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Preface

This report documents an occurrence of the best pe-
troleum-reservoir objective that has been observed so far
in Hidalgo County, New Mexico. It is the second in a
series of published reports evaluating the petroleum
source and reservoir quality of surface and subsurface
stratigraphic sections in the Pedregosa Basin. The first in
this series is New Mexico Bureau of Mines and Mineral
Resources Circular 152 on the KCM No. 1 Forest
Federal well.

At the beginning of an exploration boom in the mid-
dle 1950's, Pennsylvanian reefs were considered to be a
major objective in southwestern New Mexico; however,
no observations of definite reservoir facies had been re-
ported. In 1958, the Humble Oil & Refining Company
No. 1 State BA well was drilled southwest of the Big
Hatchet Mountains. The deep-marine basin facies of
the upper Pennsylvanian to lower Permian section that
was encountered in this well prompted R.A. Zeller
(1960, 1965) to postulate a reef margin in the Big
Hatchet Peak area.

As an employee of Humble, | measured a reconnais-
sance section in the Big Hatchet Peak area during the
summer of 1961 in order to evaluate the reservoir quality
of the inferred reef margin. Zeller suggested that a base
of the section could be reached in Chaney Canyon to the
north of the peak. Several thick units of dolostone were
seen to have significant porosity; however, the even
bedforms appeared more like those of banks instead of
reefs. That brief work did not reach the highest cliffs on
Big Hatchet Peak, and the top of the Pennsylvanian was
not documented. That summer | was assisted in the field
by D.G. Griggs.

After joining the Bureau in 1974, | obtained permis-
sion from Exxon Company, U.S.A. (formerly Humble)
to use the description in my 1961 report as a guide for a
more comprehensive study of the stratigraphic succes-
sion. | am grateful to Exxon for the loan of that
description. However, the section was completely
reworked and extended such that none of the original
description is used in this circular.

From June 1976 to July 1979, I spent a total of 74
field days reconnoitering, measuring, describing, and
sampling the Big Hatchet Peak section. Several delays
were caused by inclement weather and the logistical
problems of working this remote area. | am grateful to
the ranchers listed in the appendix for their permission
and encouragement to work this section. Especially I am
grateful to W.J. Everhart of the Hatchet Ranch for su-
pervising the transportation by horseback of the camp-
ing gear, food, and water that | needed to do the work
from the campsite on Big Hatchet Peak.

To document the development of the dolostone reser-
voirs, | asked A.D. Jacka, professor of geology at Texas
Tech University (Lubbock), to join me as co-author of
this circular. His wide experience with petrographic
analyses of carbonate reservoir rocks enables him to

decipher the complex depositional and diagenetic history
of the dolostones, limestones, cherts, and sulfates. He
joined me on a reconnaissance trip to study the dolo-
stones in the first cliff, analyzed the thin sections of all
the samples, prepared the text and appendix sections on
petrography, and assisted in the preparation of the text
on petroleum geology and the summary plot in the ap-
pendix. | am grateful to him for the large amount of re-
search time spent on this project and for his many help-
ful suggestions.

To place the section in a biostratigraphic framework, |
asked G.L. Wilde of Exxon Company, U.S.A. in Mid-
land, Texas, to identify the fusulinids and other micro-
fossils collected. He not only is a recognized authority in
this field but also has the experience of identifying
fusulinids from my 1961 Big Hatchet Peak section and
the several sections measured by Zeller (1965) in other
parts of the Big Hatchet Mountains. |1 am grateful to him
for donating much time and thought to this project and
for continuing to identify microfossils in hand specimens
and thin sections until the series boundaries were
determined as closely as possible. Moreover, both Jacka
and | are grateful to him for reviewing our manuscript
and suggesting improvements in its clarity.

Samples of the dark limestones were sent to P.J. Cer-
nock at GeoChem Laboratories, Inc. in Houston, Texas,
for analyses of petroleum-source quality. Samples of
the porous dolostones were sent to K.W. Andrews at
Core Laboratories, Inc. in Dallas, Texas, for analyses
of porosity and permeability. Funds for these and other
analyses as well as for part of the field work were
provided by a grant (Project No. 2-66-3306) from the
New Mexico Energy Institute at New Mexico Institute
of Mining and Technology, C.C. Nathan, Director.

Information in this circular should be useful to petro-
leum geologists who are exploring the Hidalgo County
area in southwestern New Mexico, to stratigraphers and
sedimentologists who are interested in depositional and
diagenetic relationships in the Horquilla Formation
(Pennsylvanian-Permian) of the Pedregosa Basin, to
carbonate petrographers who are interested in the
evidence for fresh-water diagenesis with occlusion of
porosity in the limestones and for salt-water diagenesis
with preservation of porosity in the dolostones, and to
any geologists who wish to examine the Big Hatchet
Peak section in the field.

Sam Thompson 111

Petroleum Geologist

New Mexico Bureau of Mines
and Mineral Resources

Alonzo D. Jacka
Professor of Geology
Geosciences Department
Texas Tech University

Socorro, New Mexico, and
Lubbock, Texas
June 1, 1980
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Abstract

Big Hatchet Peak section includes the uppermost 78 ft of Paradise Formation (Missis-
sippian/Chesterian) and 3,230 ft of Horquilla Formation (Pennsylvanian-Permian/Mor-
rowan to Wolfcampian). About 200 ft of uppermost Horquilla have been removed from the
peak by erosion. Nearly all of the section consists of shallow-marine shelf carbonates.
Paradise contains skeletal-oolitic limestones; cross-laminae indicate paleocurrents toward
the southeast and southwest. In the Horquilla, the lower member (Morrowan to Des-
moinesian) is 1,363 ft thick and consists of limestone with abundant chert in some beds. A
disconformity may be present at the top. The upper member (Desmoinesian to Wolfcam-
pian) is at least 1,867 ft thick and consists of alternating limestone and dolostone; chert is
rare. Limestones contain biostromes of phylloid algae and a few ancient solution cavities.
Dolostones range in thickness from 54 to 148 ft, are laterally extensive, and exhibit vuggy
porosity. Petrographic evidence shows that limestones were stabilized within fresh-water
diagenetic environments and that they contained much primary or secondary porosity;
practically all of the porosity was occluded by marine- or fresh-water cements. Dolostones
also contained much secondary intercrystalline and moldic porosity that was partially oc-
cluded by epitaxial cements and coarse recrystallization of initial neomorphic rhombs.
Anhydrite porphyroblasts were emplaced by hypersaline waters and dissolved later by fresh
ground waters to form molds with distinctive stairstep outlines; this tertiary (third-stage)
porosity in dolostones was partially filled by gravitational cements, and some
microstalactite tips were dolomitized paramorphically. Darker limestones in the Horquilla
are rated as fair petroleum-source units. Land-derived kerogens indicate sources of gas, and
alteration indices of 3 to 3 + indicate a moderate thermal history. Porous dolostones in the
upper member are rated as fair to good reservoir units. Matrix porosity and permeability
are poor, but they should improve farther south along the shelf edge and on the slope. The
net thickness of 484 ft of dolostones with vuggy porosity supports the ranking of this facies
as the best petroleum-reservoir objective in the Pedregosa Basin area.

Introduction

The purpose of this report is to describe, analyze, and
evaluate an exposure of the best petroleum objective
found to date in Hidalgo County, New Mexico. One of
the advantages of petroleum exploration in the Basin and
Range Province is that source and reservoir units can be
studied where they are exposed in the uplifts. This
critical yet inexpensive surface control can be used in
combination with available well data to extrapolate the
objectives into the subsurface of the adjacent structural
depressions, where the potential is greater for the
preservation of oil and gas in commercial quantities.

Fig. 1 shows the regional setting of the Pedregosa Basin,
an area of subsidence in Pennsylvanian time where over
2,000 ft of sedimentary rocks were deposited; fig. 1 also
shows the position of the Big Hatchet Peak section along
the shelf margin adjacent to the Alamo Hueco Basin, an
area where subsidence so exceeded sedimentation that
deep-marine facies were deposited in Desmoinesian to
Wolfcampian time. Additional background information on
these basins and on the surface and subsurface control is
presented in Greenwood and others (1977) and in
Thompson and others (1978).

Fig. 2 shows the location of the Big Hatchet Peak
area in the present topographic setting of the Big
Hatchet Mountains in Hidalgo County, New Mexico.
This map shows the general access routes from the vil-
lage of Hachita to Chaney Canyon on the west side of
the mountains, where the base of the Big Hatchet Peak

section is reached and most of the section is worked,
and to Thompson Canyon on the east side, where the
trail begins to the peak from where the upper part of
the section is worked. Before attempting to study this
section in the field, one should consider the hazards of

FIGURE | —REGIONAL SETTING OF BIG HATCHET PEAK SECTION ALONG
OUTER-SHELF MARGIN OF ALAMO HueCO Basin; boundaries of Ped-
regosa and Orogrande Basins are drawn where thickness of Penn-
sylvanian is 2,000 ft; boundaries of uplifts are drawn where Penn-
sylvanian rocks have been removed by erosion. Boundary of Alamo
Hueco Basin is drawn between shallow- and deep-marine deposits
of Pennsylvanian age (modified from Thompson and others, 1978).
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climbing the cliffs. If only the Pennsylvanian succession
needs to be studied and not this particular facies, the
New Well Peak section of Zeller (1965, p. 84-88) is
much more accessible and far less hazardous.

In the main body of the text, the general aspects of
the Big Hatchet Peak section are discussed in the chap-
ters on 1) the local geologic setting covering the strati-
graphic and structural framework, 2) the stratigraphic
succession, 3) the petrographic evidence of the deposi-

tional/diagenetic history, and 4) the petroleum geology,
including documentation of source and reservoir evalu-
ations with geochemical analyses and porosity/perme-
ability measurements. In the appendices, more specific
information is presented on field data (including de-
tailed directions to the measured section and discussion
of the hazards), petrographic data, and the columnar
stratigraphic section.



Geologic setting

Fig. 3 is a geologic map of the Big Hatchet Peak area.
The stratigraphic framework in the Big Hatchet Mountains
is based on Zeller (1965) and the structural framework is
based on Zeller (1975).

Pre-Mississippian rocks consist generally of Precam-
brian granite, Cambrian sandstone, Ordovician carbon-
ates, and Devonian mudstone. Mississippian, Pennsyl-
vanian, and Permian rocks are dominantly carbonates.
This Paleozoic section is about 11,500 ft thick and was
deposited mainly under shallow-marine, stable-shelf
conditions.

South of the map area, the Permian is overlain un-
conformably by a Lower Cretaceous sequence, about
10,000 ft thick, of conglomerates and redbeds, lime-
stones with rudists in the upper part, and shallow-
marine to deltaic sandstones. In other parts of the
region, the Lower Cretaceous rocks are overlain un-
conformably by Upper Cretaceous honmarine conglom-
erates that indicate the onset of the Laramide orogeny.

Laramide low-angle thrust faults with vergence toward
the southwest are shown in the southern part of the map
area; displacements appear to be less than a few
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thousand feet. In the main part of the thrust belt to the
north, the vergence is generally toward the northeast
and displacements are greater. Lower to middle
Tertiary volcanic rocks and plutonic intrusives seen in
surrounding ranges are absent in the Big Hatchet
Mountains. High-angle normal and reverse faults of the
middle Tertiary Basin and Range deformation trend
northwest-southeast in this area and have maximum
displacements up to a few thousands of feet. Minor
strike-slip movement is indicated (Zeller, 1975, sheet 2,
cross sections D-D E-E G-G ', and H-H ).

Most of the structural data shown on fig. 3 is taken
directly from Zeller (1975, sheet 1), although many details
are omitted. Some fault patterns were developed

using the new aerial photographs. With the new topo-
graphic bases that are being prepared by the U.S. Geo-
logical Survey, the entire Big Hatchet Mountains can be
remapped more accurately. Along the line of the mea-
sured stratigraphic section and in adjacent areas that
were checked by tracing beds, the structure is generally
simple. In the limestone cliffs of the upper part of the
section, vertical fracturing locally is intense and a few
small normal faults are seen to have less than 100 ft of
stratigraphic throw. In a few of the cliffs, fractures
parallel to bedding appear to have no stratigraphic
throw, but they may be low-angle thrusts with minor
displacements.

Stratigraphy

Fig. 4 is a generalized stratigraphic column of the
Big Hatchet Peak section. The entire section is 3,308 ft
thick, including the uppermost 78 ft of Mississippian
(Chesterian), 2,511 ft of Pennsylvanian (Morrowan
through Virgilian), and the lowermost 719 ft of
Permian (Wolfcampian).

Table 1 shows the identifications of fusulinids and
other fossils and the age determinations made by G.L.
Wilde. Sample notations include the lithostratigraphic
unit number and the footage above the base of the unit
where the collection was made. For paleontological
analyses, at least one sample was collected from each
unit in which fusulinids were found in the field. After
the initial identifications were made, additional samples
were taken to determine the series boundaries more
closely. Some small microfossils were identified from
the petrographic thin sections.

Thicknesses of the series in the Pennsylvanian are 247
ft of Morrowan, 378 ft of Derryan (Atokan), 1,001 ft of
Desmoinesian, 466 ft of Missourian, and 419 ft of Vir-
gilian. The intervals between the highest determination
in each series and the lowest determination in the overly-
ing series are 52 ft, 55 ft, 58 ft, 18 ft, and 173 ft, respec-
tively. The latter interval includes a 148-ft dolostone
unit between the highest Virgilian and lowest Wolfcam-
pian dates; any fusulinids in that unit probably have been
so altered by dolomitization that they could not be
identified. Conodonts may be present in the dolostones
and may be useful in determining that series boundary
more closely.

The Paradise and the Horquilla Formations are the
only two formal lithostratigraphic map units recognized
in the section. Both are defined in accordance with the
stratigraphic framework of Zeller (1965), who correlated
these units from their type sections in southeastern
Arizona. The Horquilla is designated here as a forma-
tion, instead of as a limestone as in the conventional
designation, because it contains many thick dolostone
units in this shelf-margin facies and contains much
mudstone in the basin facies to the south.

As shown on fig. 4, the Horquilla is subdivided into
informal lower and upper members. The lower member
is 1,383 ft thick and consists mainly of limestone and
chert. The upper member is at least 1,867 ft thick and
consists mainly of limestone and dolostone; chert is
minor. A disconformity is inferred at the contact be-
tween the members. These units have been recognized
in other parts of the Big Hatchet Mountains, but they
have not been mapped. If later work shows that they
should be elevated to formal status, the lower and upper
members may be named the Chaney Canyon Member
and the Big Hatchet Peak Member, respectively, based
on the prominent topographic features where they are
exposed, and the Big Hatchet Peak section may be
designated as the type section for these units.

Fig. 5 is a panoramic photograph of the Big Hatchet
Peak section showing the general traverse of the mea-
sured section. Some segments and offsets cannot be
shown because they are blocked from view by protuber-
ances along the cliffs or by the fanglomerates. The
north-facing slope below the peak retains more moisture
than other parts of the mountains because it lies in
shadow much of the year, and thus this slope supports
more grass and pifion/juniper trees, especially in the
lower part of the section below the cliffs.

