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ABSTRACT

Lamimiions in the Upper Permim evaporite
sequence in the Delaware Basin appear in the
preevaporite phase of the uppermost Bell
Canyon Formation as alternations of siltstone
and organic layers. The laminations then change
character and composition upward to organt-
cally laminated claystone, organically laminated
calcite, the calcite-laminated anhydrite typical
of the Castile Formation, and finally to the
anhydrite-laminated halite of the Castile and
Salado.

Laminae are corrclative for distances up to
113 km (70.2 mi) and probably throughout
most of the basin. Each lamina is synchronous,
and cach couplet of two faminated components
is interpieted as representing an annual layer of
sedimentation—u varve.

The thickness of each couplet in the 260,000-
varve sequence (i total thickness of 447.2 m,
1467 ft) has been mceasured individually and
iecorded and provides the basis {or subdividing
and correlating major stratigraphic units within
the basin. 'The uppermost 4.2 m (30.3 (1) ol the
Belt Canyon Formation contains about 50,850
varve couplets; the Basal Limestone Member
of the Castile about 600; the lowermost anhy-
drite member of the Castile (Anhydrite 1) con-
tains 38,397: llalite 1, 1,063; Anhydrite 1,
14,4145 Ualite 1, 1,758; Anhydrite 11, 46,592;
Halite 14, 17,879; and Anhydrite 1V, 54,187,
The part of the Salado colleeted (126.6 m) con-
tans 35,422 varve couplets. The Bell Canyon—
Castile sequence in the cores studied is appar-
ently continuous, with no recognizable uncon-
formities.

The dominant petrologic oscitlation in the
Castile and Salado, other than the laminations,

is a change from thinner undisturbed anhy-
drite laminac to thicker anhydrite faninac that
generally show a sccondary or penecontem-
porancous nodular character, with about 1,000
to 3,000 units between major oscillations or
nodular beds. These nodular zones are correla-
tive throughout the area of study and underly
haltte when it is present. The halite layers
alternate with anhydrite laminae, are generally
recrystallized, and have an average thickness
of about 3 ecm. The halite beds werc once west
of their present occurrence in the basin but
were  dissolved, leaving beds of anhydrite
breccia. The anset and cessation of halite depo-
sition in the basin was nearly synchronous.

The Anhydrite T and 11 Members thicken
gradually across the basin from west to east,
whercas the Halite 1, 11, and 111 Members are
thickest in the castern and northeastern part of
the basin and thicken froim southeast to north-
west. This distribution and the synchroneity
indicate a departure from the classical model of
cvaporite zonation.

INTRODUCTION

The Castile Formation (Upper Permian) in
the Delaware Basin of Texas and New Mexico
is often cited as perhaps the best example of a
large deep-water evaporite deposit {or which
there are no modern analogs. In addition, the
Castile is well known for 1ts remarkably dis-
tinct laminations of calcite and anhydrice,
which are assumed by many to rellect annual
sedimentation.

“The regular interlamination of salts of dit-
ferent solubilities (calcite and anhydrite; anhy-
drite and halite) implies that depositional con-
trols must have fluctuated in response to some
perindic process or event. Udden (1924) sug-
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gested that cach calcite-anhydnte couplet
represented an annual increment of sediment—
a varve, Most investigators who have discussed
the Castile agree with Udden's annual inter-
pretation but have been unable to agree on a
periadic mechanism. Adams (1944) suggested
that new sea water was introduced by scasonal
breaching and scaling of a barricr. Briggs
(1957) suggested that Treshening duc to annual
maximumn  spring  tides could produce the
Castile laminations. Neither of these explana-
tions scems adequate to account for the great
lateral continuity and synchroneity of deposi-
tional conditions over an area the extent of the
Delaware Basin, as demonstrated by correlation
of laminae.

Organically rich laycers are associated with
calcite laminae in the Castile. Richter-Bern-
burg (1964) explained a similar association in
calcite-anhydrite couplets in the DPermian
Zechstein Formation of Germany by assuming
that organic matter represented mass killing of
planktonic organisms. It seems likely, however,
that laminae concentrations of organic matter
ate the result of a periodic (annual?) increase
in plankton productivity (blooms). The inves-
tigations of Carpelan (1957) and Phleger (1969)
have shown that evaporite basins can have
levels of primary productivity greater than
adjacent “‘normal marine” environments. If
such organisms were phytoplankton, then there
is a mechanism for calcite deposition in the
seasonal blooming process and the attendant
temoval of CO; from the watcr. ’

Organically rich layers arc also associated
with the anhiydrite of anhydrite-halite couplets
where seasonal evaporation can be invoked as
the mechanism for layered halite deposition. In
fact, organic or organically rich layers are com-
mon to all the laminae types in the Bell Can-
yon-Castile sequence, and form a basis for the
assumption that throughout the sequence the
lamination process is in tune with, if not influ-
enced by, seasonal and probably annual plank-
ton productivity.

While it has never been conclusively demon-
strated that laminae couplets such as those of
the Castile are varves, no other hypothesis for
couplet timing in laminated evaporites has been
given serious consideration, and this investiga-
tion is framed upon the assumption that cach
couplet (organic-siltstone, organic-calcite, cal-
cite-anhydrite, anhydrite-halitc) represents an
annual cycle of sedimentation.

Earlier investigations by several of the au-

thors (Anderson and Kirkland, 1966; Kirkland
and Anderson, 1970) revealed that the lamina-
tions could be correlated with great precision
over the entire basin (distances up to 113 km or
70.2 mi). The laminations continue in an unin-
terrupted  sequence from the preevaporite
phase below the Castile upward into the
Salado Formation in a series of some 260,000
laminae couplets, and provide a reference scale
for determining the precise volume and distri-
bution relation of the various components in
the system. The continuous time series of
laminations also provides a basis for examining
the behavior of such a basin over much of its
life history.

This report deals with the broader aspects of
the evaporite system and considers chiefly the
petrology and stratigraphic relations of the
major units in the basin. These units have been
correlated within the basin on the basis of
individual laminae and indexed to a master
time series. The laminations themselves are an
additional focal point in the study. Also, some
interpretations are made concerning basin
paleogeography, solution, and other problems.

The study is based partly upon sonic, elec-
tric, and sample Jogs, and field observations, but
mainly on a number of cores collected from
Culberson County, Texas, in the west-central
part of the basin and one core from Winkler
County, Texas, in the east-central part (see Fig.
1 for locations). One of these cores (University
of New Mexico-Phillips no. 1) includes part of
the Salado Formation, all of the Castile, and
part of the underlying Bell Canyon Formation.

Each section of this 5 em (2 in.) core was
marked as it was removed from the core barrel
in order to maintain proper sequence and
superposition. The core was slabbed, polished,
and marked off at 5.08-cm (2-in.) intervals.
Photographs of the core were enlarged three
times, and printed on strips of photographic
paper. Each couplet (for cxample, calcite-
anhydrite) was interpreted, marked, and
measured on the photographs, and the core
measurcments were recorded on computer
cards. The result is a time series of approxi-
mately 260,000 varve couplets beginning in the
Bell Canyon Formation, about 10.67 m (35 ft)
below the base of the Castile and continuing to
a basal limestone breccia, probably of the
Rustler Formation, that rests on top of the
laminations in the lower part of the Salado
Formation, a thickness of about 447.2 m
(1467 f¢).
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REGIONAL SETTING

So much previous work has been done on the
regional aspects ol evaporites in the Delaware
Basin that no attempt will be made here to
present a complete picture of the setting of
the basin.

