by the
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gamma ray log.

The reason for this is not known. These distal

subtidal deposits exhibited porosities ranging up to more than 30
percent when examined petrographically, but on the sidewall
neutron porosity log considerably lower readings of approximately
19 percent were recorded.
Schlumberger (1972) provided a theoretical sonic velocity of
43 microseconds per foot for dense dolostone. However, these
outermost subtidal deposits registered a considerably lower
velocity of up to 60 microseconds per foot. Secondary and tertiary
porosity combined to provide a matrix porosity similar to that of
porous sandstones, thereby accounting for lower velocity. This
would appear to indicate that porosity and sonic velocity are
directly related in these dolostones. The zones of lower sonic
velocity can be correlated to the zones of increased porosity.
Limestone Log Characteristics
Distal subtidal limestones or dolomitic limestones, which
have not been thoroughly dolomitized, record sonic velocities of
50 to 55 microseconds per foot which is lower than the
theoretical 48 microseconds per foot value Schlumberger (1972)
provides.

This correlates well with the porosity values of three

to 14 percent recorded in the study wells.
Both lower sonic velocity and low porosity of these calcitic
facies may be related to the numerous stop and go fractures and
anhydrite molds which are present in these zones.
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Porosity Trends
Much secondary intercrystalline porosity has been preserved in
wells 38-69, 2-69 and 44-70 (Fig. 27). Very little has been
preserved in the most proximal well, 7-69 (Fig. 28); however, it
contains some highly porous intervals of tertiary porosity.

Wells

38-69 and 2-69 (Figs. 10, 11) contain the best preserved porosity
where secondary intercrystalline voids combine with tertiary
anhydrite molds to form highly porous intervals. Thus tertiary
porosity is well preserved in all study wells.

CHAPTER VIII
CONCLUSIONS
1.

Deposition of lower San Andres sediments occurred on the

Northwestern Shelf of the Delaware Basin.
Leonardian in age.

These deposits are late

Climate and eustatic sea level changes,

facies progradation during periods of constant sea level, and
continued subsidence are recorded by these sediments. A normal
depositional cycle consists, upward from the base, of:

subtidal,

intertidal, coastal sabkha and evaporite basin deposits.
2,

The Palo Duro-Tucumcari Basin was occasionally separated

to the south from the sea covering the Northwest Shelf of the
Delaware Basin by the Roosevelt Positive and the Pedernal landmass.
During the periods of isolation and infrequent recharge, halite
zones of the lower San Andres were deposited.

Occasional recharge

of this restricted basin may have been by either meteoric or
sea waters.

Subsequent to recharge, during the evaporite drawdown

phase, precipitation of gypsum needles was followed by halite.
The gypsum was subsequently replaced by anhydrite which in turn
was replaced to varying degrees by halite.

Between layers of

halite are dolostones and limestones which represent normal
marine carbonates which were deposited when the shelf sea
submerged the Palo Duro-Tucumcari Basin and circulation was no
longer restricted.
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3.

Sedimentation was to some degree affected by tectonism.

Thickest salt beds in the San Andres occur along the northern
axis of the Palo Duro-Tucumcari Basin, which subsided at a greater
rate than adjacent positive areas.

These halite intervals

decrease progressively in thickness southward up the flanks of the
Roosevelt-Matador uplift.
4.

Solutions with high magnesium ion contents dolomitized

coastal sabkha sediments penecontemporaneously with deposition.
However, the manner in which algal flat sediments and subtidal
sediments were dolomitized has not been determined.
are neomorphic.

All dolostones

The finest dolostone (1 to 10 microns) occurs in

supratidal dolostones, while the coarsest occurs in subtidally
deposited dolostone of the most distal well (120 microns).
5.

Anhydrite is ubiquitously represented in the lower San

Andres and predominantly occurs as a replacement of subtidally
deposited dolostone and, to a lesser degree, gypsum which formed
in supratidal (sabkha) deposits.
forms:

Anhydrite occurs in the following

(1) scattered to dense nodular mosaics; (2) blocky

porphyroblasts of coarse spar with stairstep outlines; (3) voidfilling cement, or as a combination of cement and replacement;
(4) massive, structureless layers that contain unreplaced relics
of dolostone; (5) layers of laminar anhydrite with varying amounts
of unreplaced dolostone.

Anhydrite nucleates predominantly in

organic-rich materials such as shells, ooids, peloids, burrows,
and stromatolites.

In some intervals a first generation of
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anhydrite was dissolved before a second generation was emplaced.
6.