In the following subdivisions of the text, the Paradise
and the lower and upper Horquilla are discussed gener-
ally regarding their sedimentary features, depositional
and diagenetic environments, and petroleum source and
reservoir characteristics. Documentation of the petro-
leum evaluation is given in a later section. Details of the
field data are provided in appendix 1, including complete
descriptions of the individual column units (unit 1-unit
78), discussions of basic concepts and methods used in
the description, traverse data used to construct the
stratigraphic column, and a list of samples collected.
Appendix 3 contains a columnar stratigraphic section
plotted on the standard scale of 1 inch:100 ft that sum-
marizes the stratigraphic and petrographic information as
well as the petroleum evaluation.
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o= erote to low energy,stoble
1~ 12,5004 LT Dolostone (30%): fight 1o medium brownish | gheif 1o shelf mo::u'\ mad-|poor |poor | fair
& @ = gray. Dolomitic. Medium fo coarsely crystalline, | oo oo oiior o™ "
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am 2]
= : T poor|foir |none
£ A
V4
E p A= & poor |poor | fair
2 JJ 1
el sl l1sootT - poor |fair [none
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g T low relief; lominotion rorely discernibie,some hori-| intertidal deposits,iow to
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Chesterian Bose is covered by Quoternary fonglomerate ond alluvium

FIGURE 4—GENERALIZED STRATIGRAPHIC COLUMN OF BIG HATCHET PEAX SECTION.
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TABLE 1-—AGE DETERMINATIONS IN THE BiG HATCHET PEAK SECTION based on identifications of fusulinids and other fossils by G.L. Wilde.
Sample notation indicates BHP unit number and footage above base of unit.,

Sample Notation
(BHP-) Fossils Age
top peak Triticites ex. gr. T, pinguis, Schwagerina? sp. Early Wolfcampian
78-42 Triticites cf, T. pinguls, Pseudofusulina? sp. Early Wolfcampian
78-4 Triticites cf. T. pinguis, T.cf. T. ventricosus and T. meeki Early Wolfcampian
77-41 Triticites pinguis Early Wolfcampian
76-8 Triticites ex.gr. T. pinguis, T.ex.gr. T. ventricosus, Schwagerina sp. (or
Pseudofusulina sp.), Tubiphytes sp. Early Wolfcampian
76-3 Triticites spp., Schwagerina sp., Schubertella sp, Early Wolfcampian
75-7 Triticites sp,, Schwagerina sp., algae including Tubiphyres? sp. Early Wolfcampian
74-54 Triticites ex.gr. T. pinguis, T.sp., Schwagerina sp., Leptotriticites? sp., Schubertella
sp. Early Wolfcampian
74-0 Triticites ex.gr. T. pinguis Early Wolfcampian
72-2 Triticites sp., Leptotriticites sp. Early Wolfcampian
71-2 Triticites sp. Early Wolfcampian
69-85 Oncolitic, encrusting algae and foraminifers Early Wolfcampian
69-24 Triticites spp. Early Wolfcampian
69-3 Triticites spp. Early Wolfcampian
68-70 Triticites ex.gr. T. pinguis Early Wolfcampian
68-4 Triticites sp., Schwagerina sp. Early Wolfcampian
66-9 Triticites spp. Virgilian
64-1 Triticites spp. Virgilian
62-5 Triticites spp. Virgilian
61-2 Triticites spp. Missourian
58-1 Triticites sp. Missounan
57-23 Triticites spp. Missourian
57-10 Triticites ex.gr. T. ohioensis, tubiform foraminifers Missourian
55-2 Triticites sp. Missourian
54-2 Eowaeringella sp., Triticites sp. Missourian
53-3 Eowaeringella sp. Missourian
52-5 Eowaeringella sp., Triticites sp. Missourian
S0-1 Fusulina sp., Bartramelia? sp. Desmoinesian
48-2 Bartrameila? or Frumentella? sp., Plectofusulina sp., Fusulina? sp. Desmoinesian
46-1 Phylloid algae
45-17 Fusulina? sp. Desmoinesian
45-3 Chaetetes sp. and other corals
43-7 Algae
42-12 Samplie lost
40-1 Fusulina sp. Desmoinesian
39-1 Fusulina sp., Komia and/or Ungdarella sp. Desmoinesian
38-3 Fusulina sp. Desmoinesian
36-2 Fusulina sp., Wedekindellina sp, Desmoinesian
34-6 Fusulina sp., Wedekindellina sp. Desmoinesian
33-6 Fusulina sp., Wedekindellina sp., Eowaeringella of the group of E. matura, crinoids Desmoinesian
31-10 Fusulina sp. Desmoinesian
30-0 Plectofusulina sp,, tubiform foraminifers Desmoinesian
28-§ Fusulina sp., abundant crinoids Desmoinesian
26-0 No identifiable fusulinids or algae
25-3 Fusulina sp. Desmoinesian
24-1 Plectofusulina sp., Komia sp. Desmoinesian
2-1 Fusulinella? sp., Millerella? sp., endothyrids, Komia sp. Derrvan
20-2 Fusulinella sp. Derryan
18-0 Fusulinella sp. Derryan
17-4 Profusulinella sp. Derryan
16-4 Profusulinella sp. Derryan
14-3 “Profusulinella’’ copiosa, Staffella sp., Eostaffella sp., Millerella sp., Donezefla sp,,
Cuneiphycus? sp. Derryan
13-75 "“Profusulinella’’ copiosa, Millerella sp. Derryan
13-23 Eostaffella sp., endothyrids, Donezella sp. Morrowan
13-7 Eostaffella sp., Cuneiphycus sp, Morrowan
12-1 Eostaffella? sp. Morrowan
-1 Eostaffella sp., Millerella sp. Morrowan
9-6 Eostaffella sp., endothyrids, kamaenids Morrowan
9-5 Millerella sp. Morrowan
8-1a Millerella sp., Asphaltina sp. Morrowan
5-0 Millerella spp. Morrowan
3-2 Crinoids (with points) Chesterian?
2-1 Endothyrids Chesterian?
1-0 Fenestrate bryozoans, crinoids Chesterian?




11

Big Matchat Peok (0,356 1)

cn =g

FIGURE 5—PANORAMIC PHOTOGRAPH OF BiG HATCHET PEAK SECTION SHOWING THE GENERAL TRAVERSE OF THE MEASURED SECTION WITH A
CHEVRON PATTERN; view is southward from Chaney Canyon at an elevation of about 5,400 fi; peak is at 8,356 ft. Mp » Paradise Forma-

tion (hidden by ridge of fanglomerate), ®hl « lower member of Horquilla Formation, P ® ha »

upper member of Horquilla Formation,

Qf = Quaternary fanglomerate. Major normal faults disrupt the stratigraphic succession in adjacent areas, but not in the Big Hatchet

Peak area.

Paradise Formation (Mississippian)

Only the uppermost 78 ft of the Paradise Formation
are exposed in the Big Hatchet Peak section (units 1-4).
Figs. 6-11 are photographs of the general outcrop and
selected exposures. Quaternary fanglomerates and allu-
vial deposits of the Chaney Canyon drainage cover the
base. Exposures are limited to a small arroyo (fig. 6). A
complete section of Paradise is fairly well exposed about
0.7 mi to the northwest (fig. 3), but the main reference
section in the Big Hatchet area is in the Mescal Canyon
section of Zeller (1965, p. 76-77), where he measured
318 ft of this formation.

The upper part of the Paradise is Chesterian and the
lower part is Meramecian in age (Zeller, 1965, p. 30).
None of the microfossils from the Big Hatchet Peak sec-
tion that were studied by Wilde (table 1) could be dated
definitely as Chesterian; however, additional samples
and thin sections may provide adequate material for
dating purposes. The endothyrids and the crinoid stems
with points are probably Mississippian and support the
correlation with the Paradise. In the field, the distinctive
cryptostome bryozoan Archimedes sp. is recognized
with spiral axes and attached fronds (unit 1, 0-11 ft; fig.
7). This fossil is generally of Mississippian age and is
abundant in other sections of the Paradise.

Limestone constitutes nearly 100 percent of the upper
Paradise in this section. Fresh color ranges from dark
yellowish brown, to brownish gray, to olive black.
Composition is dominantly (over 90 percent) calcareous
with a trace (less than 10 percent) of quartz silt and
organic material. Textural constituents include micro-
crystalline calcite, skeletal grains (crinozoans, bryo-
zoans, brachiopods, and rare gastropods), ooids, and
limestone lithoclasts that are imbricated with an initial
inclination to the northeast (upcurrent, fig. 10). Grain
tangency (percentage of grains in depositional contact)
ranges from poor (0-10 percent) to good (50-90 percent)
in different beds. According to the subclassification of
limestones given by Dunham (1962), the designations
range from lime wackestone to lime grainstone.

Thicknesses of the limestone beds range from 3 to 50
cm, with an estimated mode around 20 cm (fig. 8). Bed-
ding surfaces generally are sharp and initially horizon-
tal, although some are slightly uneven. In one interval
(unit 2, 1-3 ft; fig. 9), laminasets are 5-10 cm thick, with
tabular to wedge shapes, and contain convex-up,

inclined laminae that lap out downward with 15 ° initial dip
to N. 77 ° E. (determined after simple rotation about
present structural dip). These laminasets are incised by a
channel 50 cm wide and 5 cm deep, with an initial align-
ment of the axis about N. 20° W.-S. 20° E., and are filled
by horizontal and current-ripple laminae. In a higher
interval (unit 2, 13-15 ft), trough laminae show an initial
plunge direction about S. 20 ° E.

Siltstone constitutes less than 2 percent of this section
(unit 4, 12-13 ft). Color is olive brown. Composition is
mostly (over 50 percent) quartz silt with minor (less than
50 percent) calcareous material. Textural constituents are
mostly silt grains with minor microcrystalline calcite and
chonetid brachiopod shells. This rock type occurs as a
single bed, 1 ft thick, and appears to grade into the
overlying black limestone near the top of the Paradise
(fig. 11).

These sedimentary properties indicate a depositional
environment on a shallow-marine, relatively stable shelf
with moderate energy occasionally strong enough to
transport limestone pebbles, but generally not strong
enough to winnow away finer matrix material. The few
channels may have been eroded by tidal currents; how-
ever, only ebb-current deposits appear to have been
preserved as indicated by the trough laminae plunging
southeast and the imbricate pebbles dipping northeast
(paleocurrent to southwest). The convex-up, downlap-
ping laminae, with an initial dip direction to the east-
northeast may be lateral accretion deposits associated
with the tidal currents. The limestones probably were
stabilized in a fresh-water diagenetic environment.

The limestones, especially the black organic ones at
the top, probably are at least fair source rocks for gas
and poor to possibly fair source rocks for oil. No poros-
ity was observed, and no reservoir quality is inferred.
Petroleum source and reservoir properties will be docu-
mented at the more complete reference section in
Mescal Canyon.

Horquilla Formation, lower member
(Pennsylvanian)

The lower member of the Horquilla Formation is
1,363 ft thick in the Big Hatchet Peak section, which
is designated here as the type section of this informal
member (units 5-42). Figs. 12-22 are photographs of
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FIGURE 6—0OuTCROP OF UPPERMOST 75 FT OF PARADISE FORMATION
(Mp), with line of measured section (units 1-4), Base is covered by

Quaternary fanglomerate (Qf) and alluvial (Qal) deposits; view is
south-southeast, downhill from jeep trail.

FIGURE 7—ARCHIMEDES SP. (A), A CRYPTOSTOME BRYOZOAN WITH
SPIRAL AXES AND ATTACHED FRONDS—a characteristic fossil of the
Paradise; stratigraphic position is in unit | of measured section,
about 10 ft above the base of the unit (near top). View is southwest
(down) on top of bedding surface; scale 15 cm = 6 inches long and
is used in subsequent closeups.

FIGURE 8—LIMESTONE BEDS IN PARADISE FORMATION (units 1 and 2),
striking N. 50° E, and dipping 36° SE.; view is southwest,
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FIGURE 9-—CROSS.LAMINAE WITHIN LIMESTONE BEDS OF PARADISE
(unit 2, about 2 ftabove base); view is south-southeast, Present dip
is 45° SE.; initial inclination is 15° ENE. after simple rotation
about present structural dip; cross-laminae may be lateral accretion
deposits associated with tidal currents.

FIGURE 10—IMBRICATED (i) LIMESTONE LITHOCLASTS IN PARADISE
(UNIT 3, NEAR BASE); VIEW IS SOUTHEAST. Pebbles dip upcurrent to
northeast, indicating a palecocurrent to southwest,
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FIGURE 11—SILTSTONE (2S) GRADING TO BLACK LIMESTONE (blk Is)

NEAR TOP OF PARADISE (unit 4, 12-13 ft, 13-14 ft), Disconformable
contact with overlying Horquilla (unit 5) in limestone (Is) ledges;
view is east-southeast.



the general outcrop and selected exposures of sedimen-
tary features. Several offsets were made in the line of
section to follow the locus of best exposures in arroyos
or on spurs (fig. 12). This member can be correlated at
least to the New Well Peak section of Zeller (1965, p.
86-88), where his equivalent units (1-68) have a total
thickness of 1,346 ft.

Based on the fusulinid determinations by Wilde (table
1), the age of the lower Horquilla ranges from Mor-
rowan, through Derryan (Atokan), into Desmoinesian.
The Morrowan-Derryan boundary in the Big Hatchet
Peak section lies approximately at the top of the gener-
ally treeless strip, which probably was produced by a
logging operation that cut pifion/juniper trees many years
ago (fig. 12; unit 13, 35 ft above base; also obvious on
fig. 6). The Derryan-Desmoinesian boundary lies at the
base of a limestone and chert unit (unit 23). Very small
fusulinids (less than 1 mm long) in most of the
Morrowan part are hard to recognize in the field with a
10 x hand lens. Those in the upper MorrowanDerryan-
Desmoinesian part can be recognized although they
generally are relatively small (1-2 or rarely 3 mm in
transverse diameter, and 2-4 or rarely 6 mm long). With
experience, tentative generic identifications can be made
in the field; however, best results are obtained by send-
ing samples to fusulinid specialists.

The contact with the underlying Paradise is fairly well
exposed in the Big Hatchet Peak section (fig. 11). This
contact appears to be a sharp, low-relief disconformity as
seen at other localities. The hiatus is probably short
because no foraminiferal zones are missing (Armstrong
and Mamet, 1978, p. 184).

Limestone constitutes over 90 percent of the lower
Horquilla (although 25 percent of the member is cov-
ered in this section and may conceal some mudstone).
Fresh color is mostly in the brownish gray range, with
darker shades grading to brownish black in the lower
part and lighter shades more common in the upper part.
Based on field estimates, the composition is dominantly
calcareous; some units appear to be muddy, especially
in the lower part. Silicification is minor and glauconite
is rare.

Textural constituents of the limestones are diverse.
Microcrystalline calcite is the most abundant overall,
ranging from a trace of intergranular matrix, to patches,
to nearly 100 percent of many beds (fig. 20).

Skeletal constituents are the most abundant types of
grains, although they are absent in some beds. Crino-
zoans dominate; they constitute nearly 100 percent of a
few beds (for example, unit 28). Fusulinids are present
in nearly every unit of the lower member, but they sel-
dom are abundant. Scattered rugose corals are present
in many units, but generally are not found in growth
position. Tabulate corals are rare; chaetetid types are
the largest, with diameters up to 10 cm, in colonies 30
X 40 cm (unit 12, 11-17 ft; see also fig. 17). Small algal
grains are present (see identifications by Wilde, table 1)
and may be abundant where indistinguishable in the
field from other small grains, especially in the lower
part. Brachiopods generally are rare, but they occur in
thin beds made almost entirely of broken shells (for ex-
ample, unit 9, 7-9 ft). Bryozoans and conispiral forami-
nifers are very rare.

Other grain types are important constituents of some
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limestones. Coated grains, including ooids and elongate
types, are abundant in many beds, especially in the

lower part of the member (fig. 15); grapestone grains
are rare. Peloids generally are scarce, but they are
abundant in a few beds (for example, unit 13, 55-65 ft).
Grain tangency generally is fair to good, although the range
is from none to perfect. According to Dunham's
subclassification, these limestones range from lime
wackestone to lime grainstone based on petrographic
analyses. The only lime boundstones are the small colonies
of tabulate corals. All of the limestones are well indurated,
and no porosity was observed.

In fair to good exposures, limestone bodies contain
beds averaging 30 cm in thickness and generally not
more than 50 cm. Where separated by chert bands, lime-
stone beds are as thin as 5-10 cm (fig. 19). Some succes-
sions are alternating beds of matrix material and car-
bonate grains; within other beds, the percentage of grains
decreases upward or downward, and in rare cases grains
are concentrated into lenses (unit 38, 0-4 ft). Most beds
contain heterogeneous mixtures of carbonate grains, but
in some cases alternating beds contain segregated
skeletal and coated grains (for example, unit 9). On the
other hand, some alternating layers of muddy and purer
limestones do not appear to be differentiated into
separate beds (unit 10, 3-4 ft). Initial orientations of beds
are nearly all horizontal in this member; in one case beds
lap out downward to the northeast (unit 15, 0-2 ft).
Bedding surfaces are fairly sharp and mostly flat.
Stylolites are less common than in the upper member.
Possible mudcracks were observed on one bedding
surface (unit 7, 17-19 ft; fig. 14). Measurable erosional
relief was found in two cases to be 1-2 cm (unit 20, 0-1
ft) and 30 cm (unit 12, 0-3 ft). One channel 20 cm deep
and 40 cm wide contains shells and limestone lithoclasts
(unit 18, 4-5 ft). Within most beds, even in those that are
well exposed, no lamination is discernible. Horizontal to
wavy lamination is barely to moderately discernible in
some beds (fig. 13), and current-ripple lamination is
evident in a few (unit 27, 4-25 ft). Inclined laminae,
observed in only one bed (unit 6, 12-14 ft), have an ini-
tial dip of 40° to N. 17 ° W. (after simple rotation).

Chert constitutes less than 10 percent of the total
volume of the lower Horquilla; however, it constitutes
30 percent of several individual units (fig. 19). All of
the chert occurs within limestone host rock. Color is
generally brownish gray; lighter shades are more
common in the upper part and darker shades in the
lower part, paralleling color changes in the associated
limestones. Many colors have a light bluish tinge. Some
cherts are nearly white; others are black or brownish
black (fig. 18). Alternating black and white stripes
produce a distinctive zebralike pattern with concentric
layers in nodules and parallel layers in bands of chert.
This zebra-patterned chert constitutes a possible strati-
graphic marker at the top of the Morrowan (unit 13, 34-
35 ft; fig. 16). Composition of the cherts is dominantly
siliceous. Calcareous material ranges from 0 to 10 per-
cent in most cases but may be as high as 40 percent,
especially where unreplaced carbonate grains are abun-
dant and where white calcareous layers alternate with
black siliceous ones in the zebra-patterned chert. Traces
of pyrite are present in a few cherts. Black cherts may
contain carbonaceous material. Texture is dominantly
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microcrystalline (crystals smaller than 1/16 mm) and
probably is extremely finely crystalline (smaller than
1/256 mm). Diaphaneity of the microcrystalline material
is opaque to translucent. Original carbonate grains
include crinozoans, fusulinids, and less common bra-
chiopods, corals, and ooids; they may be completely to
selectively replaced or completely unreplaced. Rhombic
porphyrotopes may be replaced dolomite crystals (unit
31, 10-20 ft).