Regional aspects of the Delaware Basin and
its evaporite sequences (Table 1) are discussed
in the reports of J. E. Adams (1944, 1965,
1967), Adams and Frenzel (1950), Hills (1942),
P. B. King (1937, 1942, 1948), R. H. King
(1947), Lang (1935, 1937), Lloyd (1929),
Newell and others (1953), and other investi-
gators.

The basin has generally been visualized as
surrounded by a carbonate platform (reef)
with a marine opening to the south or south-
west. Prior to evaporite deposition, fine clastic
sediments were deposited within the basin
under what may have been deep water,
“‘starved basin”’ conditions (Adams and others,
1951). Sandstone and siltstone beds grade up-
ward into laminated claystone whicl is inter-
rupted by limestone (Lamar Member of the
Bell Canyon Formation) apparently derived
from the margin of the basin (Tyrrell, 1969).
Carbonate deposition at the basin margins and
laminated clay and silt deposition within the
basin apparently continued at the same time
that clastic-evaporite deposition occurred in
the ‘‘back-reef’ areas (Artesia Group).

Finally, a sequence consisting mainly of beds
of laminated calcite and anhydrite intercalated
with beds of anhydrite-laminated halite was
deposited within the basin as the Castile and
Salado Formations. [iventually, the basin be-
came filled and Salado evaporite deposition
spread northward and castward over an area of
greater cxtent than the structural outline of
the basin. During Salado time, potassium salts
were deposited within southeastern New Mex-
ico and a small part of Texas.

PETROLOGY

The laminations of the preevaporite and
evaporite phases of Bell Canyon—Castile For-
mations provide a unique means for describing
and interpreting petrologic variations. Lamina-
tions of one sort or another occur in a con-
tinuous uninterrupted sequence from the
organically laminated siltstone of the Bell
Canyon, through the basal limestone and the

ANDERSON AND OTHERS

calcite-anhydrite couplets of the Castile, ad
into the Castile halites. The arrangement and
character of the laminations change in succes
sive lithologies and it is this change by tk
addition or subtraction of individual lamina
types that results in the gross changes that ar
defined as stratigraphic units. This same type
of lamina by lamina change, producing gros
lithologic variations, also occurs in the Jurassi
Todilto Formation of New Mexico (Anderson
and Kirkland, 1960) and probably is character
istic of many laminated evaporite sequences.

A system of identifying the position of 3
particular lamination or feature within the
preevaporite and evaporite time series has been
adopted that is based upon the position of 5
lamina above the base of a particular strati
graphic unit or member of the sequence. Far
example, the designation Anhydrite I, Ty +
1,187-1,190, 166.6 cm, indicates that the par
ticular feature occurs 166.6 cm, or 1,187 10
1,190 laminae couplet units, above the base
(To) of the Anhydrite T Member.

Preevaporite Phase

Just below the laminated zone, the Bell Car-
yon Formation in the University of Nes
Mexico-Cowden no. 4 (Fig. 1) is composed of
well-sorted, angular quartz grains and minot
[eldspar grains with a sparse clay matrix and
carbonate cement (Fig. 2A). The first lamina
tions appear as fragments of dark brown organic
material that are aligned in layers about | ma
apart (Fig. 2B). This condition prevails as the
quartz grains diminish -in size and frequency
upward in'the sequence, and as the amount of
clay increases the organic laminae become
better defined and more persistent. Events

TABLE 1. STRATIGRAPHIC TABLE OF PERMIAN ROCKS OF THE
DELAWARE BASIN, WEST TEXAS AND SOUTHEAST NEW MEXICO
Series Forwations Mesbers
Ochoa Dewey Lake Redbeds
Rustler Anhydrite 1¥
Halite LI1
Salado Anhydrite 111
Halite 11
Castile Mhydrite 11
Halite 1
Guadalupe Bell Canyon mﬁ'{:‘.}m
Cherry Canyon
Brushy Canyon
Leanard Bone Spring Limestone
Wolfcamp undifferentiated
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ally, silt grains diminish to a point where the
unit is a Jaminated claystone (Fig. 2C). Silt-
stone and claystone beds then alternate with a
time [requency of several thousand laminae
couplets.

Two fossit components are found in the
laminated siltstone and claystone units: ex-
tremely minute fusulinids and shell(?) (rag-
ments replaced by silica (Fig. 3C) and yellowish
brown algal(?) remains (Fig. 3B). The algal(?)
remains are about 60 p in diamcter. Their wall
thickness is about 10 g and the central part of
the compressed bodies are often filled with
silica. No aperture was observed. The yellowish
brown grains arc aligned parallel to the dark
brown laminae. They appear in the siltstonc se-
quence shortly alter lamination begins, but
occur sparingly throughout most of the se-
quence. A few cm below the base of the Castile,
these organic remains are very abundant and
form thin layers with a brown color in reflected
light.

The small fusulinids occur throughout the
claystone and siltstone units of the upper Bell
Canyon Formation, but are more abundant in
the claystone. Apparently two [orms are repre-
sented; one is spherical, and the other which is
less common, is fusiform. Structure is poorly
preserved owing to partial or complete silicifica-
tion, but the ovoid form resembles the neo-
schwagerinid species Yabeina texana reported
from the Lamar by Skinner and Wilde (1955),
but is less than one-tenth the size and appears
to have a few more volutions. Fhe clongated
form may be a boultonid, but is even more
pootly preserved than the Yabeina-like form.

Evaporite Transition

The base of the Castile is marked by the first
appearance of calcite layérs between dark
brown organic faminac similar to those in the
siltstone and claystone units of the Bell Canyon
(Fig. 2D). The contact between the Basal
Limestone Member of the Castile and the
laminated claystone of the Bell Canyon Forma-
tion is very abrupt and occurs over a few
couplets. Yaberna-like forms continue for a
few centimeters into the Basal Limestone Mem-
ber of the Castile, but are confined to the
organically rich laminae between the calcite
layers. The yellowish brown algal(?) remains
are not found in the Castile Formation,

Some basal calcite laminae contain a mosaic
of equidimensional calcite crystals with many
of the crystals having sutured boundaries. As

time progresses, the discrete brown organi-
laminae that are characteristic of the pre-
evaporite phase (Fig. 2D) become unrecog-
nizable and arc replaced by difluse brown
organic material intimately mixed with the
calcite laminae (Fig. 2E).

The onset of sulfate deposition at the base of
the Anhydrite 1 Member is marked by two
different types of anhydrite. One type occurs
as layers of relatively large anhydrite grains
which have a yellowish brown coloration in
transmitted light, probably resulting from
organic stain. These anhydrite crystals, which
are dark brown in reflected light, are associated
with small (25p) calcite rhoinbs and are several
times larger than unstained anhydrite grains in
the accompanying thicker anhydrite laminae
(Fig. 2E, F; Fig. 4A). The yellowish brown
anhydrite crystals are flicquently oriented with
their long dimension parallel to bedding, and
are generally either in contact with or mixed
with layers of calcitc rhombs. These laminae
form some of the sharpest and most distinct
laminac visible in outcrop and in core.

This mode of deposition continues for sev-
eral thousand couplets at the base of the Anhy-
drite I Member before giving way to alternat-
ing laminae of anhydrite and organically
stained calcite (Fig. 2G, ), which is typical of
the Castile.