Nodular anhydrite can no longer be accepted as an

unequivocal criterion for the recognition of sabkha deposits,
because it was formed so abundantly as a post-depositional
replacement of subtidally and intertidally deposited carbonates.
7.
Andres.

Evidence for freshwater diagenesis abounds in the San
Limestones, in distal segments of carbonates, were

stabilized in freshwater diagenetic environments, as indicated by
selective dissolution of aragonitic shells and anhydrite and
recrystallization of the matrix.

In dolostones, first generation

anhydrite was leached to form stairstep molds and intracrystalline
voids, and some was replaced by hemihydrate, calcite and gypsum.
Dedolomitization records diagenesis by calcium rich meteoric
groundwater.

Minor amounts of silica and fluorite also record

freshwater diagenesis.
8.

All primary intergranular porosity has been occluded by

submarine cements, dolomite and anhydrite.

Intrabiotic cavities

have been filled by infiltered sediment and dolomite and anhydrite
cements,
9.

Secondary intercrystalline pores and fossil molds have

been largely occluded in proximal segments of dolostones by
dolomite and anhydrite cements.

Preservation of secondary

porosity increases progressively from intermediate to distal
segments of dolostone intervals as dolomite cementation diminishes.
Size of dolomite crystals also generally increases distally.
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Secondary intercrystalline voids constitute the dominant pore
type in the San Andres cores.
10,

Tertiary porosity is more widespread in its distribution

than secondary porosity, and it is present in dolostones and
limestones in all study wells.

Stairstep molds of anhydrite

porphyroblasts constitute the predominant type of tertiary
porosity.

Intracrystalline porosity is another form of tertiary

porosity.

It was formed by dissolution of anhydrite which

selectively replaced organic-rich cores of dolomite crystals, but
did not replace the clear epitaxial cement rims. Although several
examples of intracrystalline porosity were noted in dolostones,
it had been occluded by calcite cements,
11,

In distal segments of dolostone reservoirs the highest

porosities and permeabilities occur where secondary intercrystalline
voids and fossil molds are interconnected with tertiary anhydrite
molds.
12,

Based on distal (shelfward) increase in dolomite rhomb

size and an attendant decrease in dolomite overgrowth cement,
origin of dolomitizing fluids is inferred to be from the landward
direction.

Calcitization of the most distal deposits provided

further evidence for a proximal source of dolomitizing fluids.
13,

Lithologies may be reliably interpreted from a

combination of the following logs:
sidewall neutron porosity (SNP),

gamma ray, caliper, sonic and

The sonic log is a much better

indicator of porosity in dolostones than has previously been
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suspected.

To some degree, log response data may reflect

depositional environments and diagenesis.
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limstone (L) intervals are noted.
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p-ig, 5.--From l e f t to r i g h t sidewall neutron porosity [SNP), gamma-ray
c a l i p e r , and sonic logs from well 2-69 are shown. Cored
interval is 2368-2592^^ Anhydrite (A), h a l i t e (H), limestone
("L), and dolostone (D) intervals are noted.
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From left to right sidewall neutron porosity (SNP), gamma-ray
Fig. 7.-caliper, and sonic logs from well 44-70 are shown. Cored
interval is 2669.6-2719, Anhydrite (A), halite, and limestone
(L) intervals are noted.
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Fig. 8.--Micrograph of coastal sabkha facies with dark crinkly algal
laminations (lower half) and small scale flat pebble
conglomerate (upper half) which was derived from stromatolites. Each smallest division is 90 microns. Crossed
polarizers.

Fig. 9.--Subfacies 1-Micrograph depicting dense, grain-rich
biopelwackestone which is thoroughly dolomitized. Each
smallest division is 42 microns. Crossed polarizers.
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Fig, 10.--Subfacies 2-Micrograph illustrating biopelwackestone.
Relatively large, tertiary stairstep molds are interconnected with small secondary intercrystalline voids to
create wery high porosity and permeability. Each
smallest division is 42 microns. Crossed polarizers.
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Fig. 11 .--Subfacies 3-Micrograph of subfacies showing digitate
stromatolite with anhydrite (light) nucleating in
organic rich material. Each smallest division is 90
microns. Crossed polarizers.
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.--Subfacies 4-Micrograph illustrating biopelgrapestone
packstone with anhydrite cement occluding oomoldic
porosity. Each smallest division is 42 microns.
Crossed polarizers.