Chert mostly occurs in nodules, ranging from 1 x 3
cm up to 50 x 60 cm, averaging about 5 x 10 cm to 10 x
50 cm (figs. 18-22). Contacts with limestone host rocks
generally are sharp but may be smooth or irregular.
Orientations of long axes commonly are parallel to
bedding of the limestones. Many nodules are linked lat-
erally parallel to bedding or are anastomosed by connec-
tions normal or oblique to bedding. Some chert occurs in
bands (length/width ratio is 10:1 or greater) 2-10 cm
thick and 1 to about 5 m long that generally are parallel
to bedding.

Nearly the entire lower member of the Horquilla ap-
pears to have been deposited in a shallow-marine en-
vironment with open circulation that was generally free
of terrigenous influx. This interpretation is supported by
the lithologic properties, the stratification, the few
colonies of tabulate corals in growth position, the lo-
cally abundant algal material, and the scattered occur
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FIGURE [2—OUTCROP OF LOWER MEMBER OF HoOrQuUILLA (Phl),
1,363 ft thick, with line of measured section (units 5-42); several
fateral offsets were needed to follow the locus of best exposures.
Approximate tops of Morrowan (®mo) and Derryan (#d) Series
are shown within the lower Horquilla; view is south-southeast,
downhill from jeep trail.

rences of rugose corals that probably were transported
only short distances. The dominant microcrystalline-
limestone lithology indicates low energy in the deposi-
tional environment. Ooids and other completely coated
grains suggest agitation, and concentrations of frag-
mental skeletal grains indicate at least moderate turbu-
lence. Such fluctuations from lower to higher energy
may have been produced by slight relative falls of sea
level, increases in sediment supply, approaches of mi-
grating tidal channels, and/or other mechanisms.

The Pennsylvanian shoreline generally was many
miles north or northwest of the Big Hatchet area, al-
though the occurrence of possible mudcracks indicates
minor regression. The north-northwest initial inclina-
tion of the cross laminae is opposite to the inferred
paleoslope and may be a result of flood-tide deposition
or lateral accretion in a meandering tidal channel. The
shelf probably subsided slowly but continuously over
about 25 m.y. of early Pennsylvanian time to
accommodate the 1,363 ft of shallow-marine limestone
in the lower Horquilla. The gross sedimentation rate of
54.5 ft (16.6 m) per m.y. is below the maximum of 40
m per m.y. estimated by Wilson (1975, p. 15, table I-1)
for ancient shallow-marine carbonates. Judging by the
wide distribution of similar correlative facies in the
region, the shelf probably was very broad. The nearest
known deep-marine facies is in the Marathon area of
western Texas, about 300 mi to the southeast; those
deposits were thrust several miles to the northwest in
Wolfcampian time.

As the petrographic evidence will show, the lime-
stones probably were stabilized in a fresh-water environ-
ment during diagenesis. The cherts are diagenetic re-
placements of the limestones, as indicated by the re-
placed carbonate grains and matrix material; the silica
probably was brought in during the fresh-water incur-
sions.

Many limestones contain sufficient organic matter to
be classified as fair sources of petroleum (see documen-
tation in the chapter on petroleum geology). Kerogens
are of the herbaceous-woody-coaly types and indicate
sources of gas. Fresh-water diagenesis may have caused
some oxidation of the source material at an early stage.
No porosity was observed, and no reservoir quality is in-
ferred.

FIGURE 13—HORIZONTAL AND WAVY LAMINAE IN LIMESTONE BEDS
NEAR BASE OF HORQUILLA (unit 5, 0-5 f1); view is southeast.
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FIGURE 14-—POSSIBLE MUDCRACKS ON BEDDING SURFACE OF MICRO- FIGURE 17T—CHAeTETES SP, (C), A TABULATE CORAL, LOWER HOR

CRYSTALLINE LIMESTONE IN LOWER HORQUILLA (unit 7, 17-19 ft); QuiLLA (unit 13, about 60 ft above base); generally restricted to
mudcracks are filled by sparry calcite and extend only a few cm Derryan-Desmoinesian in Big Hatchet area; view is southeast
below bedding surface; view is southeast (obliquely down). (down) on main foot trail to east of line of section.

SR
FIGURE 15—O00LITIC, SKELETAL LIMESTONE (UNIT 11, 0-6 FT), UNDER- FIGURE 18—NODULES OF BLACK CHERT IN MICROCRYSTALLINE LIME.
LAIN BY MICROCRYSTALLINE LIMESTONE AND CHERT (uNiT 10) IN sToNe (unit 21, 1-6 f1); above erosion surface is 2-cm-thick bed

LOWER HORQUILLA; view is south-southeast, (dark layer) of crinoid hash and a thicker bed of microcrystalline
limestone (unit 22, 0-2 f1). All in lower Horquilla; view is southeast,

FIGURE 16—ZEBRALIKE STRIPES IN CHERT NODULE OF DARK SILICEOUS FIGURE 19—NODULES AND BANDS OF BROWN CHERT, SOME LINKED,
MATERIAL AND LIGHT CALCAREOUS MATERIAL (unit 13, 34-35 fi); SOME ANASTOMOSED, IN MICROCRYSTALLINE LIMESTONE OF LOWER
possible stratigraphic marker at top of Morrowan, within lower HORQUILLA (unit 25, 0-7 ft); view is southeast.

Horquilla; view is southeast.
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FIGURE 20—~MICROCRYSTALLINE LIMESTONE IN BEDS 50 CM OR MORE
THICK (UNIT 32, 0-10 FT) OVERLYING LIMESTONE AND CHERT (UNIT 31,
10-20 FT), ALL IN LOWER HORQUILLA; view is southwest.

Horquilla Formation, upper member
(Pennsylvanian-Permian)

In the Big Hatchet Peak section, a total of 1,867 ft of
the upper member of the Horquilla Formation was mea-
sured up to the present erosion surface on the top of the
peak. The contact with the overlying Earp Formation is
not seen in this fault block but is seen in the
downthrown block to the west, about 1 mi south of Big
Hatchet Peak (fig. 3). R.A. Zeller, Jr. (personal com-
munication, 1961) estimated that over 200 ft of upper
Horquilla have been eroded from the top of the peak.
The total measured section of the Horquilla here is 3,230
ft, so the total estimated thickness is about 3,500 ft.
Zeller (1965, p. 37) measured nearly complete sections
in the New Well Peak area (3,245 ft) and Bugle Ridge
area (3,530 ft) and estimated that the total thickness of
the Horquilla in the Big Hatchet Mountains is no greater
than 3,600 ft. The Big Hatchet Peak section (units 43-
78) is designated as the type section of this informal
upper member of the Horquilla, unless a complete
section or a tie to an exposure of the uppermost part and
the overlying Earp can be found in later work.

Figs. 23-39 are photographs of the general outcrop and
selected exposures. Several offsets were made in the line
of section, mainly to connect segments measured in the
places where the cliffs could be climbed and worked

FIGURE 2] —CHERT BAND § CM THICK, AND LAYER BELOW OF LINKED
CHERT NODULES, IN MICROCRYSTALLINE TO SKELETAL LIMESTONE OF
LOWER HOrRQUILLA (unit 39, 0-13 ft); view is southeast.

FIGURE 22—LARGE CHERT NODULES, SOME LINKED, SOME ANASTO-
MOSED, IN MICROCRYSTALLINE LIMESTONE, NEAR TOP OF LOWER HOR-
QUILLA (unit 42, 0-28 ft); view is southeast,

with a minimum of hazards (fig. 23). Exposures gener-
ally are better than those in the lower member, and only
10 percent of the succession is concealed by major cov-
ered intervals of talus, soil, and/or vegetation. Some
parts of the cliffs are locally fractured and deeply
weathered or are covered by modern carbonate crusts,
but these parts generally can be bypassed with offsets to
better exposed intervals.

A small normal fault was crossed at the prominent
spur in the first cliff (fig. 23). The main line of section
(units 43-47) goes up to the top of the cliff west of the
spur, ending at a stratigraphic marker (unit 48) near the
fault on the upthrown side. The fault trends N. 20° E.
parallel to that part of the cliff, dips steeply to the
southeast, and is downthrown to the southeast with
about 50 ft of stratigraphic throw. A short section
(units 48-49) was measured on the downthrown side in
the reentrant to the east of the spur. A fair stratigraphic
marker (base of unit 50) was traced back to the west
where the next main part of the section was measured.
Other small faults may be present; however, units can
be traced without major disruption across each of the
cliff faces within the large horst block of the Big
Hatchet Peak area. The field evidence of the strati-
graphic succession is supported by the normal sequence
of fusulinid zones.

The age of the upper Horquilla ranges from Des-



moinesian, through Missourian and Virgilian, into
Wolfcampian, based on Wilde's fusulinid identifica-

tions (table 1). The Desmoinesian-Missourian boundary
determined in the Big Hatchet Peak section lies in the
lower part of the second cliff (fig. 23, top unit 50). The
Missourian-Virgilian boundary lies in the upper part of the
third cliff (top unit 61). The Virgilian-Wolfcampian
boundary lies at the base of the fifth cliff (base of unit 68,
above major lateral offset to west, traceable along top of
tree line). Fusulinids in the Pennsylvanian part of

the member are the same relatively small size (1-2 or rarely
3 mm in diameter, and 2-4 or rarely 6 mm long)

as those in the lower member (above the basal part).
Many fusulinids in the Wolfcampian part are noticeably
larger (3-4 or rarely 2 mm in diameter, and 5-6 or rarely

4 mm long). Fusulinids were not found in several lime-
stone units and, where found, generally are less abun-
dant in the Pennsylvanian part of the upper member,
as compared to the lower member; however, they were
found in all but one limestone unit of the Wolfcampian part
and are abundant in several beds.

The contact between the lower and upper Horquilla is
not well exposed in the Big Hatchet Peak section, but it
appears to be a low-relief disconformity (fig. 24). The
hiatus is probably short because Desmoinesian fusulinids
are found below and above.

Limestone constitutes 70 percent of the upper Horquilla.
Fresh color is generally medium to light brown-
ish gray, and darker shades are less common than in the
lower member. Composition is dominantly calcareous,
with only a few traces of muddy impurities. In some
beds minor silicification is indicated, but it may be a
result of superficial weathering because chert is relatively
rare in the upper member. Of the textural constit-
uents, microcrystalline material generally is dominant,
although most beds contain at least a trace of skeletal
material.

In addition to fusulinids, the more abundant skeletal
types in the limestones are algae and crinozoans. Phyl-
loid algae intermittently are abundant in the Pennsyl-
vanian part (units 45-64). They form laterally extensive
biostromal accumulations of disarticulated plates, but
mounds were not observed in this section. A thin basal
zone of tabulate corals underlies the oldest biostrome of
phylloid algae (unit 45). In the overlying sequence (unit
46), phylloid algal plates are most abundant in the basal
part (fig. 27), are separated by patches of microcrystalline
material in the middle (fig. 28), and are in clusters
or dispersed within microcrystalline material in the up-

per part (fig. 29). Low-relief erosional surfaces form the

boundaries at the base and top. In hand specimen, the

individual thalli range in width from 1 to 4 mm. Small
skeletal grains, probably disarticulated fragments of
other algal types, are abundant in many beds, especially in
the upper part of the member. In the Wolfcampian
part, algal oncoids (7 mm wide, 10 mm long, with en-
crustations 3 mm thick) are formed by Tubiphytes sp. (units
76-77). Crinozoans appear to be dominant on the
surface in only one unit (unit 60) in contrast to the lower
Horquilla, but are abundant in many petrographic thin
sections. Corals are rare, consisting of favositid and
chaetetid tabulate types in the Desmoinesian (unit 45, 0-3
ft, fig. 26) and rugose types in the Missourian (unit
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52). Other sparse or rare fossils include brachiopods,
sponge spicules, and biserial foraminifers.

Peloids, ooids, and other coated grains are much less
common than in the limestones of the lower member.
Grain tangency mostly is poor, although the range is
from none to excellent. According to Dunham's (1962)
classification, these limestones mostly are lime wacke-
stone, with a range from lime mudstone to lime grain-
stone; lime boundstone is recognized in the small colonies
of tabulate corals and in the algal oncoids. All of
the limestones are well indurated. No significant poros-
ity was observed, although some small vugs and thin
fractures are filled with calcite, and some traces of
vuggy porosity are present only on the weathered sur-
face (unit 74, 34-54 ft). No reservoir quality is in-
dicated.

A few ancient cavities are present locally. The best ex-
posed one is in Missourian limestone, is 2 ft high and 3
ft wide, and is filled with horizontally laminated, micro-
crystalline limestone and thinly interlayered red mud-stone
(unit 54, 95-97 ft; figs. 32-34). The limestone is
reddish because of oxidation of pyrite inclusions. Par-
tial dolomitization of the fill indicates a diagenetic rela-
tionship with the next dolostone 68 ft above (unit 56).
Modern caves up to 10 ft high indicate Quaternary solution
of the limestones in this uplifted fault block (unit 54, 105-
120 ft, and unit 76, 0-7 ft).

Composite thicknesses of limestone units range from
several hundred feet to 26 ft where separated by dolo-
stones. Thicknesses of beds within the limestones gener-
ally are 10-50 cm, with a range from 5 to 400 cm where
discernible. Patterns of successively thinner beds indi-
cate filling of a broad channel in the Missourian (unit
60), and successively thicker beds indicate progradation in
the Wolfcampian (unit 76, 7-44 ft; fig. 38). Gener-
ally the bedding surfaces are horizontal, but a few are
slightly wavy; many are erosional with low relief. Stylolites
are developed along many surfaces, especially in
the microcrystalline limestones (fig. 24). Lamination
was observed rarely. Beds at the base of the member
contain irregular laminae (unit 43, fig. 25), and the fill
of the ancient cavities contains horizontal laminae (unit
54, fig. 34).

Dolostone constitutes 30 percent of the upper
member. Fresh color is light to medium brownish gray.
Composition is dominantly dolomitic, with minor silici-
fication that probably is a result of superficial weathering.
Textural constituents are dominantly medium to
coarsely crystalline, rhombic, and tightly fitted into a
mosaic. Ghosts of replaced crinoids, and a few which
escaped replacement during dolomitization, are present
in trace amounts. In one interval (unit 49, 0-9 ft, at
base), poorly preserved intraclasts appear to be imbricated
to dip southwest. Sucrosic, intercrystalline poros-
ity is evident in only a few dolostones. Nearly all have
traces to 10 percent of vuggy porosity. On fresh sur-
faces, the vugs generally are 1-3 cm in diameter; on
weathered surfaces, vugs generally are 10-20 cm and
range up to 100 mm in diameter where they constitute 30
percent of the surface (unit 49, 9-19 ft; unit 63, 0-15 ft;
figs. 31 and 36). The enlargement of vugs on the weath-
ered surface may be attributed to Quaternary solution.

The six laterally extensive dolostone units range in
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thickness from 54 to 148 ft and total 484 ft. Thicknesses
of beds within the dolostones range from 20 cm to 200
cm, although in many cases bedding is not discernible.
Many bedding surfaces appear to be erosional with low
relief. No lamination is discernible in the dolostones.

Some contacts between limestones and dolostones are
sharp where they coincide with bedding surfaces (figs.
30 and 35), others are transitional and irregular with re-
lief up to 1 ft. In one case (unit 48, 2-5 ft) a lateral tran-
sition from limestone to dolostone takes place in only 2
ft, within 20 ft of a fault zone; in another case (unit 46,
4-10 ft) a similar transition takes place within a few
yards laterally, but no nearby faulting is evident. Small
masses of dolostone (30-50 cm in diameter) appear to
have been formed by selective replacement of favositid
corals, possibly before silicification of chaetetid corals
in the host limestone (unit 45, 0-3 ft; fig. 26).

Chert constitutes only a trace of the upper member,
but amounts in individual units range up to 40 percent.
Chert only occurs in limestone hosts. Fresh colors over-
all are lighter than those of the cherts in the lower
member; they generally are light to medium brownish
gray and are brownish black in only one unit (unit 73).
Composition is dominantly siliceous, with a trace to 20
percent of calcareous material and a rare trace of car-
bonaceous flakes. Texture is dominantly microcrystal-
line (probably extremely finely crystalline), translucent
to opaque, with a trace to 10 percent of skeletal forms
including sponge spicules, fusulinids, and crinozoans
(some of which are not replaced). Nodules range in size
from 3 x 6 cm to 10 x 80 cm, and a few are linked to
form masses 100 cm long. Long axes generally are
parallel to bedding, and shapes are fairly regular. Bands
are rare and small (5 x 70 cm).