Calcite-Anhydrite Laminae

T'he general petrologic description of Udden
(1924), Adams (1944), and expanded descrip-
tion by Anderson and Kirkland (1966) applies
to most of the calcite-anhydrite laminations of
the Castile Formation, and some additions to
and refinements of these descriptions are pre-
sented below.

Calcite. Calcite layers in the Basal Lime-
stone and lower part of the Anhydrite [ Mem-
ber (Fig. 2D, E, F, G) are composed of crystals
about 25 u in diamcter and are remarkably con-
stant in size (Fig. 3D).

Examination of thin sections ground to a
thickness of 4 to 5 p shows the crystals to be
rhombs of calcite (Fig. 3E, F). Some crystals
are euhedral; more commonly, the margins are
crenulated and the corners rounded, giving the
crystals a rounded appearance at low magnifica-
tion. Calcite ‘“‘rosettes” were sometimes ob-
served with six or more calcite rhombsaround a
nucleus ol calcite or unidentified material.

The size of the small equidimensional calcite
rhombs does not change upward in the laminae
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but the (requency often diminishes. giving the
laminae an upper boundary that is less sharp
than the lower boundary. The calcite crystals
commonly appear to be suspended in the anhy-
drite groundmass and removed from adjacent
grains by scveral diameters distance (Fig.
3E, F). There is some mixing of rounded and
euhedral calcite rhombs in the same lamina,
but the degree of rounding or angularity within
a particular lamina is usvally the same over the
distances between the Cowden no. 2 and
Phillips no. | cores (30 km).

Throughout much of the Castile, calcite
laminae are composed of larger ovoid or fusi-
form crystals usually about 75 g in diameter
and intimately mixed with and stained by
brown organic matter (Fig. 211 Fig. 3A).
These are the calcite crystals described by Ud-
den (1924). Typically, a calcite lamina has a
sharp basal contact and a less distinct upper
contact that represents the mixing of caleite
crystals with the lower part of the overlying
anhydrite lamina.

Measurement of maximum lengths of 800 of
these calcite crystals indicate that no important
differences in calcite crystal size occur between
cores separated by 15 to 30 km, nor is there a
significant  vertical gradation of grain size
within particular carbonate lavers. The mea-
sured: laminae are from a part of the section
which is relatively low in calcite (about 12 per-
cent), but apparently no major differences in

4
N

Figure 2. 'Transitional lithology at the top of the
Bell Canyon Formation and at the base of the Castile
Formation (nomenclature is explained in text). (A)
Non-laminated siltstone, Siltstone I unit, Bell Canyon
Formation. (B) Laminac of siltstone and organic matter,
Siltstone IIT unit, T + 10,470, 233.5 cm, Bell Canyon
Formation. (C) Laminac of claystone and organic mat-
ter, Claystone II unit, T, + 10,581, 115.6 cm, Bell
Canyon Formation. (D) Laminae of calcite and organic
matter, Basal Limestone Member, Ty + 75, 2.0 cm,
Castile Formation. (E) Laminae of calcite, anhydrite,
and organic-rich anhydrite, Athydrite I Member, To +
1,187-1,190, 166.6 ¢m, Castile Formation. (F) Laminac
of organic-rich anhydrite and anhydrite, Anhydrite 1
Member, Ty + 1,191-1,195, 166.6 cm, Castile-Forma-
lion. (G) Laminae of calcite and anhydrite, Anhydrite
} Member, To + 13,987-13,990, 1,201.0 cm, Castile
Formation. (I1) Laminae of calcite (ovoid crystals) and
anhydrite, Anhydrite 1 Membes, T, + [0,791-10,793,
859.9 cm, Castile Formation ; the calcite laminae consist
of rounded rhonihs of calcite. This couplet form is
typical of most of thie Castile.

calcite crystal size occur even in high-carbonate
parts of the scction except near the base of the
Castile where the crystals are smaller and have
a different form.

The habit of the calcite crystals ranges from
ovoid rhombs (Fig. 3A), to larger and closely
packed but still distinct crystals, to laminae of
calcite crystals that have become highly inter-
grown and sutured. The calcite crystals do not
usually show a preferred orientation except in
very thin carbonate laminae (one or two crys-
tals thick) where crystals are commonly imbri-
cated subparallel to stratification. Organic
matter that stains calcite often becomes con-
centrated, forming a more or less distinct or-
ganic lamina in the upper, lower, or middle part
ol a particular calcite lamina.

Anhydrite. Most anhydrite in the Castile
Formation consists of an interlocking aggregate
of subhedral to euhedral crystals in a dense,
interlocking, fine-grained matrix (Fig. 4B). The
crystals have a distinct rectangular outline.
These rectangular crystals are larger than the
crystals in the “matrix’’ and commonly form a
closely packed aggregate, the so-called ““pile-
of-bricks” texture, and thought by many in-
vestigators to be the normal habit of primary
anhydrite (Carozzi, 1960, p. 422). The smaller
crystals of the matrix have the same habit as
the larger crystals. The long and short dimen-
sions of 200 larger crystals were measured and
were found to have a mean short dimension of
23 u, a mean long dimension 0f 30 g, and a mean
long-short ratio of 1.36. There appears to be
no unportant difference in crystal size between
the Phillips and the two Cowden sections and
there is no important vertical gradation in
crystal size as described by Ogniben (1955 and
1957) in gypsum and anhydrite laminae from
the Sulfur Series of Italy.

Although a vertical gradation in size of
anhydrite crystals does not occur within sulfate
laminae, anhydrite crystals associated with the
organic-anhydrite at the base of the Castile are
frequemly larger than anhvdrite crystals in the
purer sullate laminae as noted in the discussion
of the transition zone.

In addition to matrix crystals and rectangular
crystals, a third type occurs as laths with a
width of about 0.1 mm and a length up to
several millimeters long. The laths have indis-
tinct, irregular boundaries and often contain
inclusions of rectangular anhydrite ‘‘blocks.”
Laths can be found in all orientations, but the
long dimensions of most are approximatcly
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66 ANDERSON AND OTHERS

Figure 3. Fossils in the uppermost Bell Canyon
Formation and crystal textures in the Castile Formation.
(A) Rounded-rhombohedrons of calcite; note that the
frequency of calcite crystals diminishes upward into the
overlying anhydrite lamina, Anhydrite I Member, T,
+ 10,792, 859.9 cm. (B) Algal(?) remains, Claystone
LI unit, Ty + 5,600, 74.3 cm. (C) Minute fusulinid,
compare Yabeina sp., Claystone 11l unit, Ty + 3,840,

normal to stratification. They commonly, but
not invartably, occur within or adjacent to thin
carbonate faminace, which are distorted or
pierced by the laths.

At the top of the evaporite sequence in the
Salado Formation, the calcite-anhydrite cou-
plets typical of most of the Castile give way to
thicker anhydrite laminae separated by caleite
layers which have blebs of organic matter
coating the calcite grains (Fig. 4C).

50.3 cm. (D) Small (~254) calcite thombs in cakin
laminac near base of Anhydrite I (see Fig. 2G); nott
organization of calcite crystals into lamina in centerd
photo. (E,F) Enlarged views of calcite rhombs i
partially polarized light ; note that some crystals retaint
rhombic form and are “‘floating’’ in anhydrite grousd
mass.