Fig. 13.--Subfacies 5-Micrograph depicting oobiopelgrapestone
grainstone. Each smallest division is 42 microns.
Crossed polarizers.
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Fig. 14.--Photograph of the intermediate depositional cycle of well
7-69, showing evaporitic deposits. Red brown to clear
halite intercalated with anhydrite which pseudomorphed
vertical gypsum needle crystals. Halite has replaced
anhydrite to varying degrees. Halite contains
inclusions of anhydrite.
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Fig, 15.--Photograph showing continuation of intermediate
depositional cycle of well 7-69. Halite is underlain by
laminar anhydrite.
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Fig. 16.--Photograph of subtidal deposit from well 2-69, containing
fossiliferous zone (F), in which fossils have been replaced
by anhydrite. Laminar anhydrite (L) and nodular mosaics
of anhydrite (N) have replaced subtidal carbonates.
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Fig. 17.--Subtidal deposit (dolostone) with well-developed
compaction wisps. Well 7-69.
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Fig. 18.--A digitate subtidal stromatolite is illustrated in the
outer left core box (2680-83'), Tertiary stairstep molds
and secondary intercrystalline molds have combined to
form excellent porosity and permeability. Well 44-70,
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Fig, 19.--Isolated nodules (white) of replacement anhydrite occur in
a subtidal deposit (dolostone). The anhydrite nodules
contain replacement rims of hemihydrate.
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Fig, 20.--Micrograph showing late sparry calcite cement being
replaced by anhydrite (A), celestite (C), fluorite (F)
Inclusions of anhydrite occur within the sulfates and
fluorite. The anhydrite probably represents a second
generation. Each smallest division is 42 microns.
Crossed polarizers.

Fig, 21.--Same as Figure 17 but under plane light,
division is 42 microns.

Each smallest
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Fig. 22.--Micrograph depicting anhydrite porphyroblasts coalescing
with dolomite inclusions providing "cloudy" appearance.
Note concentrations of hydrocarbons in dark compaction
wisp at right. Each smallest division is 42 microns.
Crossed polarizers.
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Micrograph illustrating a tertiary stairstep void formed by
Fig. 23.-dissolution of anhydrite that nucleated in the dark organic
rich grapestone grain. Note larger dolomite rhomb size of
surrounding matrix. Each smallest division is 42 microns.
Crossed polarizers.
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Fig. 24.--Micrograph of a small "stop and go" fracture system which
seemingly reflects differential lithification and subsequent breakage of certain layers by compaction of adjacent
unlithified intervals. Fractures are filled by sparry
anhydrite. Each smallest division is 42 microns.
Crossed polarizers.

Fig, 25.--Micrograph showing dedolomite (D) with yellow-brown
fluorite vein being replaced by calcite. Each smallest
division is 42 microns. Plane light.
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Fig, 26.--Micrograph illustrating dark, organic-rich compaction wisps
containing dolomitized bioclasts. Calcite cement (C)
filling small "stop and go" fractures. Each smallest
division is 42 microns. Crossed polarizers.

Fig, 27.--Micrograph showing occlusion of secondary intercrystalline
porosity by dead oil (dark). Some intercrystalline pores
remain open (white). Each division is 11 microns.
Plane light.
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Fig. 28.--Micrograph of tertiary anhydrite molds (T) exhibiting
characteristic stairstep morphology. Residual hydrocarbons
occur within some pores. Each division is 42 microns.
Plane light.
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Fig. 29.--Micrograph illustrating an imbricated flat pebble conglomerate of a supratidal deposit which occurs within a matrix
of yery fine felted-lath anhydrite which has replaced
original dolostone. Note ghost of large intraclast (I) in
anhydrite. Each smallest division is 50 microns.
Crossed polarizers.
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Fig. 30.--Micrograph depicting dolostone and hollow dolomite rhombs
(R) which are now filled by calcite cement. Intracrystalline porosity was created when anhydrite, which replaced
organic-rich cores of dolomite crystals was dissolved and/
or replaced by calcite during freshwater diagenesis. Each
smallest division is 11 microns. Plane light.

Fig, 31,--Micrograph of dedolostone with much intracrystalline
porosity (I). Hemihydrate (H) has replaced original
anhydrite. Each smallest division is 42 microns.
Crossed polarizers.
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Fig. 32.--Same as Figure 28 but under plane light. Paragenesis
includes the following: (1) dolomitization; (2) anhydrite
replacement of allochems and cores of dolomite crystals;
(3) during fresh groundwater diagenesis anhydrite dissolved
and was replaced by hemihydrate; (4) dedolomitization took
place during latter stages of fresh water diagenesis.
Each smallest division is 42 microns.