Similar to the lower member, nearly all of the upper
member of the Horquilla in the Big Hatchet Peak section
probably was deposited in a shallow-marine envi-
ronment. The basal unit of limestone with irregular
laminations may be an intertidal deposit. The poorly
preserved intraclasts in dolostone, imbricated to dip
southwest, may indicate a flood-tide current to the
northeast in an intertidal channel. However, most of the
member consists of subtidal deposits.

The abundance of phylloid algae in the upper Des-
moinesian-Virgilian indicates shelf-margin deposition
during much of that time. However, individual bio-
stromes generally are less than 20 ft thick, and up-
building appears to have been terminated in most cases
by surf-base erosion in the shoaling waters. Algal
plates served as baffles to trap finer sediment. The
upward increase in matrix material observed in some
biostromes may indicate that burial in finer sediment
was another factor in the termination or retardation of
the phylloid algal accumulations.

The 1,867 ft of shallow-marine carbonates were de-
posited during a time span of about 20 m.y. from late
Desmoinesian into early Wolfcampian. The gross sedi-
mentation rate of 93.3 ft (28.4 m) per m.y. is nearly
double that of the lower member but is also less than the
maximum estimated by Wilson for ancient shallow-
marine carbonates. The inferred increase in subsidence
may be attributed to the proximity to the basin margin.

As in the lower member, the limestones and cherts
probably were stabilized in a fresh-water diagenetic set

ting. The ancient cavities in the limestones indicate
dissolution in a vadose environment and a relative fall
of sea level of about 68 ft. The laminated cavity fill
probably was deposited under phreatic conditions. The
thick, laterally extensive dolostones probably were sta-
bilized penecontemporaneously in a saline diagenetic
environment. Small occurrences limited to areas around
fault zones may have been formed by solutions migrat-
ing along fractures, dissolving Pennsylvanian dolo-
stones and replacing adjacent limestones. Such re-
stricted replacement most likely occurred early, possibly
during fracturing associated with middle Wolfcampian
uplift. By late Cretaceous to Tertiary time, during
Laramide or Basin and Range uplift, the Pennsylvanian
carbonates probably were too thoroughly lithified to be
subjected to such local dolomitization.

The thick dolostones with vuggy porosity constitute at
least a fair petroleum-reservoir objective. Some com-
munication between vugs may be provided by fractures
and solution channels. Although the matrix porosity-
permeability is poor, it may improve toward the shelf
edge where dolomitization may have ceased before the
development of tight mosaic textures, in which case
sucrosic, intercrystalline porosity would be extensive.
The limestones separating the dolostones provide ade-
quate seals to the individual reservoirs and, similar to the
limestones in the lower member, these also qualify as
fair petroleum-source rocks, especially for gas.

Fig. 40 shows the southeast-to-south panorama from
Big Hatchet Peak and the view of several key control
sections to be worked in the evaluation of petroleum-
source and reservoir relationships along the northwest-
southeast trending shelf-basin margin in the upper Hor-
quilla. Fig. 41 shows the reconstructed stratigraphic
cross section between the Big Hatchet Peak section on
the shelf margin and the Humble No. 1 State BA well
drilled in the Alamo Hueco Basin. Although the Wolf-
campian shelf has prograded southwestward over the
upper Pennsylvanian margin and conceals those rela-
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FIGURE 23—0uUTcroP OF UPPER MEMBER OF HORQUILLA (PPhu),
1,867 ¥1 THICK (TOP ERODED), WITH LINE OF MEASURED SECTION
(units 43-78); several lateral offsets were needed to connect
segments measured where the cliffs could be climbed and worked.
Projecting spurs block the view of some segments (units 56-61,
77-78) and offsets. Approximate tops of Desmoinesian (@ dm),
Missourian (@ mi), Virgilian (®v), the base of the Wolfcampian
(Pwc) are shown within the upper Horquilla; view is south from
Chaney Canyon (enlarged from fig. 5).



tionships over much of the surface exposure, the
features along the Wolfcampian margin will provide
significant control for projections along the older
margins. Based on reconnaissance study of sections
described by Zeller (1965) and Wilson (1975, and his
students C.F. Jordan and M.A. Schupbach), dolostone
reservoirs appear to be absent along the Wolfcampian
shelf margin. Debris flows, with some clasts derived
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from phylloid algal mounds, and terrigeneous clastics
were deposited on the clinoform slopes exposed in the
Borrego area. Thick units of dark mudstone are tongues
from the deep-marine deposits of the Alamo Hueco Ba-
sin and may be excellent source rocks that were in a
favorable position for updip migration of oil and gas
into the shelf-margin reservoirs, especially those in the
Pennsylvanian dolostones.

FIGURE 24—DiSCONFORMABLE CONTACT BETWEEN LIMESTONE AND
CHERT (UNIT 42) OF LOWER HORQUILLA AND LIMESTONE (UNITS 43
AND 44) oF urper HORQUILLA; note stylolites along bedding sur-
faces in microcrystalline limestone (unit 44); view is northeast.

FIGURE 25—IRREGULAR LAMINATIONS IN DOLOMITIC, MICROCRYSTAL
LINE LIMESTONE (UNIT 43); view is southeast.

FIGURE 26—SELECTIVE DOLOMITIZATION OF FAVOSITID CORALS (F,
LIGHT-COLORED) IN LIMESTONE WITH SILICIFIED CHAETETID CORALS
(C) 1N UPPER HORQUILLA (unit 45, 0-3 ft).
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FIGURE 27—ABUNDANT PHYLLOID ALGAE IN LIMESTONE BED (UNIT 46,
0-4 FT) WITH EROSION SURFACE AT BASE, AND MICROCRYSTALLINE
LIMESTONE BELOW (UNIT 45, $7-61 ¥T1), 8OTH IN UPPER HORQUILLA]
view is east-southeast,



20

FIGURE 31—DOLOSTONE WITH ABOUT 30 PERCENT VUGGY POROSITY
ON WEATHERED SURFACE; average diameter of vugs is 10-20 mm,
maximum is 100 mm (unit 49, 9-19 ft). View is northeast, at top of
cliff shown in fig. 30,

FIGURE 29—CLUSTERS OF PHYLLOID ALGAL PLATES, SOME DISPERSED,
IN MICROCRYSTALLINE LIMESTONE, WITH EROSION SURFACE AT TOP
(unit 46); view is east-southeast on main foot trail to west of line of
section (below unit 50),

AND CHERT IN UPPER PART (UNIT 55, 0-35 FT) AND OVERLYING
DOLOSTONE (UNIT 56) INUPPER HORQUILLA. Note position of ancient
cavity (ac); view east at breach in second cliff; note climbing ropes
(r) for scale.

FIGURE 30—LIMESTONE WITH MINOR PHYLLOID ALGAE (UNIT 47, UP-
PER PART), THINNER BEDDED MICROCRYSTALLINE LIMESTONE (Is)
(UNIT 48, 5 FT THICK), AND DOLOSTONE (dol) (UNIT 49, 0-9 ¥T, 9-19 FIGURE 33—ANCIENT CAVITY, PARTIALLY EXHUMED, 2 FT HIGH AND 3
FT), IN UPPER HORQUILLA; view is east-northeast, taken from line of FT WIDE (JACOB STAFF 1S § FT LONG) IN UPPER HORQUILLA LIMESTONE
section in first cliff. (unit 54, 95-97 f1); view is southeast.
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FIGURE 34—HORIZONTAL LAMINATION IN REDDISH-WEATHERING
MICROCRYSTALLINE LIMESTONE AND THINLY INTERLAYERED RED
MUDSTONE THAT FILL ANCIENT CAVITY SEEN IN FIG. 33; view is S, 60°
E.

FIGURE 35—SHARP CONTACT BETWEEN MICROCRYSTALLINE LIMESTONE
(I8) WITH SOME PHYLLOID ALGAE (UNIT 62, 75-95 FT) AND DOLOSTONE
(dol) (UMT 63, 0-15 FT); view is south-southeast,
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FIGURE 36—DoLOSTONE WITH ABOUT 30 PERCENT YUGGY POROSITY
ON WEATHERED SURFACE, diameter of vugs about 10 mm maximum
(unit 63, 0-15 f1); view is southeast.

FIGURE 37—TREES CONCEAL SLOPE (BELOW CLIFFS) WHERE LIME.

STONES WITH MINOR CHERT WERE MEASURED ALONG SKYLINE (units 71
and 72; highest units worked from Chaney Canyon campsite about
2,000 ft below); marker unit of limestone and chert (unit 73) was
traced toward observer where rest of section was measured (worked
from campsite on Big Hatchet Peak about 300 ft above). Lime-
stones form sheer cliffs below the peak—equivalents to units 74
(115 ft thick) and 75 (54 [t thick); view is southwest,

FIGURE 38—LIMESTONE 8£DS SHOW THICKENING-UPWARD CYCLES IN
DICATING PROGRADATION, IN HIGHEST CLIFF OF THE UPPER HOR
QuiLLA (unit 76, 0-44 ft); distinctive thin beds (7-10 ft above bast
of unit) are $-10 cm thick. View is southwest, taken from line o!
section,
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FIGURE 39—LIMESTONES WITH ABUNDANT FUSULINIDS (WOLFCAMPIAN) AT TOP OF Bic HATCHET PEAK (1o west of line of section, equiva-
lent to top of unit 78). Cairn marks triangulation station of U.S. Coast and Geodetic Survey (elevation 8,356 ft), Jacob staffs are 5 fi
long; solar-powered antenna is used by U.S. Customs Service; view is cast,
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FIGURE 40—PANORAMA SOUTHEAST TO SOUTH, FROM BIG HATCHET PEAK (ELEVATION 8,356 FT) SHOWING KEY CONTROL OF SHELF-TO-BASIN

FACIES TRANSITION IN THE UPPER MEMBER OF THE HORQUILLA.

The approximate facies boundary is drawn as a dash-dot line,
where exposed or buried, and fault disruptions are ignored. New
Well Peak, near the southeast end of the Big Hatchet Mountains
(8 mi from observer), is composed of shelf limestones in the upper
Horquilla, as described by Zeller (1965, p. B4-86). In Sheridan
Canyon, at the base of the Hale tank section, the unconformity is
exposed between upper Horquilla limestones and Earp conglom-
erates, sandstones, and red mudstones, as described by Zeller
(1965, p. 95-96); younger Permian rocks crop out to the south-
west, In the Borrego section, the upper Horquilla is in a deep-
marine basin facies with thick dark mudstones as described by
Zeller (1965, p. 93-95); also present are debris-flow conglomer-
ates. Phylloid algal mounds are present along the shelf margin,
and clasts derived from them are found in the debris on the rela-
tively steep basin-margin slope to the southwest, as determined by
Schipbach (in Wilson, 1975, p. 179). Shelf limestones are
found along the ridge extending south-southeast from Big
Hatchet Peak (scrub brush covers eastern side; note mescal stalks
about 10-20 ft high); on the downfaulted block to the south, com-

posed mostly of shelf limestone, Zeller (1965, p. 44, fig. 11) shows
a reef with foreset beds dipping basinward on the west face. Off
the right side of the photograph, in Cement Tank Canyon on the
west side of the Big Hatchet Mountains, Schipbach (in Wilson,
1975, p. 185, fig. VI-13) documents a cyclic alternation of
phylloid algal mounds and slope deposits at the shelf margin,
U-Bar Ridge, south of Big Hatchet Peak, is composed of massive
Lower Cretaceous limestones with rudists, and forms a southeast-
plunging syncline; the adjacent anticline was drilled by the Hum-
ble No. | State BA well (kelly bushing elevation 4,587 ft, total
depth 14,585 ft; 10 mi from observer) and the deep-marine basin
facies of the upper Horquilla in that well consists of dark mud-
stone and limestone (6,285-9,400 ft, Zeller, 1965, p. 116-117).
South of Mojado Pass are the Alamo Hueco Mountains com-
posed mainly of Tertiary volcanic rocks; they also lie on the Big
Hatchet uplift. The uplift is bounded by Basin and Range faults
with the Playas Valley graben on the west and the Hachita Valley
graben on the east,
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FIGURE 41—NORTH-NORTHEAST-SOUTH-SOUTHWEST STRATIORAPHIC
No, 1 STATE BA WELL.
In the Horquilla Formation, the lower member (Pennsylvanian/
Morrowan-Desmoinesian) consists of shallow-marine shelf de-
posits over the area of the cross section and beyond. An uncon-
formity is inferred between the lower and upper members. In the
upper member (Pennsylvanian-Permian/Desmoinesian- Wolf-
campian), an abrupt lateral change from shelf-margin to
basin-slope deposits is evident in the Big Hatchet Mountains, and
basin-floor deposits are indicated in the Humble well. Porous
dolostones are observed in the Big Hatchet Peak section where in-
terbedded limestones contain phylloid algal material; dolostones
appear to be absent in exposures of the younger (Wolfcampian)
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part of the progradational shelf margin where mounds of phylloid
algae are observed in the limestones. Limestone conglomerates,
including debris from the algal buildups, were deposited on the
steep clinoform slopes; the basin was filled with deep-marine
mudstone and limestone. After subaerial erosion, nonmarine red
beds of the Earp Formation (Wolfcampian) covered the area;
cross section is restored with base of Earp as datum, Relationships
in the younger part of the shelf margin and on the clinoform
slopes are based partly on unpublished work by J. L. Wilson and
M. A. Schupbach; tops in the Humble well are from Zeller

(1965, p, 116).
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Petrography

The first part of this chapter deals with the basic con-
cepts of diagenesis in carbonate sediments and their
stabilization to become limestones and dolostones. The
second part applies these concepts to the Horquilla
limestones, cherts, and dolostones of the Big Hatchet
Peak section, based on the evidence from petrographic
analyses. Developments of porosity in carbonate rocks
and their preservation in dolostones are documented.
Plates 1-19 at the end of this chapter show selected
photomicrographs of petrographic features. Appendix 2
includes definitions of terms, a discussion of methods,
and a table with detailed petrographic descriptions of all
thin sections.

General discussion of carbonate
diagenesis
Diagenesis in marine environment

In areas where rates of carbonate sedimentation are
not excessively high, micritization of thin-walled
crystalline shells and ooids is a widespread phenome-
non. Micritization results in a loss of original crystalline
fabric as endolithic blue-green algae bore into grains,
and the tiny borings become infilled by micritic carbon-
ate (Bathurst, 1975).

Endolithic algae are unable to penetrate completely the
relatively thick-shelled bioclasts or large ooids. Con-
sequently, micrite envelopes are formed. Rims similar to
micrite envelopes may be formed by precipitation of mi-
critic cement films around grains in meteoric vadose or
marine environments (Jacka, 1974a). Peloids may be
formed by complete micritization of ooids or by me-
chanical breakdown and rounding of micritized shells.

Formation of relatively thick algal or algal-foram-
iniferal encrustations also is widely recorded in shallow
subtidal environments. Modern examples have been de-
scribed from the Bahama platform by Winland and
Matthews (1974).

Cementation commonly occurs in peritidal marine en-
vironments. Intertidal beachrock cements have been
described by Taylor and Illing (1971), Muller (1971),
and Jacka (1974a). Modern subtidal cementation has
been described by Shinn (1969), Friedman and others
(1974), Ginsburg and James (1976), and James and
others (1976).

In general, peritidal marine cements consist of films
or crusts which form around grains or in primary voids.
The films consist of micritic aragonite or high-magne-
sium calcite, of fibrous aragonite, or of bladed magne-
sium calcite. In intertidal environments, grains com-
monly have inner micrite films and outer fibrous or
bladed rims. In large voids, the outer fibrous or bladed
films commonly exhibit pendulous downward elonga-
tion, which represents microstalactitic gravitational ce-
ment.

Carbonate mineralogy and stabilization

Newly deposited carbonates consist predominantly of
the unstable polymorphs aragonite and high-magnesium
calcite (Friedman, 1964; Matthews, 1968; Bathurst,
1975). Only small amounts of calcite (low-magnesium

calcite) and traces of dolomite occur in recent car-
bonates. Ancient carbonates consist almost wholly of
the stable polymorphs calcite or dolomite. Thus all an-
cient carbonates represent diagenetic lithofacies that
have stabilized in waters ranging from strictly fresh to
highly saline, and with a wide range of Ca/Mg and
Mg/Ca ratios. Aragonite stabilizes by becoming calci-
tized or dolomitized, or dissolves, as in the case of ara-
gonitic shells in a fresh-water diagenetic environment.
In such an environment, high-magnesium calcite
rapidly stabilizes to low-magnesium calcite through
incongruent dissolution of magnesium (Land, 1967).
The conversion of low- or high-magnesium calcite to
calcite occurs at a much greater rate than calcitization
of aragonite (Gavish and Friedman, 1969).

One of the most important factors that controls sta-
bilization of unstable carbonates appears to be the
Ca/Mg ratio of diagenetic fluids. Contact with fresh
(meteoric) ground waters, having relatively high
Ca/Mg ratios, results in calcitization of aragonite and
high-magnesium calcite to form limestones. Discharge
of waters with high or relatively high Mg/Ca ratios
through an unstable carbonate results in dolomitization
and formation of dolostones.