Halite Layers

[falite layers from a [ew milliincters to mor
than 10 cm thick arc abruptly added to th
calcite-anhydrite couplet pattern at the onst
of halite depusition. The anhydrite laminx
continue at about the same thickness with th
introduction of halite, but the caicite layers be
come less obvious and less well defined and ar
only intermittently present as distinct laminae.
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Figure 4. Calcite and anhydrite crystal textures,
Castile and Salado Formations. (A) Anhydrite and
organic-rich anhydrite laminac (see Fig. 2F); note con-
trasting size of anhydrite crystals, with larger crystals in
organic-rich zones (polarized light); Anhydrite 1
Member To + 21,630-21,631, 2,195.6 cm. (B) Typical
blocky anhydrite (polarized light) ; Anhydrite I Mem-
ber, Ty + 13,976, 1,200.0 cm. (C) Laminae of organic
stained calcite and anhydrite, Salado Formation;
12,737.8 c¢cm above base of Salado Formation, Ty +

Some of the halite layers from the upper part of
the Castile retain the otiginal crystal structures,
including internal laminae that are concentra-
tions of organic material or anhydrite, and
bubbles and vacuoles. Most halite layers, how-
ever, have become recrystallized (Fig. 5D).

Other Components

Small crystals of pyrite are sparsely present
in the Castile, generally at the base of calcite

35,014-35,015. Note that organic matter forms a coating
on the calcite grains. (D) Calcite rhombs (dark) between
nodules of anhydritc; note alignment of anhydrite
crystals adjacent to calcite band, Anhydrite I Member,
To + 216-218, 35.6 cm. (E) Similar to (D), but in
polarized light, Anhydrite I Member, T, + 216-218,
35.6 em. (F) Reticulate pattern formed by rcorganiza-
tion of anhydrite laminae into nodules, Anhydrite I
Mecmber, Ty + 216-218, 35.6 cm.

laminae. They can be observed in insoluble
restdues and somettmes on polished surfaces and
in thin sections, but are observed best on x-
radiographs of slabs approximately 3 mm thick
cut normally to stratification (see discussion in
Anderson and Kirkland, 1966).

Very small quartz and ziscon grains with
maximum intercepts of approximately 50 u
have been observed in insoluble residues of
Castile matcrial. Their quantity has not been
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determined accurately, but it is probably less
than 0.1 percent. The quartz grains are
rounded and do not show crystal outlines. The
zircon grains are prsmatic and often show
pyramidal terminations.

Small (50 1o 500 ) black magnetic particles
have been extracted from the Castile. The
particles are generally irregular in shape, and
are similar to magnetic particles described from
salt samples (Mutch, 1964 and 1966). The
laminae associations of these clastic and mag-
netic fractions have not been determined.

LITHOLOGIC VARIATION

Laminae Variation

Within the anhydite members, the sy pical
pattern of lamination is the alternation of
calcite and anhydrite laminae previously de-
scribed. Changes in thickness or proportions of
laminae generally occur in a regular or system-
atic manner and produce oscillations in thick-
ness such as those illustrated in Figure 6. Parts
of the sequence, however, may contain abnor-

Figure 5. Lithology of nodular, breccia, and halite
beds. (A) Nodular anhydrite in Anhydrite 1, Castile
Formation. (B) ““Collapse’” type breccia in Anhydrite
IV. Note angular fragments in tight packing with little
matrix, This breccia occurs above a blanket solution

ANDERSON AND OTHERS

mally thin or thick layers of carbonate ur
anhydrite that alternate in an irregular pattern
(see Anderson and Kirkland, 1966, Fig. 2).
The systematic changes in the proportions
of calcite, anhydrite, or organic matter may
result in zones or beds that appear to be almest
entirely carbonate or almost entirely sulfate in
outcrop or core but that nevertheless contain
some small proportion of the other materials,

Nodular Anhydrite Beds

Stratigraphic intervals of nodular anhydrite
(Fig. 5A) are associated with parts of the s
quence where sulfate faminae are thick. Many
but not all of the prominent peaks in the graph
of the time serics (Fig. 6), which representa
high e of sullate deposition, are associated
with the development of nodules. The nodulas
zones are also characterized by a loss of defini
tion of carbonate laminae, and by a change in
the appearance of the organic fraction from
brown to dark gray or black in reflected lighy;
changes which may also take place without the
development of a nodular zone. The number of

D
breccia near the top of Anhydrite IV at about Te 4
37,000. (C) Blanket solution breccia correlative wid
Ialitc 1, Castife Formation. (D) Halite-anhydsix
couplets, Halite I, To + 130-134.

o
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couplets involved in a nodular zone vary from
less than 50 10 several hundred.

The nodular pattern is the result of sulfate
mobility and recrystallization within previously
existing sulfate laminae. The recrystallization
and development of nodules exhibits many
stages, but the nodular anhydrite rarely com-
pletely loses its laminated appearance. Develop-
ment of nodules into a “*chicken wire” stage
seldom occurs. The anhydrite crystals in the
nodules lose their blocky character and re-
crystalize into ““lelty” anhydrite (Fig. 4D, E).
In the lower part of the formation, where the
calcite crystals are often small equidimensional
rthombs, the calcite crystals in the laminae be-
tween nodules are sometimes drawn out into
thin strands only one crystal layer thick (Fig.
4E, F).

The nodular growth clearly took place after
the deposition of undisturbed laminae and may
have been related, perhaps indirectly, to in-
creased salinity of water. This is supported by
the association of nodules with increased sulfate
deposition and by the fact that halite layers are
always immediately underlain by nodular
zones, although there are many nodular zones
without overlying halite layers. Furthermore,
those nodular zones underlying halite show the
greatest nodular development.

The nodular beds are perfectly correlative in
all the cores examined and for distances up to
113 km (70.2 mi) between cores located on
oppusite sides of the basin (see Fig. 7B). The
onset of nodule formation is remarkably con-
stant throughout the basin, further suggesting
that some general control involving the entire
basin, such as salinity, was a factor in their de-
velopment. The nodular beds are present
throughout the Castile-Salado sequence, and
althougl they are common in the upper part of
the sequence, where interstratified beds of
halite are more common, the first nodular bed
occurs about 1,000 couplets alter the beginning
of anhydrite dep()smon at the base of the
Castile Formation.

Halite and Breccia Beds

Castile halite in the Union Oil Company-
University “‘37” no. 4 core consists of alter-
nating layers of recrystallized halite several
centimeters thick and layers of anhydrite up to
several millimeters thick (Fig. 5D).

Halite beds in the eastern part of the basin
once extended beyond their present western
limit into the western part of the basin (Figs. 1
and 8). The dissolved salt intervals are now

beds of anhydrite breccia (Fig. 5C) of a thick-
ness approximately equivalent to the sum o
the thicknesses of anhydrite laminae presentin
the correlative halite units. Hence the 140-f
(42.7 m) section of salt plus anhydrite in the
lower halite member of the Castile was re
duced to a blanket breccia about 3.4 m (11 fi)
thick after solution of salt.