Diagenesis of limestones

Most limestones reflect stabilization within freshwater
diagenetic environments. Matthews (1968) has es-
tablished the main diagenetic format for carbonates that
stabilize in fresh-water environments. A brief review of
Matthew's format follows. Aragonitic lime muds become
calcitized, with calcitization initiating on available
calcite nuclei (skeletal material consisting of high- or
low-magnesium calcite). Aragonitic shell material tends
to dissolve because it contains no calcite nuclei. When
aragonitic lime mud is replaced by calcite, an 8.3 percent
excess of calcium and carbonate ions becomes available
for local precipitation as calcite cement because
aragonite is denser than calcite (Pingatore, 1970).
Calcium and carbonate ions, when released from
dissolution of aragonitic shells, may also be precipitated
locally as calcite cement. Thus, three processes, calciti-
zation of lime mud, solution of aragonitic shells, and
calcite cementation, commonly take place concurrently.
Most limestones contain secondary solution molds and/
or solution channels and vugs that subsequently become
filled to varying degrees by calcite cements.

Jacka and Brand (1977) have shown that vadose/
phreatic ground-water dynamics exert an important
control over carbonate diagenesis. Meteoric-phreatic
zones tend to stabilize rapidly owing to continuous
discharge of fresh ground waters, while superjacent
vadose zones stabilize much more slowly because they
are alternately wet and dry. After stabilization within a
phreatic zone has been completed, the overlying, pre-
dominantly unstable carbonate in the vadose zone is
diagenetically poised to serve as a donor of Ca2+ and
CO032 ions to the subjacent phreatic zone. As the vadose
zone finally does stabilize incrementally, Ca2+ and C032
, Which are released by dissolution of aragonitic shells
and by conversion of aragonitic lime mud to cal-



cite, are transported downward to the phreatic zone and
precipitated within secondary solution cavities; massive
occlusion of porosity in the phreatic zone commonly re-
sults. Porosity in vadose-diagenetic zones tends to be
preserved, particularly if a shale should become depos-
ited above it. If another carbonate unit should be depos-
ited on a porous vadose zone, it may later serve as a
massive donor of Ca2* and CO32- and occlude all
porosity in the subjacent carbonate.

When original aragonitic lime muds become calci-
tized, the calcite crystals form compromise boundaries
with a tight jig-saw-puzzle fit, and the result is a dense
matrix. In many instances, aragonitic shells are dis-
solved before lithification of the matrix is completed.
The molds partially collapse and crumbly nontectonic
fractures are formed (Jacka and Brand, 1977). Con-
tinued discharge of fresh water through the system
results in enlargement of shell molds and fractures to
form interconnected vugs and solution channels. Most
limestone reservoirs have secondary porosity that con-
sists of relatively large, secondary solution molds,
vugs, and channels which are interconnected within a
dense matrix.

Dolomitization and dedolomitization

When aragonitic lime mud becomes dolomitized,
rhombic-dolomite crystals initially form a loose idio-
topic fabric with excellent intercrystalline porosity. In
many cases, dolomitization is accompanied by selective
dissolution of calcitic shells, and thus moldic porosity
may enhance intercrystalline porosity. If dolomitizing
fluid continues to discharge through a dolostone after
dolomitization has been completed, epitaxial cementa-
tion on rhombs occurs and porosity becomes occluded
by formation of compromise boundaries. Thus, residence
time and flux of dolomitizing fluids may determine
whether intercrystalline porosity is formed, occluded, or
preserved in dolostones.

From study of middle Permian carbonates of the Per-
mian Basin, Jacka (1975) has identified petrographically
distinct varieties of dolostone. Neomorphic dolostones
initially consist of euhedral to subhedral rhombic-crystal
fabrics and were formed by replacement of aragonitic
precursors. Paramorphic dolostones are formed by
replacement of calcitic limestones, which had been
extensively leached and stabilized within fresh-water
diagenetic environments. Stabilization occurred during
lowstands of sea level when the climate was charac-
terized by greater amounts of rainfall than during
highstands. Later, at shallow depths of burial, these
limestones became paramorphically dolomitized with
petrographically perfect preservation of calcitic textures
and fabrics. Only neomorphic dolostones develop inter-
crystalline porosity.

Dedolomitization—replacement of dolomite by cal-
cite—is a relatively common phenomenon. Dedolomiti-
zation takes place near the surface when ground waters
with high Ca/Mg ratios discharge through a dolostone
(DeGroot, 1967). Dedolomitization represents a para-
morphic replacement of rhombic-dolomite crystals by
calcite. Apparently, calcite and dolomite replace one
another paramorphically; however, aragonite generally
becomes neomorphically replaced by calcite and dolo

25

mite. Paramorphic replacement of calcite by dolomite,
and dolomite by calcite, may in some way reflect the
fact that both are hexagonal and have the same unit cell.
Neomorphic replacement of aragonite by both calcite
and dolomite may reflect the fact that aragonite is or-
thorhombic and thus has a different unit cell than calcite
or dolomite. Transformation of orthorhombic aragonite
to hexagonal calcite or dolomite probably requires
complete dissolution of aragonite followed by
precipitation of the other phase, with a resultant change
in crystal fabric. Replacement of calcite by dolomite,
and of dolomite by calcite, may represent an ionic sub-
stitution with no change in crystal form.

Discussion of dolomitization models

SABKHA MODEL —The only dolomitization mecha-
nism that has been substantiated with documentary
evidence from modern environments is the coastalsabkha
(supratidal) model. This mechanism of dolomitization
was first discovered along the southwestern margin of the
Persian Gulf (Curtis and others, 1963; Illing and others,
1965; Kinsman, 1969; Butler, 1969).

The sabkha (or Persian Gulf) model provides only
for thin-skin dolomitization. Dolomitization occurs
above the salt-water table to the sabkha surface, where
the water table lies within 1 m of the surface. Sabkhas
represent areas where carbonates produced in subtidal-
lagoonal environments are deposited in intertidal and
supratidal areas by normal diurnal tides, spring tides,
and storm tides.

After a supratidal zone has been recharged by a storm
or spring tide, evaporation of pore waters occurs and
gypsum is interstitially precipitated. Precipitation of
gypsum removes Ca2+ ions from pore waters, which be-
come progressively enriched in Mg2+ . Ultimately the
Mg/Ca ratio may increase from that of normal sea water
to as much as 35/1 (Butler, 1969). These magnesium-
enriched pore fluids react with predominantly aragonitic
carbonates by dolomitizing them. Thus gypsum
precipitation is followed by dolomitization. If the
shoreline position were to remain stable for prolonged
time intervals, and subsidence were continuous, sabkha-
dolostone thicknesses could exceed the normal 1 m. Such
conditions are rare because rates of progradation in
shallow lagoons or epeiric seas are normally high, and
rapid progradation forms thin, widespread, dolomitized
sabkha deposits. Kinsman (1969) infers that sabkhas
along the southwestern margin of the Persian Gulf are
presently prograding seaward at rates of 1-2 m per year.
Thin sabkha dolostones generally do not represent sig-
nificant hydrocarbon reservoirs.

SEEPAGE-REFLUX ION AND DORAG MODELS —
Two mechanisms have been proposed to explain
dolomitization of relatively thick sequences of subtidally
deposited carbonates: the seepage-refluxion mechanism
(Adams and Rhodes, 1960; Deffeyes and others, 1965), and
the fresh-water lens or dorag model (Hanshaw and others,
1971; Land, 1973; Badiozumani, 1973). Neither of these
mechanisms adequately explains the relatively thick
dolostones so commonly found in the geologic record.

The seepage-refluxion hypothesis was first mentioned as
a possible dolomitization mechanism by Newell and others
(1953). This mechanism was first proposed for-
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mally by Adams and Rhodes (1960) based upon rela-
tionships manifested in middle Permian carbonates of
the Permian Basin, including the San Andres Forma-
tion.

Adams and Rhodes (1960) postulated that the Per-
mian shelves were restricted by a continuous barrier-reef
tract. A hydraulic surface current was induced to flow
from the Delaware Basin across the broad lagoon of the
Northwest shelf by evaporative drawdown of shelf wa-
ters. As the surface current flowed shelfward, pro-
gressive evaporation and concentration first caused
precipitation of gypsum (or anhydrite?); in more land-
ward areas, halite and bittern salts were deposited.
Precipitation of calcium sulfates enriched lagoonal
brines in Mg®" ions, and a dense magnesium-enriched
current sank to the floor of the shelf lagoon; this current
refluxed or discharged seaward and also percolated
downward through previously deposited shelf carbon-
ates, displacing original pore waters and dolomitizing
the sediments.

Jacka and Franco (1974) cited the following objections
to the seepage-refluxion hypothesis as proposed by Adams
and Rhodes (1960). The reef tract was broken by large
submarine canyons and smaller tidal and surge channels;
thus the shelf area was not sealed or restricted by a
continuous barrier. The sulfates and halite were not
precipitated within a restricted shelf lagoon. Anhydrite,
which occurs in lagoonal sediments, was diagenetically
emplaced after deposition at shallow depths of burial. The
remaining sulfates were precipitated landward from the
shelf lagoon in coastal sabkhas, brine pans, and inland
sabkhas. Therefore, no magnesium-enriched brines could
have been generated in broad-shelf lagoons.

Another obstacle to accepting seepage-refluxion
mechanisms, as outlined by Adams and Rhodes (1960)
and Deffeyes and others (1965), is that massive precipi-
tation of calcium sulfate on a lagoon or lake floor is re-
quired to generate a magnesium-enriched brine which
could then reflux laterally or downward. Such precipita-
tion would probably form an occlusive seal which would
then prevent downward refluxion from occurring. E.A.
Shinn (personal communication, 1978) has voiced the
same objection.

Except for formation of thin sabkha deposits, the
mechanism (or mechanisms) responsible for massive,
wholesale dolomitization in the Permian Basin (and
elsewhere) remains enigmatic. No clear example of seep-
age refluxion has been documented in modern carbonate
provinces.

Hanshaw and others (1971) proposed a mechanism of
dolomitization that was inferred to occur at the base of a
coastal fresh-water lens in the zone of mixing of fresh
water and sea water. Magnesium for dolomitization was
presumed to have been derived from sea water in the
zone of diffusion. The mechanism was inferred from
study of subsurface Eocene carbonates of Florida. The
same mechanism was championed by Land (1973) from
study of middle Pleistocene carbonates of Jamaica and
by Badiozamani (1973) from study of Middle Ordo-
vician carbonates of Wisconsin. Badiozamani (1973)
coined the term "dorag dolomitization" for this mecha-
nism; dorag is a Persian word for mixed blood.

Steinen (1974) analyzed borehole data taken through a
coastal fresh-water lens that is superimposed on

modern metastable carbonates on the island of Barba-
dos. The cores transected the meteoric-vadose, mete-
oric-phreatic, and marine-phreatic zones. He found that
metastable carbonates were rapidly being transformed
into limestone within the fresh-water lens, but that no
dolomite was found at the base of the lens in the zone
of mixing. Thus, the dorag model failed to pass its first
test.

Other objections to the dorag mechanism cast doubt
on its viability and general applicability. The dorag
mechanism should operate at optimal rates under humid
climates with heavy rainfall. Under such climates,
coastal fresh-water lenses would be developed to max-
imal degrees. Ancient carbonates accumulated under
ambient humid climates in many areas. One such exam-
ple is Pennsylvanian carbonates of the Permian Basin
area. Many if not most of the newly deposited car-
bonates must have been subjected to the influence of
fresh-water lenses that migrated seaward; however,
dolostones are very sparsely represented in these car-
bonates. The same relationship characterized Upper
Mississippian and Pennsylvanian carbonates of the Il-
linois Basin, but only limestones are represented there.
Another objection is that the dorag mechanism should
be expected to form lenticular dolostone units, rather
than stratal dolostones such as occur in most areas.
Thus, the dorag model is not well supported by
evidence from the geologic record.

As of now, no fully acceptable mechanism has been
proposed to explain formation of relatively thick dolo-
stone sequences. At the present time, we do not know
where dolomitizing fluids originate or the manner in
which they discharge through metastable carbonates.

Petrographic analysis of Horquilla
carbonates and cherts
Lithofacies and biofacies relationships

The Horquilla exhibits intercalation of grainstones,
packstones, and grain-rich wackestones. The overall
proportion of wackestones to packstones and grain-
stones increases upward in the Horquilla, and they
predominate in the upper Horquilla. This upward in-
crease in wackestones may reflect progressive prograda-
tion of the shelf margin, so that the Big Hatchet Peak
locality became positioned increasingly farther behind
the margin. The predominance of wackestones in the
upper Horquilla could possibly reflect protected envi-
ronments behind outer-shelf islands.

In the lower Horquilla, oobiograinstones (pls. 13C, 16C,
17C, 18D) and biograinstones (pls. 13B, D; 15A) are
abundantly represented. They are sparsely represented in
the upper Horquilla.

The following biotic components, listed in order of
decreasing abundance, are represented in Horquilla
limestones: crinozoans, bryozoans, Tubiphytes, fusulinids,
small  foraminifers, phylloid algae, pelecypods,
brachiopods, ostracods, gastropods, siliceous sponge
spicules, Komia, and trilobites.

Three examples of nine-component fossil systems
were noted (see petrographic descriptions of thin sec-
tions in appendix 2; sample notations in the BHP sec-
tion include the lithostratigraphic unit number and the



footage above the base of the unit): BHP-77-41—Tubi-
phytes, crinozoans, phylloid algae, small foraminifers,
pelecypods, brachiopods, bryozoans, fusulinids, and
ostracods; BHP-75-1—Tubiphytes, phylloid algae,
bryozoans, crinozoans, gastropods, pelecypods, ostra-
cods, small foraminifers, and fusulinids; and BHP62-5—
crinozoans, bryozoans, fusulinids, brachiopods, phylloid
algae, pelecypods, small foraminifers, trilobites, and
Tubiphytes. Eight-, seven-, six-, and five-component
systems are abundantly represented, but four-, three-,
and two-component systems are rare and may in part
reflect sampling vagaries.

Oolitic grainstones commonly form just inward from
outer-shelf margins, as on the present Bahama platform
complex, where they form just inward from the reefs and
coralgal (backreef) facies (Purdy, 1963). The alga,
Tubiphytes, also represents an excellent indicator of
outer-shelf facies from middle or late Pennsylvanian to
middle Permian time. The alga(?), Komia, is also asso-
ciated with carbonate buildups and outer-shelf facies.
Phylloid algae also seem to be most abundantly repre-
sented in carbonate mounds and in outer-shelf deposits.
Phylloid algae are represented by cement-filled molds.
Ooids, Tubiphytes, and Komia can be identified from
tiny cuttings samples.

Tubiphytes first appears in BHP-41-20 and is abun-
dantly represented throughout the remainder of the
Horquilla to the top of the peak. Like Komia, Tubiphytes
is a problematical creature that is generally considered
to be an alga. Wilson (1975) suggests that Komia may be
a stromatoporoid. Tubiphytes is abundantly represented
within ~ the  Capitan reef  complex (middle
Permian/Guadalupian).

Diagenesis of Horquilla limestones

FRESH-WATER DIAGENESIS—Nearly all limestones
within the Horquilla bear evidence of having stabilized
within fresh-water diagenetic environments, according to
the format established by Matthews (1968) and Jacka and
Brand (1977).

In carbonates with original lime-mud matrix (wacke-
stones and packstones), the matrix became converted to
a dense limestone. In wackestones, packstones, and
grainstones, aragonitic shells and many ooids were
dissolved to form molds (pls. 1C, 2D, 4A, 7B, 9A, 12D,
15C, 16C, 17B) and hollow micrite envelopes (pls. 3D,
18D), while calcitic shells were unaffected by the fresh-
water diagenesis. Many aragonitic shells were dissolved
before lithification of the matrix had been completed,
and the molds partially collapsed to form nontectonic
fractures (pls. 1B; 5D; 8B, C). Continued discharge of
fresh ground water caused molds to become enlarged
into vugs and fractures into solution channels (pls. 2C;
3A, B; 5D).

Phylloid algae, pelecypods, and some gastropods pos-
sessed aragonitic shells; these are now represented by
molds and vugs. Micritization of these shells or bioclasts
precluded dissolution during fresh-water diagenesis.

Intensive recrystallization of original lime-mud matrix
is abundantly represented in Horquilla mud-supported
limestones (pls. 7A, B; 8B). Jacka and Brand (1977)
have shown that intensive recrystallization of original
lime-mud matrix represents an overprint of pro-
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longed meteoric-phreatic diagenesis. During recrystalli-
zation, syntaxial rims (in optical continuity) commonly are
formed on crinozoan components (pl. 6D).

Numerous examples of vadose internal sediment were
noted in Horquilla limestones (pls. 2C, 8A, 18D); these
record episodes of subaerial exposure.

Much silica was emplaced in Horquilla limestones by
fresh ground waters. As shown by Jacka (1974b and
1978a), silica nucleates in organic-rich materials such
as fossils, peloids, ooids, burrows, and stromatolites.
Exclusive of cherts (which will be discussed in a
following section), most silica observed in thin sections
has partially to completely replaced shells, peloids, or
ooids (pls. 6D, 15A, 16C, 17C). Shells and ooids were
replaced by megaquartz and length-slow or length-fast
chalcedony. Peloids and micritized shells were replaced
by microquartz. Some silica was emplaced as doubly
terminated quartz porphyroblasts (pl. 12).

Most cement in Horquilla limestones was emplaced by
meteoric ground waters. Drusy cement fabrics (crystals
increase in size inward toward centers of voids) are
abundantly represented in primary and secondary voids
(pls. 3B, D; 7B; 9A; | IC; 15C). Blocky-equant mosaics of
calcite cement are also abundantly recorded in secondary
and tertiary voids (pls. 1A, B, D; 2A, C, D; 3D; 4A, 6C;
8B; 11D).

Monocrystalline crinozoan components are abundant
in biograinstones. The most rapid rate of calcite cement
precipitation occurs on monocrystalline components
(Jacka, 1974a), and relatively large, optically con-
tinuous (epitaxial) aureoles of cement have been pre-
cipitated on most of them (pls. 13D, 17C). In instances
where fractures transect crinozoan components, drusy
or blocky-equant cement fabrics occur where the frac-
ture transects the micritic matrix; epitaxial cement oc-
curs where the fracture transects a monocrystalline
crinozoan grain (pl. 8C). Several examples of ferroan-
calcite cements were observed in Horquilla limestones
(pls. 1A, D; 2A). These cements were precipitated in
reducing phreatic-diagenetic environments. One exam-
ple of zoned ferroan and nonferroan calcite cements was
noted (pl. 8B). This reflects an alternation of oxidizing
and reducing environments during cementation.
Ferroan-calcite cement always occurs as relatively
coarse, blocky-equant crystal fabrics.

After secondary voids were filled predominantly
with calcite cement, relatively small volumes of
anhydrite were emplaced in Horquilla limestones as
porphyroblasts. These were emplaced by sulfate-
enriched brines and were dissolved by fresh ground
waters to form tertiary (third-stage) voids (pls. 3A; 6C;
11D; 12B, C). These tertiary anhydrite molds, with
their distinctive stairstep outline, were first discovered
by Jacka (1978a, b).

Several examples of dolomitization along stylolites
were noted. Whether or not such occurrences were asso-
ciated with fresh-water diagenesis is uncertain. Dead oil
is concentrated along one stylolite with dolomite (pl.
6B).

POROSITY RELATIONSHIPS—During two different
stages, large volumes of primary (intergranular and in-
trabiotic) and secondary (molds, fractures, wvugs, and
solution channels) porosity existed within Horquilla
limestones. Subsequently, the porosity became almost
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completely occluded by precipitation of meteoric calcite
cements.

Numerous episodes of subaerial exposure and fresh-
water diagenesis are recorded in the Horquilla lime-
stones. Under these conditions, mineralogic stabili-
zation of carbonate sediment to form limestone was
followed by submergence, rapid transgression, and de-
position of another unstable carbonate unit over the
subjacent, lithified, stabilized interval. During the next
episode of subaerial exposure, the mineralogically un-
stable unit entered into a donor/receptor relationship
with subjacent previously stabilized and lithified car-
bonates (Jacka and Brand, 1977).

A few Horquilla limestones once had relatively large
volumes of tertiary anhydrite-mold porosity. This
porosity has been filled predominantly by dolomite
cements.

Diagenesis of Horquilla cherts

Cherts in the Horquilla are associated exclusively with
limestones. This relationship is to be expected because
the fresh ground water that causes mineralogic stabilization
of the unstable carbonate to limestone also emplaces the
silica.

As indicated under the discussion of limestone di-
agenesis, silica nucleates in organic-rich components. If
silica-bearing meteoric ground water discharges through
the carbonate for a sufficient time, silica will replace the
matrix beyond the organic-rich nuclei and will form
nodules, laminoid-nodular bodies, or irregular layers.

Siliceous sponge spicules also served as nuclei for si-
licification (pls. 11B; 15B, D). In rare instances some
siliceous spicules became replaced by calcite (pl. 15D).

One common by-product of silicification is exsolution of
dolomite rhombs (pls. 14A, C; 15B). This phenome-
non was first reported by Jacka (1974b). The magne-
sium required for dolomite exsolution was locally derived
from constituents in the carbonate sediment that
are composed of high-magnesium calcite (crinozoans,
bryozoans, fusulinids, and some of the lime mud). In many
instances, dolomite cement was precipitated in in-
trabiotic cavities of fusulinids and bryozoans during
silicification (pl. 14A). Paramorphic dolomitization of
crinozoan components commonly accompanied silicifi-
cation (pl. 13B). In some instances, crinozoans were only
partially replaced by an aureole (outer rim) of discrete
dolomite rhombs, which are syntaxial with the calcite
monocrystals (pls. 14B, C). In many instances, dolomite
porphyroblasts and dolomite cements became de-
dolomitized by normal calcite or ferroan calcite (pls. 8D;
14D; 16B; 17A,; 18B, C).

Crystalline shell materials became replaced by mega-
quartz (pl. 17D) and chalcedony (pls. 8D; 14A, D).
Former micrite matrix, micritized shells, and peloids
became replaced by microquartz (pls. 11B, 14B, 17D).
Drusy quartz and chalcedony also occur as cements.

Diagenesis and porosity relationships of
Horquilla dolostones
All dolostone intervals occur in the upper Horquilla.
They contain the most coarsely crystalline dolostones ever

reported in the available literature for dolomitized matrix;
crystals range in diameter up to 4.76 mm. Much

of the material appears to be recrystallized (pl. 10B is the
best example). All dolostones are neomorphic (pls.

3C; 4C, D; 5A, B, C; 6A; 7C, D; 9C, D; 10A, B, C, D;
11A; 12A) and appear to have been formed by replacement
of predominantly aragonitic carbonate. Except for
paramorphic replacement of monocrystalline crinozoan
components (pls. 7D, 10D), all original textures have been
obliterated by coarse neomorphic dolomitization.

Most dolostones are inferred to represent biowacke-
stones, but this interpretation cannot be established
with certainty.

Paragenesis of Horquilla dolostones is remarkably
similar to that described by Jacka and others (1980) in
dolostones of the San Andres Formation (middle Per-
mian) in the Permian Basin. Each dolostone interval records
a well-developed fluid-invasion sequence of: 1)
dolomitizing fluid, 2) anhydritizing fluid, 3) fresh
ground water, and, in some instances, 4) a second dolo-
mitizing fluid. First, a dolomitizing fluid discharged
through the metastable carbonates and converted them
into dolostones. Second, a hypersaline-anhydritizing fluid
discharged through the dolostones, forming por-
phyroblasts and nodules of replacement anhydrite.
Third, fresh ground water dissolved the anhydrite to form
tertiary stairstep molds (pls. 4C, D; 5A, B, C; 6A;
7D; 10C, D; 13A). Large molds of dissolved nodular
anhydrite are seen in an outcrop photo of a porous
dolostone (fig. 31). Later during this fresh-water stage,
gravitational microstalactitic calcite cements were
emplaced in larger anhydrite molds (pls. 4C; 5A, C; 6A) or
in solution-enlarged fractures (pl. 12A), both within
vadose-diagenetic environments. The gravitational ce-
ment is inferred to have consisted originally of ara-
gonite, which was recrystallized to radial-fibrous
calcite. Fourth, in some intervals, paramorphic dolo-
mitization of calcitic gravitational cement records discharge
of a second dolomitizing fluid.

None of the conventional models of dolomitization can
be applied to the Horquilla. No supratidal (coastal
sabkha) deposits were noted. All Horquilla dolostones
represent thick, subtidally deposited carbonates, which
were dolomitized after deposition at shallow depths.
The absence of overlying evaporites in this section
precludes seepage refluxion as a possible mechanism.
The dorag model is rejected for reasons cited in the
general discussion, and because the process would tend
to form lenticular dolostone bodies rather than the
stratal dolostones that are generally seen in the Hor-
quilla. Dolomitizing and anhydritizing fluids are in-
ferred to have discharged laterally through initially
unstable-carbonate intervals and to have originated to the
north beneath the coastal plain.

One example of a dedolostone was noted in the lower
Horquilla (BHP-10-3). This sample contains calcitic fossils
(crinozoans and brachiopods) which had not been
dolomitized.

Immediately after dolomitization, Horquilla dolo-
stones contained large volumes of secondary intercrys-
talline porosity. Continued discharge of dolomitizing
fluid through the carbonate after dolomitization re-
sulted in precipitation of epitaxial-dolomite cement on
original rhombic crystals. Compromise boundaries
formed, and intercrystalline porosity was reduced to
varying degrees in different intervals (pls. 3C, 5B, 7C).



Most preserved porosity in Horquilla dolostones rep-
resents tertiary molds of anhydrite porphyroblasts (pls. 4C,
D; 5A, B, C; 6A; 7D; 9D; 10C, D) and nodules (fig. 31).
Tertiary porosity was partially occluded by precipitation of
calcitic gravitational (microstalactitic) cements (pls. 4C;
5A, C; 6A).

All Horquilla dolostones contain some preserved
porosity, which locally ranges from poor (pls. 7D, 10B,
12A) to fair (pls. 4C, D; 5B; 7C; 10A) to good (pls. 3C;
5A, C; 9C, D; 10C, D; 11A). These dolostones would
have definite reservoir potential, given the proper
geologic history.

Geologic history of Horquilla carbonates

In the Big Hatchet Peak section, the Horquilla appears
to consist almost wholly of subtidal deposits that
accumulated on the outer-shelf margin of the Alamo
Hueco Basin during times when the shelf was broadly
submerged. No indications of supratidal or intertidal
facies were noted in the petrographic analysis, and only
a few intertidal deposits were inferred in field observa-
tions (see chapter on stratigraphy).

One question about the history of the Horquilla car-
bonates concerns this apparent paucity (or absence) of
intertidal-supratidal deposits; it may be explained by
erosion or nondepositon. Because progradational cycles
are so common in shelf carbonates with subtidal, inter-
tidal, and supratidal deposits occurring in ascending
order, one possibility is that the intertidal-supratidal
parts were deposited and eroded before the next subtidal
units were laid down. Nearly every depositional unit in
the Horquilla appears to be bounded by a minor discon-
formity as seen where exposed in the field and as sup-
ported by petrographic evidence. A few surfaces show a
small amount of erosional relief. However, some ero-
sional remnants of the intertidal-supratidal units should
be preserved, so the recurrent-erosion hypothesis is con-
sidered unlikely.

Eustatic falls of sea level may have been so rapid that
the shorelines did not regress slowly enough across the
area for the intertidal-supratidal units to accumulate.
Relatively rapid eustatic falls are evident in the subtidal
carbonates that were stabilized to limestones during
fresh-water vadose diagenesis as indicated by petro-
graphic analyses. Moreover, the stillstand parts of the
eustatic cycles may not have been long enough, and the
carbonate-sediment supply may not have been great
enough to fill the shelf depositional site and prograde
intertidal-supratidal deposits from the distant northern
shoreline or from possible outer-shelf islands. In future
studies, limited occurrences of intertidal-supratidal
deposits may be found around the fringes of the land or
island areas.

A second question concerning the history of Horquilla
carbonates is how alternating thick units became
dolomitized. Although both were deposited as subtidal
carbonates, the limestones were stabilized mineralogi-
cally in fresh-water, vadose-diagenetic environments
and the dolostones were stabilized in salt-water, phre-
atic-diagenetic environments, as shown by petrography.
Subtidal carbonates, which later stabilized to limestones
and dolostones, probably were deposited during the rise-
to-stillstand parts of eustatic cycles. In the case of

29

limestones, stillstands may have been of short duration,
because limestones were stabilized on subaerially ex-
posed shelves. In the case of dolostones, stillstands may
have been of greater duration, because the dolostones
probably were stabilized while the shelves were sub-
merged.

The saline dolomitizing fluids probably developed be-
neath the coastal plain to the north where anhydrite (or
gypsum) was precipitated in an ambient arid climate, and
the fluids became relatively enriched in magnesium. As
the fluids discharged southward down depositional dip
through the initially unstable carbonate layers at shallow
depths of burial, these diagenetic fluids probably were
perched on subjacent, impermeable limestones that had
been stabilized previously. The climate remained arid
long enough for the diagenetic fluids to become
hypersaline and enriched in calcium sulfate, because, in
each  dolostone, anhydrite was emplaced as
porphyroblasts.

The alternating episodes of fresh- and salt-water di-
agenesis may be related to glacio-eustatic cycles.
During glaciation, sea level fell to a eustatic lowstand,
the climate became more humid, and pluvial runoff sup-
plied fresh water to the exposed shelf where carbonate
sediment stabilized to form limestone. During inter-
glacial times, sea level rose to a eustatic highstand, the
climate became more arid, and evaporation in coastal
areas produced the saline and hypersaline fluids for do-
lomitization and anhydritization.

Because the average thicknesses of the alternating
limestones and dolostones are in tens of feet, the corre-
sponding time intervals of eustatic fluctuations appear
to be on the scale of glacially controlled changes.
Glacio-eustatic cyclothems in the Pennsylvanian of the
midcontinent area show the same magnitude of thick-
ness.

The third question concerns the lateral extent of the
dolostones. Although thick sections of limestones are
present in the Pennsylvanian over a wide shelf
extending to the west, north, and east, no thick
dolostones have been described outside of the Big
Hatchet Peak area. Petrographic analyses may show that
some of these limestones represent dedolostones. If such
units are correlatives of the dolostones of the Big
Hatchet Peak area, the glacio-eustatic model of
dolomitization would be supported. However, if the
thick dolostones are confined to the outer-shelf margin,
the hypothesis would need to be modified or discarded.
This question is important in the regional history of
carbonate diagenesis and may have implications
regarding general models of dolomitization. Moreover,
the question is of practical importance in exploration for
reservoirs in the Horquilla dolostones.

Conclusions based on petrography

Conclusions concerning the petrographic analyses of
Horquilla carbonates and cherts are:

1)—Horquilla carbonates were deposited along the
outer-shelf margin of the Alamo Hueco Basin and they
predominantly record deposition in subtidal environ-
ments.

2)—Grainstones, packstones, and wackestones are all
abundantly represented in the Horquilla. The propor-
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tion of wackestones to packstones and grainstones in-
creases upward in the Horquilla, and wackestones pre-
dominate in the upper Horquilla.

3)—The following biotic components, listed in order
of decreasing abundance, are represented in Horquilla
limestones: crinozoans, bryozoans, Tubiphytes, fusulin-
ids, small foraminifers, phylloid algae, pelecypods,
brachiopods, ostracods, siliceous sponge spicules,
Komia, and trilobites.

4)—All Horquilla limestones bear abundant evidence
of having undergone mineralogic stabilization in fresh-
water diagenetic environments, such as the following: a)
selective dissolution of aragonitic shells, b) calcitization
of aragonitic lime mud and high-magnesium calcite, c)
precipitation of meteoric cements, d) formation of
nontectonic fractures by partial collapse of molds, e)
enlargement of molds into vugs and nontectonic frac-
tures into solution channels, f) recrystallization of
former lime-mud matrix, and g) silicification.

5)—Large volumes of primary and secondary porosity
once existed in Horquilla limestones. This porosity has
essentially all been occluded by calcite cements.

6)—Cherts were emplaced in Horquilla limestones by
meteoric ground waters. Silica nucleated in organic-rich

components such as shells, ooids, peloids, and burrows, as
well as on siliceous sponge spicules.

7)—Horquilla dolostones record dolomitization of
subtidally deposited carbonates at shallow depths of
burial. These dolostones cannot be explained in relation
to any of the conventional mechanisms of dolomitiza-
tion: the sabkha, seepage-refluxion, or dorag models.

8)—The following fluid-invasion sequence is recorded
in each Horquilla dolostone interval: a) dolomitizing fluid
completely replaced the original metastable carbonate; b)
a hypersaline anhydritizing fluid diagenetically emplaced
porphyroblasts and nodules of anhydrite; and c) a low-
salinity fluid (fresh ground water) dissolved anhydrite,
formed tertiary porosity, and precipitated gravitational
calcite cement in larger anhydrite molds.

9)—Much secondary intercrystalline and tertiary an-
hydrite-mold porosity has been preserved in dolostones.

10)—Although Horquilla carbonates were deposited
almost exclusively in subtidal environments, numerous
internal disconformities record episodes of subaerial ex-
posure and fresh-water diagenesis. A complex series of
eustatic fluctuations of sea level and climatic changes is
recorded.



Plates of photomicrographs
(1-19)

Plates 1-19 show photomicrographs of petrographic features that were selected
to characterize: 1) depositional features including rock types, textures, and
fossils; 2) diagenetic features including replacement, cementation, solution, inter-
nal sediment, and fracturing; and 3) the resultant porosity relationships that were
observed in thin sections of samples from the Big Hatchet Peak section. The
plates are in order from the youngest to the oldest parts of the stratigraphic sec-
tion. Plates 1-13A are of upper Horquilla limestones, dolostones, and cherts; pls.
13B-18 are of lower Horquilla limestones and cherts; and pl. 19 is of Paradise
carbonates. At the heading of each caption is the sample notation (BHP-) giving
the unit number and the footage above the base of the unit. More complete petro-
graphic descriptions of all samples are given in appendix 2.