Stratigraphic correlation of laminae shos
that the onset of halite deposition occurs a
almost the same stratigraphic position in the
laminated sequence in the eastern and wester
parts of the basin. The development of nodula
anhydrite beneath halite has altered origind
thickness relations and made correlation diff-
cult to demonstrate statistically. However, dis
tinctive groupings of distorted laminae, brows
calcite-anhydrite couplets and gray calcite
anhydrite couplets with equivalent numbers ol
laminae in the Union-University *“37” and
University of New Mexico-Phillips cores, and
a distinctive white lamina, have been used to
establish stratigraphic correlation for the lam
nae immediately beneath Halite 1 (Fig. 7A)
Halite precipitation in the eastern sequence pre
ceded precipitation in the western part of the
basin, (as inferred from the stratigraphic pos:
tion of equivalent fragmentcd layers of solution
breccia) by only 15 years, or a halite thicknes
of 85 cm (2.7 f¢).

Nodular anhydrite development beneath
Halite 111 did not completely distort the origr
nal thickness relations of calcite-anhydrite coi
plets and strangraphlc correlation can b
established on the basis of synchronous thick-
ness changes in the two series (Fig. 7B). The
nodular zone at the base of Halite III beginsat
the same laminae cou plcl in both sequences but
halite laminae occur'in the Union-University
"*37" core 27 couplet units prior to the occur
rence of solution breccia in the University o
New Mexico—Phillips no. | core, or a halit
thickness of 76 cm (2.5 ft).

Beds of laminated anhydrite as thin as oa
foot thick within halite beds more than 501
(15.2 mj thick are also present as unbrecciated
layers within correlative breccia units, involwe
approximately the same number of lamina.
and maintain their identity and remain u
disturbed within overlying and underlyin
breccia beds despite the removal of salt. Th
presence of thin anhydrite beds within halie
members can also be inferred from sonic log
and these beds can be correlated with bree
zones in the University of New Mexir
Phillips no. 1 core (Fig. 3).
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PERMIAN CASTILY EVAPORCTE SEQULE

The breeeia generally consists of rectangular-
shaped, subangular lragments of single laminac
or groups of laninac embedded i a matrix of
anhydrite (Fig. 5C). T'he [ragments, generally
less than one ¢m in length, occur in various
prientations, but most occur with stratification,
if visible, and long dimension near the hori-
zontal. Many of the fragments appear to have
been only slighuly displaced.

[n some of the blanket breceia beds it is
difficalt to correlate the upper contact because
of solution collapse that resulted in a collapse-
type breccia (Fig. 5B) consisting of larger,
more angular {ragments than the blanket solu-
tion breccia. and with little matrix. Good ex-
amples of collapse-type breccia have been ob-
served at the top ol the Halite I Member and
in the upper part of the Anhydrite [V Member
above blanket sofution breccia.

SUBDIVISION AND DISTRIBUTION
OF THE CASTILE AND UPPERMOST
BELL CANYON FORMATIONS

The Castile Formation has been subdivided
here into eight members which permit exami-
nation of the present arcal distribution patterns
of halite and anhydrite. Siltstone and claystone
units in the uppermost Bell Canyon Formation
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probably extend over most of the Delaware
Basin and have been subdivided into six work-
ing units. The type section for the subdivision
is a partial core from the Union-University
“37" no. 4 supplemented by a sonic log, from
which correlation can be made throughout
most of the basin. Anadditional supplement to
the type scction ts the University of New
Mexico-Phillips no. 1 core, which includes the
entire Castile Formation and can be considered

a “master’”’ or “type” time series for the basin.

The relation between these two sequences and

posttion of members is shown in Figure 6. The

number and average thickness of varves in each

unit are given in Table 2.

Upper Bell Canyon Formation

The upper part of the Bell Canyon Forma-
tion can be subdivided into a number of units,
Sittstone I through Claystone U1 (Fig. 6),
which are correlative over a large part of the
Delaware Basin.

The siltstone and claystone units of the up-
permost Bell Canyon varved sequence are
easity recognizable in the cores from the
western part of the basin, but they are not as
well defined in the core from the eastern part.
There is excellent correlation of laminae in

TABLE 2. SUBDIVISIONS OF THE UPPER BELL CANYON-CASTILE SEQUENCE, DELAWARE BASIN, TEXAS AND NEW MEXICO

UNM—PhiTips 1

Number
Formation

of Average thickness of

varve couplets Thickness calcite-anhydrite varve couplets
Salado Formation 35,422 12,660 cm 0.36 ¢cm
{partial section, undifferentiated)
Hembers
Castile Formation
Anhydrite 1V 54.187 9,842 cm 0,18 cm
Halite 111 *17.879 2,748 cm 0.16 cm
{including anhydrite beds)
Anhydrite 111 46,592 9,554 cm 0.21 cm
Halite 11 +1,758 801 cm .45 cm
(1ncluding anhydrite beds)
Anhydrite 11 14,414 2,738 cm 0.19 cm
Halite | + 1,063 330 em 0.31 cm
Anhydrite 1 38,397 5,092 cm 0.13 cm
Basal Limestone 600 28 cm 0.04 cm
Estimated totals (Castile Formation) 174,890 31,133 cm
T Average thickness of
Untts clastic-organic varge couplets
Bell Canyon Formation
Claystone 111 5,800 78 cm 0.0 cm
Stltstone 11t 24,814 551 cm 0,02 cm
Claystone 11 15,650 166 cm 0.0l cm
Sfltstone I1 1,086 44 cm 0,04 cm
Claystone 1 ttca; 2,000 24 cm ca. 0.01 cm
Siltstone 1 ttca, 1,500 61 cm ca. 0,04 cm
Estimated totals (Bell Canyon Formation} 50,850 924 cm
Combined totals 261,162 44,717 cm

* Number of layers in halite fraction determined by extrapol
+ Number of layers determined in Union-University “37" #4 co
1 Number of layers in UNM-Cowden #4 core.

ation.
re; thickness of calcite-anhydrite fractions only,
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these units between the Phillips no. 1 and
Cowden no. 4 corcs, a distance of 24 km (Fig.
9), although the Cowden no. 4 section is about
one-third thicker and contains more calcium
carbonate than the Phillips no. [ section.

Laminae in the siltstone-claystone units in
the Union-University ‘*37” no. 4 core are
about the same thickness but with less siltstone
and more carbonate than in the Phillips no. 1
and Cowden no. 4 cores. Only a two-ft (0.61
m) sequence of laminae could be correlated
with certainty. Lamina proportions in the
Union-University ‘37" no. 4 core difler con-
siderably from those in the other two cores.
yet it is remarkable that laminae which have a
large clastic component would retain their
identity over a distance of 113 km (70.2 mi).

The Lamar Limestone Member of the Bell
Canyon Formation interrupts the Claystone II
unit of the varve sequence in the Phillips no. 1
corc between Ty + 7,306 and 7,581 33.0--147.0
cm. The graded turbidite linestone beds occur
between the same laminae in both the Phillips
no. | and Cowden no. 4 cores but are more
aumcrous and thicker in the Phillips section. A
few similar limestone beds several centimeters
thick are also found below Siltstone 11 in the
Union-University ‘37" no. 4 core on the other
side of the basin, but it could not be deter-
mined if they were precisely at the same strati-
graphic position. A short laminated section of
275 clastic-organic couplets is interbedded with
the Lamar Limestone.