Each photomicrograph was taken with a reticle that produces a micrometer grid
across the center of the field. The scale of each photo is specified according to the
smallest division of the grid, d, which ranges from 10 to 90 microns; a micron, m, is
equal to 0.001 mm.

Most photomicrographs were taken in plane-transmitted light; those taken with
crossed polarizers are so specified. Because all thin sections were stained with
potassium ferricyanide and alizarin red-S, the micritic calcites appear darker in
transmitted light than sparry calcites, dolomites, and silica minerals.

Key features are labelled with letter symbols explained in the captions. Arrows are
placed to show upward directions determined with gravitational cements.
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PLATE 1

Depositional and diagenetic features of upper Horquilla limestones (A, B, C, D).

A Top of peak; biowackestone. Fusulinid chambers were lined by thin crusts of
nonferroan calcite crystals (barely visible) and were completely filled by large,
blocky-equant crystals of ferroan calcite (F). In two chambers, siderite (S) was
precipitated after the nonferroan calcite and before the ferroan calcite. The fer-
roan calcite and siderite were precipitated in reducing phreatic environments; d
=90m.

B Top of peak; biowackestone. Relatively large, solution-enlarged nontectonic
fractures cut smaller, nontectonic fractures caused by partial collapse of fusulinid.
Fusulinid chambers and all fractures are filled by blocky-equant calcite cement, d =
90m.

C BHP-78-42; biowackestone. Micritized bryozoans (Br) are abundantly represented.
Aragonitic phylloid-algal bioclasts (P) were dissolved by fresh ground waters, and
molds became filled by sparry-calcite cement; d = 90m.

D BHP-78-4; biowackestone. Fusulinid chambers are filled by blocky-equant
crystals of nonferroan calcite (white) and ferroan-calcite crystals (gray, F); d =
90m.
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PLATE 2

Depositional and diagenetic features of upper Horquilla limestones (A, B, C, D).

A BHP-77-41; biowackestone. Micritized bryozoans (Br) are abundant. Arago-
nitic phylloid-algal molds are filled by blocky-equant, ferroan-calcite cement (F);
d =90m.

B BHP-76-8; biowackestone. A thick algal encrustation consists of Tubiphytes (dark)
and interlayered, crustose red algae (light); d = 90m.

C BHP-76-3; biowackestone. A relatively large solution cavity is floored by
micritic, vadose internal sediment (V) and is filled by blocky-equant calcite ce-
ment; d = 90m.

D BHP-75-1; oobiopackstone. Dissolution of aragonitic ooids and phylloid algae
produced molds, which were subsequently filled by blocky-equant calcite cement; d =
90m.
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PLATE 3

Depositional and diagenetic features and porosity relationships in upper Horquilla
limestones (A, B, D) and dolostone (C).

A BHP-74-54; biowackestone. Dolomite cement (light) fills a stairstep anhydrite
mold (A), which transects sparry-calcite cement (C). The following paragenesis is
recorded: 1) a first episode of fresh-water diagenesis formed solution cavities,
which became filled with meteoric calcite cement; 2), anhydrite porphyroblasts
were emplaced by hypersaline ground water and replaced calcite cement; 3)
anhydrite was dissolved by a second influx of fresh ground waters to form a ter-
tiary void; and 4) dolomite cement was precipitated in anhydrite molds; d = 10m.

B BHP-71-2; biowackestone. Large solution cavity resulted from fresh-water
diagenesis. Partial collapse formed brecciated clasts, which were deposited along
the floor of the cavity. Cavity subsequently became filled by drusy calcite
cement; d = 90p.

C BHP-70-3; porous dolostone. Medium to very coarse neomorphic dolomiti-
zation of matrix. Compromise boundaries of many adjacent dolomite crystals
have occluded part of the intercrystalline porosity, but both relatively large and
small intercrystalline pores are preserved; d = 56m.

D BHP-69-85; biowackestone. Micrite envelopes were formed around most
skeletal grains. Aragonitic phylloid-algal bioclasts were dissolved leaving
hollow micrite envelopes, which later became filled by drusy, blocky-equant
calcite cement (white); d = 56m.
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PLATE 4

Depositional and diagenetic features and porosity relationships in upper Horquilla
limestones (A, B) and dolostones (C, D).

A BHP-68-70; biopelwackestone. Aragonitic phylloid-algal bioclasts were dissolved,
and molds were filled by blocky-equant calcite cement (light); d = 90m.

B BHP-68-4; oobiopelwackestone. An aragonitic phylloid-algal bioclast was
encrusted by a thick algal coating. Later the bioclast was dissolved by meteoric
ground water, and the mold became filled by sparry-calcite cement (white); d =
56m.

C BHP-67-114; porous dolostone. Coarse neomorphic dolomitization of
matrix. Relatively large, probable tertiary anhydrite molds became partially
filled by calcitic, gravitational, microstalactitic cement (G). Arrow indicates
orientation; d = 56m.

D BHP-67-68; porous dolostone. Coarse neomorphic dolomitization of matrix.
Small intercrystalline voids and tertiary anhydrite molds (note stairstep outlines)
are preserved. Small microstalactites of calcitic gravitational cement (G) partially
occlude porosity in large voids. Vertical orientation is indicated by arrow; d =
56m.
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PLATE 5

Depositional and diagenetic features and porosity relationships in upper Horquilla
dolostones (A, B, C) and limestone (D).

A BHP-67-22; porous dolostone. Coarse to very coarse neomorphic dolomiti-
zation of matrix. Relatively large, tertiary anhydrite mold has been partially
filled by botryoidal, calcitic gravitational cement (G). Vertical orientation is
indicated by arrow; d = 56m.

B BHP-67-10; porous dolostone. Medium neomorphic dolomitization of
matrix. Compromise boundaries of adjacent dolomite crystals have occluded
most of the intercrystalline porosity. Preserved porosity consists of relatively
large, tertiary anhydrite molds (note stairstep outlines) and small
intercrystalline voids; d = 56m.

C BHP-65-22; porous dolostone. Coarse neomorphic dolomitization of matrix. Small
intercrystalline voids and relatively large, tertiary anhydrite molds have been
preserved. Anhydrite molds have been partially filled by botryoidal, calcitic
gravitational cement (G); d = 56m.

D BHP-64-1; oobiowackestone. Tubiphytes bioclasts are transected by tiny
nontectonic fractures, which in turn were cut by a larger fracture that became enlarged
into a solution channel. Ooids were dissolved to form molds. All voids were filled by
sparry-calcite cement; d = 90m.
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PLATE 6

Depositional and diagenetic features and porosity relationships in upper Horquilla
dolostone (A) and limestones (B, C, D).

A BHP-63-2; porous dolostone. Coarse to very coarse neomorphic dolomitiza-
tion of matrix. Relatively large, tertiary anhydrite mold has been partially filled
by botryoidal, calcitic gravitational cement (G). Vertical orientation is indicated
by arrow; d = 56m.

B BHP-62-5; biowackestone. Both matrix and fusulinid have been transected by a
stylolite (St). Dolomitization has occurred along the stylolite seam, and dead oil (DO)
is present; d = 56m.

C BHP-61-2; biopelwackestone. Several tertiary (third-stage) molds of anhydrite
porphyroblasts (A) with stairstep outlines became filled by blocky-equant calcite
cement; d = 56m.

D BHP-60-2; biopackstone. Most bryozoans (Br) have been intensively micri-
tized. Many monocrystalline crinozoan components have syntaxial rims of re-
crystallization around them; note cleavage continuity. Several crinozoan com-
ponents have been partially replaced by silica (white); d = 90m.
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PLATE 7

Depositional and diagenetic features and porosity relationships in upper Horquilla
limestones (A, B) and dolostones (C, D).

A BHP-59-1; biowackestone. Matrix has been recrystallized to microspar and
pseudospar. Micritized bioclasts (dark) have not been recrystallized; d = 32m.

B BHP-58-1; biowackestone. Aragonitic phylloid-algal bioclasts were dissolved
by fresh ground water, and molds became filled by drusy, blocky-equant, mete-
oric calcite cement. Some recrystallization of matrix. Crossed polarizers; d =
90m.

C BHP-56-92; porous dolostone. Coarse neomorphic dolomitization of matrix.
Compromise boundaries of adjacent dolomite crystals have occluded most of the
intercrystalline porosity, but part has been preserved; d = 56m.

D BHP-56-7; porous dolostone. Coarse neomorphic dolomitization of matrix.
Monocrystalline crinozoan columnal was paramorphically dolomitized and
subsequently was replaced partially by anhydrite. Dissolution by fresh ground waters
formed a tertiary anhydrite mold (A), which has been preserved. Crossed polarizers; d
=32m.
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PLATE 8

Depositional and diagenetic features of upper Horquilla limestones (A, B, C) and
chert (D).

A BHP-54-96; red, micritic, distinctly layered, vadose internal sediment. The
carbonate was dolomitized then partially replaced by anhydrite. Quartz porphy-
roblasts (white) were emplaced in the anhydrite and contain anhydrite
inclusions. Many tiny pyrite porphyroblasts were emplaced. Later, anhydrite and
dolomite were both replaced by calcite, and some recrystallization of calcite
took place. The red coloration results from oxidation of the abundant pyrite
porphyroblasts to hematite; d = 90m.

B BHP-54-2; biopelwackestone. Aragonitic shells were dissolved and nontec-
tonic fractures were formed; subsequently, the fractures became filled by zoned
ferroan- and nonferroan-calcite cement (Z) in a blocky-equant mosaic. Recrystal-
lization of matrix; d = 56m.

C BHP-53-1; biowackestone. Nontectonic fracture (F) transects matrix and a
crinozoan columnal. Where the fracture cuts the matrix, it is filled by a mosaic of
equant calcite crystals. Within the crinozoan columnal, the fracture is filled by
epitaxial cement (E), which is optically continuous with the monocrystal; note twin-
plane continuity. Crossed polarizers; d = 56m.

D BHP-52-3; chert. Micrite matrix has been replaced by microquartz. Bryozoan
has been replaced by length-fast chalcedony (chalcedonite). Bryozoan zooecia
(chambers) were lined by rhombic-dolomite crystals (dark gray), which were
subsequently dedolomitized. Later, zooecia were completely filled by chalcedo-
nite cement (white). The microquartz matrix contains abundant dolomite por-
phyroblasts, which were not dedolomitized. Crossed polarizers; d = 56m.
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PLATE9

Depositional and diagenetic features and porosity relationships in upper Horquilla
limestones (A, B) and dolostones (C, D).

A BHP-51-2; biowackestone. Phylloid algae and pelecypod bioclasts were dissolved,
and molds became filled by drusy calcite cement (light); d = 90m.

B BHP-50-1; biopelwackestone. During fresh-water diagenesis, hollow micrite
envelopes were formed, and the former micrite matrix became highly recrystal -
lized. The hollow envelopes later became filled by sparry-calcite cement. Notice
that micrite envelopes and micritized bioclasts were not recrystallized. Most
crinozoan columnals (C) have recrystallized syntaxial rims (S) (surrounding
matrix is now optically continuous with monocrystals), which are commonly
marked by continuity of cleavage and twin planes; d = 42m.

C BHP-49-45; porous dolostone. Fine to very coarse neomorphic dolomitiza-
tion of matrix. Preserved porosity consists of small intercrystalline voids and
larger anhydrite molds (white); d = 90m.

D BHP-49-30; porous dolostone. Fine to extremely coarse neomorphic dolo-
mitization of matrix. Preserved porosity includes tiny intercrystalline voids and
larger anhydrite molds. Calcitic, microstalactitic gravitational (dripstone)
cement (G) occurs in two anhydrite molds. Vertical orientation is indicated by
arrow; d = 42m.
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PLATE 10

Depositional and diagenetic features and porosity relationships in upper Horquilla
dolostones (A, B, C, D).

A BHP-49-19; porous dolostone. Fine to very coarse neomorphic dolomitization of
matrix. Preserved porosity consists of tiny intercrystalline voids and larger anhydrite
molds. Both are interconnected by nontectonic fractures; d = 90m.

B BHP-49-14; slightly porous dolostone. Fine to very coarse neomorphic dolo-
mitization of matrix. With the sutured boundaries of the crystals, the dolostone
matrix appears to have been recrystallized to very coarse dolo-pseudospar crystals,
which range up to 3.75 mm in diameter; d = 90m.

C BHP-49-4; porous dolostone. Fine to coarse neomorphic dolomitization of
matrix. Preserved porosity consists of tiny intercrystalline voids and relatively
large, tertiary anhydrite molds (A). Some calcitic gravitational cement (G) was
precipitated in large voids. Vertical orientation is indicated by the arrow; d =
90m.

D BHP-49-1; porous dolostone. Fine to coarse neomorphic dolomitization of
matrix. The central portion of a paramorphically dolomitized crinozoan colum-
nal (C) was replaced by anhydrite. Later, the anhydrite was dissolved by fresh
ground water, and botryoidal, calcitic gravitational cement (G) was precipitated
on the upper portion of the tertiary mold. Vertical orientation is indicated by the
arrow. Crossed polarizers; d = 90m.
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PLATE 11

Depositional and diagenetic features and porosity relationships in upper Horquilla
dolostone (A), chert (B), and limestones (C, D).

A BHP-49-1; porous dolostone. More highly magnified view of gravitational cement
shown in pl. 10D. Lower tip of calcitic dripstone cement has been paramorphically
dolomitized (P). Crossed polarizers; d = 42m.

B BHP-47-2; chert. Micrite matrix has been replaced by microquartz. Many siliceous
sponge spicules (S) have altered to chalcedonite. Two fractures (F) were filled by
calcite cement. Crossed polarizers; d = 56m.

C BHP-46-17. The cyclostome bryozoan, Fistulipora, is illustrated. Zooecia are filled
with drusy calcite cement; d = 56m.

D BHP-46-17. A tertiary anhydrite mold has been filled by blocky-equant calcite
cement (light); d = 56m.
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PLATE 12

Depositional and diagenetic features and porosity relationships in upper Horquilla
dolostone (A) and limestones (B, C, D).

A BHP-46-5; porous dolostone. Very coarse neomorphic dolomitization of
matrix. A relatively large, solution-enlarged horizontal fracture contains calcitic
dripstone (gravitational) cement. Vertical orientation is indicated by arrow; d =
56m.

B BHP-46-1; limestone. Dolomite occurs in part as a replacement of anhydrite and as
a cement filling anhydrite molds (A). Note stairstep outline of tertiary molds of
anhydrite porphyroblasts; d = 56m.

C BHP-45-17; biopelwackestone. Stairstep anhydrite molds have been filled by
dolomite cement (D); d = 32m.

D BHP-45-2; intrabiograpestone packstone. Aragonitic phylloid algae (P) were
dissolved, and the molds were filled by sparry-calcite cement. Quartz porphyro-
blasts (white; some doubly terminated) partially replaced grapestone grains; d =
38m.
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PLATE 13

Depositional and diagenetic features of upper Horquilla limestone (A), lower
Horquilla limestones (C, D), and chert (B).

A BHP-45-1; limestone. A large anhydrite porphyroblast was partially replaced by
calcite (C). The remainder of the anhydrite was dissolved, and the tertiary mold was
filled by dolomite cement (D); d = 32m.

B BHP-39-4; chert. A Komia-crinozoan-bryozoan grainstone was replaced by
silica (chalcedonite). Primary voids were lined by chalcedonite (C) and com-
pletely filled by drusy quartz (Dr). Many crinozoan columnals were centripetally
replaced by silica, and the remainder was paramorphically dolomitized (P); d =
38m.

C BHP-39-1; oobiograinstone. Relatively large bioclasts represent the alga (or
stromatoporoid?), Komia (K); d = 90m.

D BHP-38-0; biograinstone. Large aureoles of epitaxial cement (E) were precip-
itated as optically continuous overgrowths of monocrystalline crinozoan com-
ponents (Cr). Note cleavage continuity. After cementation, some crinozoan col-
umnals and epitaxial cement were replaced by silica (white); d = 42m.

95



.
P
—_—

of

|

!

!

|
\

H

57



PLATE 14

Depositional and diagenetic features of lower Horquilla cherts (A, B, C, D).

A BHP-36-4. Micrite matrix was replaced by microquartz that is studded with
dolomite porphyroblasts. Exsolution of dolomite rhombs occurred during
silicification. The fusulinid was replaced by chalcedonite. Fusulinid chambers
were lined by crusts of rhombic-dolomite crystals and were filled by
chalcedonite; d = 38m.

B BHP-33-7. Former micrite matrix was replaced by microquartz (M). A calcitic
crinozoan component was largely replaced by a rhombic-crystal mosaic of
dolomite crystals (D, to right), which are syntaxial (exhibit single-crystal extinc-
tion) with the unreplaced monocrystal (C). The outer periphery contains a crust
of rhombic-dolomite crystals (white D, to left), which are also syntaxial with the
unreplaced calcite monocrystal (C). Crossed polarizers; d = 38m.

C BHP-33-7. Crinozoan components (Cr) are surrounded by aureoles of discrete
dolomite crystals (D), which are syntaxial with the calcitic monocrystals and were
exsolved during silicification; d = 38m.