Castile Formation

Basal Limestone Member. Many evaporite
sequences begin with a basal carbonate, and the
Castile is not an exception. The Basal Lime-
stone Member of the Castile, however, is very
thin and occupies only about 1/400 of Castile
time and about 1/1500 of Castile stratigraphic
thickness. This member, which contains no
anhydrite, extends throughout much of the
Delaware Basin and was recognized as a distinct
unit by King (1942). In the Phillips no. I core,
the member has a thickness of about 28 cm and
in the University 37" no. 4 about 50 cm. The
unit consists of about 600 calcite-organic cou-
plets. 1tis considercd a member because of its
distinct character and persistence. An isopach
map was not constructed because the unit can-
not definitely be delimited on wire-line logs.

Anhydrite I Member. The thickness distri-
bution of the lowermost anhydrite unit, which
contains about 38,000 couplets, is shown by an

isopach map constructed chiefly from sonic logs
(Fig. 10). The thickness is a fairly constant 170
fr (51.8 m) in the western part of the basin and
increases in the eastern part to about 350 ft
(106.7 m). Anhydrite | becomes more calcare-
ous in the southwestern Delaware Basin
(Adams, 1944) and thickens radially to the
north and east from this area.

The continuity of laminations within the
Anhydrite 1 Member and other anhydrite
members of the Castile is illustrated by the cor-
relations in Figure 11. The correlations are for
cores from widely separated parts of the basin
and show the relatively small degree of change
in the amount of sulfate precipitated on a
lamina by lamina basis, even for opposite sides
of the basin as is the case for Figure 11C. Figure
lIIA and B show photomicrographs of thin
sections of correlative intervals with a north-
south separation of about 65 mi (105 km; se
Fig. 1).

This continuity of lateral distribution differs
for the organic, carbonate, and sulfate fractions
that comprise the laminations. The three com-
ponents can be separated from each other by
sumpling and analyzing the material on a unit-
time basis (see Anderson, 1967; Kirkland and
Anderson, 1969). Correlation coefficients for
the percent of cach component in 10-couplet
and 50-couplet samples {rom different parts
of Anhydrite I and for the actual amoum

15 MI
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Figure 9. Laminated siltstone from correlative
sections of the upper part of Bell Canyon Formatioo,
Quartz silt laminae alternate with laminae of organic
matter (dark) ; Siltstone III unit, Ty -+ 10,200-10,25,
229.5-230.5 cm.
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(thickness) of cach component in the same
samples show that lateral continuity is greatest
for the sulfate (Tables 3 and 4). Carbonate
distribution is more variable than sulfate but
correlation  coellicients are stll high and
significant, whercas the organic fraction (as
determined by weight loss) has a more variable
distribution,

A comparison of the corrclation cocfficients
for the different cores (Table 3) also reveals
that there 1s greater continuity between the
Phillips no. I core and the two Cowden cores,
whichare 24 km (14.9 mi) and 32 km (19.8 mi)
to the northwest, than between the two
Cowden cores which are separated from each
other by 14 km' (8.7 mi) in a north-south
direction. This difference in continuity with
direction in the basin is best illustrated in the

PHILLIPS NO. {

POKORNY NO. !

FLOQD-
GRISHAM NO. |

FLOOD-

POKORNY NO,
GRISHAM NO. 1

PHILLIPS NO. I

Figure 11. Correlative Castile Scctions (A,B) Cor-
refative intervals (thin sections, plain light); couplets
of organic-rich calcte (dark) and anhydrite. The
Pokorny no. 1 is 29.0 km (18.0 mi) north-northwest of
the Phillips no. 1, and the Phillips no. 1 is 32 km (19.8

ANDERSON AND OTHERS

moving  correlation  coeflicient  for  couplet
thickness between the three cores (Fig. 12).
The greater continuity in a northwest-south
east direction agrees with the thickness trend
in that part of the basin as illustrated by the
175 fr (53.3 m) isopach in Figure 10.
Statistical correlation studies have not yet
been done for the Union Oil Company-Univer
sity ‘37" no. 4 cores from the castern part of
the basin, which includes only the uppermost
and lowermost part of Anhydrite 1. Strar
igraphic correlations of laminae, however,
reveal that couplets in certain parts of the
varve sequence maintain almost exactly the
same thickness proportions and general ap
pearance (for example, contact relations, color)
gver the 113 km (70.2 mi) distance. Other
parts of the sequence have couplets with

UNION -
UNIVERSITY "37" NO. 4

PHILLIPS NQt

mi) north-northwest of the Flood-Grisham no.
Correlative couplets of organic-rich calcite (dark) and
anhydrite (core slabs) ; the Union-University **37" ne.
4 is 91.0 km (56.4 mi) east of the Phillips no, I.
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thickness  proportions  sufliciently  different
tomake lamina by famina correlation extremely
difficult, although the longer trends and more
variable couplets can be readily matched (Figs.
7B and 11C).

Halite I Member. The lowermost halite
member of the Castile is the thickest and most
extensive ol the Castile halite units. In the
University 37" o, 4 core, the Halite |
Member contains 1063 + 20 anhydrite-halite
couplets with an average thickness of 3.1 cm.
The anhydrite-halite couplets are thickest at
the base of Halite I and decrease gradually up-
ward within the unit.

TABLE 3. CORRELATION COEFFICIENTS FOR 10-COUPLET SAMPLES
FROM ANHYDRITE 1, T + 33,921-34,871 FROM COWDEN 2,
COWDEN 4, AND PH!LL!BS CORES OF THE CASTILE FORMATION

Cowden 2 Cowden 2 Cowden 4
Vs, vs. vs.

Variable Cowden 4 Phillips Phillips
(ouptet thickness 0.58 0.70 0.77
Percent CaCOJ 0.54 0.52 0.63
Percent organic -0.04 0.14 0.04
Percent Caso, 0.56 0.55 0.61
Mbsolute carbonate Q.29 0.39 0.31
Msolute organic 0.10 -0.05 0.15
Bsolute sul fate 0.55 0.73 0.77

N = 95; 99% confidence 1imits = £0.27

Values which are significant at the 99% level are under-
Iined. Thickness values are summations of 10 indivfdual
laminae; percent carbonate, organic, and sulfate were
determined by loss on ignition; absolute carbonate, or-
ganic, and sulfate were calculated by multiplying the
percent value by couplet thickness.

TABLE 4. CORRELATION COEFFICIENTS FOR 50-COUPLET SAMPLES
FROM ANHYORITE I, T + 24,770-26,620 FROM COWDEN 2,
CORDEN 4, AND PHILLIPS CORES OF THE CASTILE FORMATION

risham no. 1. (C)
| ¢ calcite (dark) and

‘niversity ‘37" no.
| tillips no. 1.

Cowden 2 Cowden 2 Cowden 4
vs. vs. vs.

Variabtes Cowden 4 Phillips Phillips
Couplet thickness 0.99 0.99 0.99
Percent CaC0, 0.99 0.99 0.99
Percent organic -0.01 0.81 -0.D9
Percent Caso, 0.99 0.99 0.99
Rsolute Caco, 0.93 0.94 0.95
Mbsolute organic 0.54 0.86 0.55
Msclute CaSo 0.99 0.99 0.99

4
K = 28; 99% confidence limits = 20.50

Values which are significant at the 99% level are under-
Iined. Thickness values are summations of 50 individual
couplets; percent carbonate, organic, and sulfate were
determined by loss on ignition; absolute carbonate, or-
ganic, and sulfate were calculated by multiplying the
percent value by couplet thickness.

Halite 1 thickens gradually [rom south to
north in the eastern part of the basin and has a
maximum thickness of more than 400 fr (122
m) in Lea County, New Mexico (Fig. 13).
Most ol this northward thickening is probably
due to an increase in thickness of individual
laminae judging [rom the near synchroneity of
halite deposition in the castern and western
parts of the basin (Fig. 7A). Liven il halite be-
gan precipitating 200 yrs earlier in the north
than in the University of New Mexico-
Phillips no. | core, this would mean an annual
deposition rate of as much as 10 cm (3.9 in.) of
halite in the northern part of the basin. The
original thickness of lalite T in the western
part ol the basin cannot be determined. The
thickness of the solution breccia zone equivalent
to the Halite Uis about 330 cov in the Phillips
no. |, Cowden no. 2, and Cowden no. 4 cores
and all that can be determined about the past
thickness of halite in this area is that enough
halite was 1interstratified with anhydrite
laminae to cause brecciation upon solution.

Anhydrite II Member. The Anhydrite 11
Member in the University of New Mexico-
Phillips no. | core containsabout 14,000 calcite-
anhydrite couplets. The thickness of Anhydrite
Il (Fig. 14), like the thickness of Anhydrite 1
(Fig. 10), increases [rom west to east, with
lines of equal thickness nearly paralleling the
eastern and northern margins of the basin
(Figs. 10 and 14). However, the rate of east-
ward thickening of Anhydrite 1[ is much less
than the rate of thickening of Anhydrite 1.

Halite I Member. The Halite II Member
is about 200 ft (61.0 m) thick in the northern
part of the basin and about 115 ft (35.0 m)
thick in the Union Oil Company-University
“37” no. 4 core. The halite is interrupted by
five beds of carbonate-laminated anhydrite,
ranging from a few centimeters to over | m
thick that can be observed readily on sonic logs.
The entire Halite 11 Member including the
couplets in the anhydrite beds encompasses
1758 % 10 couplets of which about 1139 + 10
are anhydrite-halite and the others calcite-
anhydrite. The average thickness of the halite-
anhydrite couplets is 2.3 cin with the thickness
decreasing gradually upward within each halite
unit between the five laminated anhydrite
beds.

The same five beds of laminated anhydrite
occur between breccia beds in the Phillips no. 1
core, but the relation is vague in the upper few
{cet of breccia because of faulting and collapse.
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The distribution pattern of Halite 11 is
similar to that of the Halite | Member, but
Halite I extends farther south and not as far
west (Fig. 15). The western limit, however,
does not correspond to the original depositional
limit because the corresponding solution
breccia units are well developed in the western
part of the Dbasin and Ihalite 1T may have
originally exteaded as far as, or perhaps facther
than, Halitc 1.

Anhydrite III Member. ‘The Anhydrite 111
Member in the Phillips no. | core is a sequence
of calcite-laminated anhydrite above the
Halite II Member, contains about 46,600
couplets, and 1s generally 280 (85.3 m) to 300
ft (91.4 m) thick. It thickens from west to east
but at a lesser rate than either Anhydrite | or
Anhydrite 11 The lowest halitc bed of the
overlying [Malite 111 Member is absent in the
western part of the basin and an anhydrite bed
within the Halite LI Member lies directly
upon the anhydrite of Anhydrite H1, therefore,
isopach map was not constructed.

Halite II1 Member. This member is a mixed
halite-anhydrite unit with more time involved
in anhydnte than halite deposition, but with
halite occupying a greater thickness. The
distribution of halite within this unit is shown

in Figure 16. The University “37" no. 4 core
collected only the lower three halite units in
Halite 1L These three beds contain 297 + 10
halite-anhydrite couplets with an average
thickness of 4.6 cm per couplet. The sonic log
of the Union Oil Co.-University ‘37" no. 4
well (Fig. 6) indicates that the Halite [Ii
Member contains a[::rmximatcly 72 m of halite
and 40 m ol interbedded anhydrite. Projecting
the rate of 4.6 cm per couplet obtained for the
cored halite units to all salt in the Halite 111
gives a total time of halite deposition of ap-
proximately 1,600 years. The total time of
deposition of the Halite 1II Member is es-
timated to be about 18,000 years.

Anhydrite IV Member. Anhydrite 1V con-
tains about 54,000 calcite-anhydrite couplets.
The number of couplets assigned to Anhydrite
1V depends upon which breccia beds within the
Phillips core are selected as representing the
onset of dominant halite deposition in the
Salade Formation. The thick breccia beds at
about T¢ + 240,000 in the time series (Fig. 6)
correlate with halite beds within the Salado.
The breccia bed in the varve sequence selected
as the top of Anhydrite 1V (Salado boundary)
occursat To + 53,979; 9,842 cm above the top
of Halite L In the Phillips no. 1 core, this

1.0
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Figure 12. Moving correlation coefficients for
couplet thickness between Cowden 4, Cowden 2, and

TIME

Phillips 1 cores, Ty + 33,921-34,871 zone of Anhydrite
I member, Castile Formation (N = 51 yrs).
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breccia bed occurs in a sequence of couplets
in which the calcite laminac are thinner than
for typical Castile anhydrite and in which
sullate lamina thickness increases by about 50
pereent (see Fig. 6, ncar Ty + 230,000). There-
alter, the calcite-anhydrite couplet thickness
remains high in the Salado except for a few
brief intervals, which oceur at about 240,000,
and 250,000 couplets above the base of the
time serics.

A thick breccia bed occurs in the Phillips
core, well down into Anhydrite 1V, at Ty +
37,214. This bed marks the presence of a dis-
solved halite. Based on the thickness of other
breccia beds which can be correlated to halite
beds of known thickness and depositional rate,
the dissolved halite bed probably contained
at least 400 couplets and was probably 40 to
50 fe (12.2 to 15.2 m) thick. A halite bed of this
thickness should be recorded on sonic logs,
but appears only asa slight ‘‘kick”” on some logs
in the northeastern part of the basin. However,
in the southeastern part of the basin, this inter-
val contains more than 300 {t (91.4 m) of halite
(Fig. 17) and is interrupted by several anhy-
drite beds. The correlative breccia in the
Phillips no. | core contains no nonbrecciated
‘beds suggesting that some halite beds in Anhy-
drite 1V, unlike halite beds in all fower units,
may have had no equivalents in the western
part of the basin.

Salado Formation

Halite is the dominant lithology in the basal
Salado Formation in the castern part of the
basin, whereas anhydrite with blanket breccia
beds is the dominant lithology in the western
rayrt where the Phillips no. 1 core contains the
ower one-third of the Salado Formation. The
Salade distribution pattern (Fig. 18) contrasts
markedly with that of the halitc and anhydrite
members in the underlying Castile. The Castile
members are confined to the Delaware Basin
proper. The Salado, however, overlaps the
Delaware Basin and is present on adjoining
areas to the north and cast. The thickest depost-
tion in the Salado is north of the locus of the
thickest Anhydrite IV Member and overlies
the thickest part of the Halite 11 Member, but

covers a broader area.

EFFECTS OF SOLUTION

The interpretation that breccia beds in the
University of New Mexico-Thillips no. 1 core
represented halite beds in the eastern part of

-~ ——— -~ -

the basin had been made on the basis of sonic
log correlations prior to the availability of the
Union-University 37" halite core, The
Winkler County core, however, revealed that
thin anhydrite beds of only a few decineters
thick within more massive halite units main-
tained their position and character after halite
solution. Tlus fact, and the observation that
single anhydrite laminae, once scparated by
several centimeters of halite, were sometimes
little disturbed upon solution, showed that the
withdrawal of halite was a very gentle process.

With the exception of one halite bed in
Anhydrite IV, every halite bed observed in the
Winkler County core from the eastern part of
the basin has an equivalent breccia bed in the
University of New Mexico—Phillips no. | core.
Inasmuch as this core locality is only about 32
km (20 mi) from the western edge of the basin,
there ts every reason to suppose that halite
deposition once extended to, or nearly to, the
western margin. The present western solution
margin of halite units within the Castile shifts
progressively eastward, with Halite 11 more
arcally restricted than Halite 1. The halite in
the Salado, however, extends farther westward
than the present western solution limit of
Castile halite (Fig. 8). This suggests that an
episode of solution might have taken place
prior to Salado deposition. The isopach map of
the halite beds within Anhydrite IV (Fig. 17)
shows a very irregular distribution of halite in
the cast-central and northeastern part of the
basin that is not present in any of the lower
Castile halites and could also represent solution
prior ta Salado deposition,

It secms more likely, however, that all of the
solution took place after Salado time and that
the irregular distribution pattern in Anhydrite
IV developed later. A comparison of the Anhy-
drite IV 1sopach for halite and the published
map of Tertiary basin fill of Maley and Huf-
fington (1953) shows a very close agreement
between the locus of Cenozoic basin fill in the
Delaware Basin and the areas of thin or missing
halite in Anhydrite IV. Similarly, there is also
a correlation between the Cenozoic basins and
thin areas in the Salado.

SYNCHRONEITY AND VARIATION
OF STRATIGRAPHIC UNITS

A comparison of the isopachs of the Anhy-
drite Land [l and the Halite I and 11 Members
reveals that halite gradually thickens toward
the north-northeast with a trend that differs
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by about 90° {rom the anhydrite trend. Com-
parison of laminac at the base of ITalite T and
Halite T in the Union-University 37" corc
in Winkler County and the same laminae in
the Cowden cores in the west-central part ol the
basin, a distancc of 113 km (70.2 mi), shows a
15- and 27-yr difference in the onset of halite
deposttion (Fig. 7).

Halite and anhydrite beds within Halite 11
appear to show the same degree of synchroneity.
It 1s more difficult to observe the end of halite
deposition in major units owing to collapse of
nonbrecciated  laminated  anhydrite  im-
mediately above solution breccia, but judging
from correlations of individual anhydrite beds
within [lalite Hl, approximately the sanc
number of laminae are involved, suggesting
that the end of halite deposition in diflerent
parts of the basin was also nearly synchronous.

The synchroneity of halite deposition and
the markedly different trends for halite and
anhydrite, suggest that the classical model of
evaporite salt zonation, as dcscribcd, for
example, by Scruton (1953) must be modified
for the Delaware Basin. Some lateral zonation
exists, but factors that triggered halite deposi-
tion seem to have affected almost the entire
basin sitnultancously.

The isopach maps of the Anhydrite Tand It
Members indicate a thickening [rom west to
east in the form of a fan-shaped wedge. The
fanlike shape is best illustrated by the 175 ft
contour in Anhydrite [ and the 90 ft contour
in Anhydrite 11 (Figs. 10 and 14). According
to basin reflux models of King (1947) and
Scruton (1953) the thickness of a particular
evaporite facics should thicken radially from
the marine connection. I[i this is the case for
the Delaware Basin, then the distribution
patterns of anhydrite in :the Castile suggest
that marine water entered the basin from the
west over or through the recf,; rather than from
the south as suggested by Kroenlein (1939),
King (1942) and Adams (1944). The halite
distribution patterns would favor the inter-
pretation of a southern source but inasmuch as
anhydrite represents about 97 percent of
Castile time it may be more reasonable to look
for an alternate explanation for the differing
halite distribution.

BASIN DEPTH

No sedimentary features observed or re-
ported from the Castile Formation can be
construed as evidence for shallow water deposi-

tion. The so-called ripple marks (Lang, 1937;
Porch, 1917) are not sedimentary structures,
but are ininor tectonic leaturcs that originated
after consolidation (Kirkland and Anderson,
1970). The nodular beds in the Castile, while
superficially  resembling  the nodular  beds
associated with tidal fAat sedimentation, are
closely associated with normal varving and in
fact are varved themselves and show no primary
breaks in the continuity of sedimentation.

Estimates of the depth of water have
ranged from 150 to 700 m (King, 1934; Adams
and Frenzel, 1950; Adams, 1944; Kroenlein,
1939) and are based chiefly on the present-day
relief between the top of the Capitan Formation
(the “‘rcef”) and the base of the Castile.
Newell and others (1953, p. 189) and Adams
and Frenzel (1950) discuss this method.

Ideally, the depth of water within an evap-
orite basin should have little effect on the
precipitation process {(Schmalz, 1969) and the
accumulated sequence should reflect changes in
environmental conditions of the water body.
In the Castile sequence, however, there is a
progressive change in the proportion of mate-
rials over an interval of several hundred thou-
sand years. ‘

Within the three halite members, (or
cxample, intercalated beds of halite and anhy-
drite bécome more and more common higher
in the formation. Halite 1 is a single bed of
halite. Halite II is interrupted by five thin
anhydrite beds and Halite III by six major
anhydrite beds. In addition, the time series
plot of couplet thickness (Fig. 6) shows a
progressive increase in the amplitude of a
dominant oscillation in sulfate thickness that
has a frequency between 1,000 and 3,000 years
(compare, for example, the tendency toward
oscillation in Anhydrite I and IV).

These progressive changes within the basin
could be attributed to prolonged trends in
climate or sea level or they could simply be the
result of a progressive shallowing of the basin
and the increasing impact of climatic change or
freshening, upon a smaller water volume within
the basin.

CONCLUSIONS

The lamination (varving) process began
prior to evaporite deposition and continued
uninterrupted throughout the deposition of a
basal limestone member, four anhydrite
members, and three halite members of the
Castile Formation. Individual laminations
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persist laterally for 113 km (70.2 mi) and
probably extend throughout the basin.

The calcite-anhydrite laminations that are
typical of the Castle changed character during
umes of high sulfate deposition. The same
thick anhydrite layers developed into beds of
nodular anhydrite after formation; nodular
laminac and zones are also correlative within
the basin. The episodes of high sulfate deposi-
tion of nodule cfcvelopmcnt are separated by
1,000 to more than 3,000 laminae couplets.

Halite deposition in each member was of
short duration (1,000 to 2,000 yrs) and the
timing of deposition was in response to the
same changes that produced thick sulfate
laminae. Halite beds originally extended
throughout the basin and are represented now
by blanket beds of solution breccia in the
western part of the basin,

Anhydrite members of the Castile thicken
castward and halite members thicken north-
ward, with a trend difference of about 90°; the
onset and end of halite and anhydrite deposi-
tion is nearly synchronous over 113 km (70.2
mi) and probably over the entire basin, sug-
gesting that the classical model of evaporite
zonation must be modified for the Castile
sequence. Also, influx of water into the basin
was apparently from over or through the west-
ern reef or platform.

A progressive upward increase in episodes
of halite deposition and an increase in the
fluctuation of sutfate deposition with time sug-
gest a prolonged and sustained change in
environment or progressive shallowing of the
basin.
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