D BHP-33-7. Fusulinid has been replaced by chalcedonite, which also fills
chambers. Fusulinid chambers are coated by rhombic-dolomite crystals, which
subsequently became dedolomitized. Many dolomite porphyroblasts in the chert
matrix have also been dedolomitized; d = 38m.
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PLATE 15

Depositional and diagenetic features of lower Horquilla limestones (A, C) and cherts
(B,D).
A BHP-33-6; biograinstone. Crinozoans (Cr), fusulinids (F), and bryozoan bioclasts
(Br) are abundantly represented. Some crinozoans have been partially silicified (S); d
=90m.

B BHP-31-15; chert. Large, rhombic-dolomite porphyroblasts exsolved during
silicification, and they transect siliceous sponge spicules (S). Siliceous spicules ex-
tend from the chert matrix into the dolomite crystals where they appear as light-
colored ghosts; d = 38m.

C BHP-30-0; biopelpackstone. Aragonitic pelecypod shells were dissolved, and molds
became filled by drusy calcite cement; d = 90m.

D BHP-29-3; chert. Siliceous sponge spicules are abundantly represented, and
many have been replaced by calcite (C). The chert matrix contains many
dolomite porphyroblasts, which exsolved from the carbonate during
silicification; d = 38m.
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PLATE 16

Depositional and diagenetic features of lower Horquilla limestones (A, C) and cherts
(B, D).

A BHP-24-1; Komia-crinozoan-bryozoan grainstone. The largest skeletal grains
represent longitudinal and transverse cross sections through the alga (or
stromatoporoid?), Komia. Notice that in transverse cross sections Komia exhibits
circular outlines with concentric structures that closely resemble ooids; d = 90m.

B BHP-19-4b; chert. Microquartz matrix contains abundant rhombic-dolomite
porphyroblasts, which later became paramorphically replaced by calcite (dedolo-
mitized); d = 56m.

C BHP-18-0; oobiograinstone. Ooids, crinozoans, and bryozoans predominate.
Most bryozoans were micritized. Aragonitic pelecypod shells (P) were dis-
solved, and molds were filled by sparry-calcite cement. One crinozoan compo-
nent (upper right) became silicified (S); d = 90m.

D BHP-16-10; chert. Fusulinids and bryozoans were replaced by chalcedonite.
The original micrite matrix was replaced by microquartz. Dolomite porphyro-
blasts, which were exsolved during silicification, became dedolomitized (De); d =
56m.
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PLATE 17

Depositional and diagenetic features of lower Horquilla cherts (A, D) and limestones
(B, C).

A BHP-13-35; zebra chert. The banding represents alternating layers of chert (Ch)
and calcite-rich chert (CaCh). The calcite has replaced dolomite and is
dedolomite; in some layers, dedolomite predominates over chert. Vertical orien-
tation is indicated by arrow. Crossed polarizers; d = 90m.

B BHP-12-1; biopackstone. Most bryozoan bioclasts (Br) have been intensively
micritized. Aragonitic pelecypod shells (P) were dissolved, and molds became filled
by sparry-calcite cement; d = 90m.

C BHP-9-5; oobiograinstone. Many bioclasts are enveloped by superficial oolitic
coatings. Epitaxial cement occurs on monocrystalline crinozoan components,
which lack superficial oolitic coatings. Silicification of shells; d = 32m.

D BHP-8-1b; chert. The original matrix was replaced by microquartz (dark). In center
of field, the outer portion of a crinozoan columnal has been replaced by megaquartz
(coarsely crystalline quartz). Crossed polarizers; d = 12m.
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PLATE 18

Depositional and diagenetic features of lower Horquilla cherts (A, B, C) and
limestone (D).

A BHP-8-1b; chert. The concentric internal structure of an ooid has been preserved
after the carbonate grain was replaced by silica (chalcedonite); d = 12m.

B BHP-8-1b; chert. Ferroan-calcite cement (dark) filled a fracture and replaced
the matrix outward from the fracture. The microquartz matrix contains countless
tiny porphyroblasts of dedolomite and ferroan dedolomite (small dark rhombs);
d =56m.

C BHP-6-1b; chert. Original dolomite porphyroblasts have been replaced by ferroan
calcite (ferroan dedolomite); d = 12m.

D BHP-5-0; oobiograinstone. Micrite envelopes were formed around most bio-
clasts. Micritic, vadose internal sediment (1) was deposited in many voids. Vertical
orientation is indicated by arrow. Beachrock-cement rims formed around the
bioclasts after the internal sediment was deposited. Aragonitic pelecypod shells
were dissolved to form hollow micrite envelopes, which, along with primary voids,
became filled by drusy calcite cement; d = 90m.
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PLATE 19

Depositional and diagenetic features of Paradise (Mississippian) dolostone (A) and
limestones (B, C, D).

A BHP-4-13; limy dolostone. The original aragonitic lime-mud matrix was
dolomitized to a degree greater than 50 percent; subsequently, the remainder was
calcitized as dolomitizing fluid was replaced by fresh ground water. The crinozoan
brachial plate was not dolomitized; d = 32m.

B BHP-2-1; oobiograpestone grainstone. Ooids (0) exhibit a bimodal size dis-
tribution. The smallest grains average 64 microns, while the largest grains range
up to 400 microns in diameter. A large grapestone grain (Gp) is seen in the
upper right; d = 32m.

C BHP-2-0; sandy, silty oobiowackestone. Thick algal coatings (dark) formed
around bryozoan bioclasts. Innumerable tiny pyrite porphyroblasts were em-
placed within the algal coatings; these later became oxidized. Bryozoan zooecia
became filled by ferroan-calcite cement; d = 90m.

D BHP-1-0; crinozoan-bryozoan grainstone. The bryozoans (Br) were intensively
micritized. Micritic, vadose internal sediment (1) has been deposited within large
primary voids; d = 90m.
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Petroleum geology

In addition to the general evaluation in the field given
in the chapter on stratigraphy and more specific evalua-
tion with thin sections given in the chapter on petrog-
raphy, the petroleum source and reservoir rocks in the
Big Hatchet Peak section were evaluated with commer-
cial laboratory analyses of selected samples. Results are
discussed in this chapter and are plotted with respect to
the stratigraphic column in appendix 3.

Source rocks

Table 2 shows the determinations of percentage of
organic carbon, type and amount of kerogen, and the
thermal-alteration index on 11 samples that were made
by P.J. Cernock and others at GeoChem Laboratories,
Inc., Houston, Texas. These samples were selected from
dark Horquilla limestones that appeared to have fair to
good source ratings in the field and to represent source
units of 50 ft or more in thickness. Several additional
units with probable source potential were not sampled
during this study.

At least six of the samples contain more than 0.3 per-
cent organic carbon that is determined empirically to be
the minimum amount in limestones to qualify as a
source rock for petroleum (Tissot and Welte, 1978, p.
431; Hunt, 1979, p. 270). Kerogen analyses show that
the organic matter was derived exclusively from land-
plant material. Most of this material is of the degraded
herbaceous type and lesser amounts are of the woody
and coaly types.

Because no algal or amorphous kerogens were
found, the source rocks probably did not generate much
oil. Degraded (partially amorphous), herbaceous
kerogen may have been a source for oil (A.B. Reaugh,
GeoChem, personal communication, 1980); however,
the woody and coaly types would have been sources for
gas (Tissot and Welte, 1978, p. 433; Hunt, 1979, p.
274277).

Dominance of land-derived kerogens in these shallow-
marine limestones is curious considering the ex-

TABLE 2
THERMAL-ALTERATION INDEX OF SELECTED DARK LIMESTONES IN THE
BiG HATCHET PEAK SECTION, R = repeat sample, H = herbaceous
(degraded), W = woody, C = coaly, P = predominant (60-100
percent), S = secondary (20-40 percent), T trace (1-20 percent);
alteration index ranges from 1 to 5. Determinations by P.J. Cer-
nock and others, GeoChem Laboratories, Inc., Houston, Texas.
Sample notation indicates BHP unit number and footage above
base of unit.

PERCENTAGE OF ORGANIC CARBON, TYPE OF KEROGEN, AND

Kerogen type
Sample notatlon Organic curbon and amount Thermal-alteration

(BHP-) (percent of rock) P S 1 index
T6-8 0.24,0.13R H W C 3

71-2 0.35 H ) L o — 303+
68-4 0.53 H W 3- 103
66-9 0.48 H - W 3

$2-2 015 H W o3«
41-20 0.24,0.14R H — — 103+
3l-10 0.28 H-W.C 3103+
21-2 0.51 H W ( ol
15-2 0.54 H W 24 101
10-3 0.71, 0.79R H W - R ET

7-1 0.12 H W 14 104

clusively marine biota described in the field and in the
thin sections. The extremely fine land-plant material
probably was derived from coastal or inland areas to the
north or northwest, and the absence of sand or coarser
terrigenous detritus suggests the possibility of light-to-
moderate winds being the agent that transported these
land-plant remains into the marine environment.

Absence of algal (or amorphous) kerogens is also
curious considering the high percentages of algal re-
mains in the limestones. In calcareous algae, the cortical
layer is carbonate, but the vegetative material may have
produced favorable kerogens. Several processes may ac-
count for the selective removal of algal kerogens.
Within the original marine environment, algal vegeta-
tion is devoured near the beginning of the food chain.
After shallow burial, burrowing organisms may feed
preferentially on vegetative algal remains. Oxidation in
the well-aereated shallow-marine environment and dur-
ing fresh-water diagenesis of the limestones may have
volatilized the algal kerogens (Hunt, 1979, p. 100-101;
Cluff and others, 1980; and A.B. Reaugh, personal
communication, 1980).

The thermal-alteration index, based on the color of
the kerogens, ranges from 2 + to 4 — and generally is 3.
Such strongly altered material indicates a paleotempera-
ture of about 150°C (300°F) that is above the optimum
for oil generation but is in the range of gas generation,
possibly with condensate (Hunt, 1979, p. 324, table 7-
10). Thus any oil generated by the degraded herbaceous
kerogens is likely to have been altered to condensate or
gas by cracking processes.

No plutonic rocks intrude the Paleozoic-Mesozoic
sedimentary section of the Big Hatchet Mountains, in
contrast to the Cretaceous-Tertiary intrusives that ther-
mally metamorphosed the section locally in other
ranges to the north and west. These slightly high
paleotemperatures in the Big Hatchet Peak section
probably are a result of burial beneath 15,000 ft or more
of younger Permian and Lower Cretaceous rocks rather
than a result of regional plutonic heating.

Deep-marine limestones and mudstones in the Alamo
Hueco Basin to the south are considered to be the main
source for petroleum that would have migrated updip
into the porous dolostones of the outer-shelf margin.
With the added source units below, between, and above
the dolostones in the outer-shelf facies of the Big
Hatchet Peak section, the probability of petroleum
generation is even greater, especially for gas.

Reservoir rocks

Table 3 shows measurements of porosity and perme-
ability on 13 samples from the upper Horquilla that were
made by K.W. Andrews and others at Core Laboratories
Inc., Dallas, Texas. Samples were selected from all six
units of porous dolostones, which range in thickness from
54 to 148 ft. In the field, all the dolostones exhibit vuggy
porosity, with individual vugs generally 1-3 cm in
diameter in fresh rock and 10-20 cm on weathered
surfaces. Vuggy porosity is estimated to range from a
trace to 10 percent in most units and up to 30 percent in a
few cases where the diameters of the vugs reach 10 cm.



TABLE 3—POROSITY AND PERMEABILITY DATA ON PLUGS OF SELECTED
POROUS DOLOSTONES IN THE BIG HATCHET PEAK SECTION; mea-
surements by K.W. Andrews and others, Core Laboratories, Inc.,
Dallas, Texas. Sample notation indicates BHP unit number and
footage above base of unit.

Sample notation Porosity Permeability to air

(HHP-)i percent (millidarcies)
70-3 2.7 0.071
67-68 2.7 0.12
67-22 1.1 0.16
65-94 4.4 0.40
65-22 2.3 0.35
635-2 4.0 0.034
63-2 5.1 0.18
56-92 1.1 0.054
56-7 49 42

49-19 2.4 0,78
49-14 2.9 0.06
49-9 1.9 0.09

0.3

49-4 5.5

Sucrosic intercrystalline porosity is rarely seen, and
matrix permeability appears to be generally low, judg-
ing by water-imbibition tests in the field.

Laboratory analyses were made on plugs 1 inch in di-
ameter that were cut from the outcrop samples, so only
matrix characteristics were evaluated. Porosities were
determined using helium as the injection medium, and
the percentages were calculated according to Boyle's
law. The range from 1.1 to 5.5 percent is considered
very poor to poor for matrix porosities (Levorsen, 1967,
p. 102). Permeabilities were determined with air as the
injection medium, and the values were calculated ac-
cording to Darcy's law. Twelve samples showed a range
from 0.034 to 0.78 millidarcies which is considered very
poor to poor for matrix permeabilities (Levorsen, 1967,
p. 105). The one good permeability of 42 millidarcies
was measured on a plug that contained a solution chan-
nel. Better evaluations of whole reservoir quality (matrix
and vuggy porosity) could have been made with larger
samples, preferably with cores 5 inches in diameter and
10 inches long.

Petrographic analyses show that the dolomitization
process continued until compromise boundaries were
formed between adjacent dolomite crystals and that this
process occluded most of the intercrystalline porosity in
the dolostones. On the other hand, the following anhy-
dritization process emplaced large porphyroblasts and
nodules of anhydrite, which were leached during a later
stage of fresh-water diagenesis to form large vugs.
Jacka (1978b) observed that much of the porosity in the
Permian dolostone reservoirs of the Permian Basin is in
such tertiary anhydrite molds. The dolostones of the Big
Hatchet Peak section also have porosity in some pre-
served intercrystalline voids, fossil molds, nontectonic
fractures, and solution channels.

Questions have been raised about the reliability of
reservoir evaluations using outcrop samples, especially
where the effects of surface weathering may be great. In
the field, every effort was made to collect fresh material.
The thin sections show that depositional and diagenetic
features are well preserved and that weathering effects
are minimal. Petrographic evidence illustrates
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that the diagenetic history of neomorphic dolomitization,
anhydritization, and subsequent fresh-water leaching
produced most of the resulting porosity. This leaching
took place during Pennsylvanian-Permian diagenesis as
evidenced by the fact that some voids are filled with
dolomite cements and that some are partially filled with
microstalactitic calcite that has been paramorphically
dolomitized; these dolomitizing fluids are unlikely to be
of post-Paleozoic age. Some of the wvugs in the
dolostones have been enlarged by modern surface
weathering, and some superficial vugs are seen on the
weathered surfaces of limestones but not in the fresh
rock a few millimeters below the surface.

The Horquilla limestones had high percentages of po-
rosity in primary voids such as intergranular and in-
trabiotic cavities and in secondary voids such as leached
aragonitic shells, hollow micrite envelopes, nontectonic
fractures produced by collapse of the molds, and solu-
tion channels. Primary and secondary voids were filled
by calcite cements during fresh-water diagenesis, and
much of the calcite probably was derived from leaching
of these voids or of carbonate sediment in the overlying
unit. In a few limestones, tertiary porosity in anhydrite
molds is filled with dolomite cement. Thus limestone
porosity was occluded diagenetically long before suffi-
cient overburden was available to begin thermal matura-
tion of the hydrocarbons in the penecontemporaneous
source rocks; also, such porosity would have been too
near the surface to have served as an effective reservoir
for oil and gas migrating from older sources.

In contrast, significant porosity has been preserved in
upper Horquilla dolostones after diagenesis. These
rocks probably retained sufficient permeability to have
served as reservoirs for hydrocarbons generated from
intercalated shelf limestones and for the greater
volumes of oil and gas that likely were generated from
the limestones and mudstones of the deep-marine basin
facies to the south. Because the dolomitizing fluids are
believed to have been developed on the coastal plain to
the north, the inner-shelf facies may have been the most
highly dolomitized with practically all intercrystalline
porosity occluded by compromise boundaries of
adjacent dolomite crystals. In the part of the outer-shelf
facies where the Big Hatchet Peak section was
measured, some inter-crystalline porosity is preserved,
indicating that dolomitization was arrested before
complete occlusion by compromise boundaries. Perhaps
farther south along the shelf edge and on the slope the
process was arrested before compromise boundaries
began to form. If so, that part of the outer-shelf to slope
facies may have excellent intercrystalline porosity and
permeability and would be in an optimum reservoir
position between adjacent source facies in the basin and
a partial seal updip in the inner-shelf facies.

In any case, the upper Horquilla dolostones of the Big
Hatchet Peak section constitute an important exploration
target in spite of the poor matrix permeability. If only
the observed vuggy porosity and some inferred per-
meability through solution channels and fractures are
considered, the net reservoir thickness of 484 ft con-
stitutes sufficient grounds to rank this unit as the best
petroleum reservoir objective in the region and the most
likely to contain commercial quantities of oil or gas in
the subsurface of the adjacent valleys.
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Recommendations

With the basic construction, description, sampling,
analysis, and evaluation of the Big Hatchet Peak section
completed, surface work may proceed with similar stud-
ies of other well-exposed sections in the Big Hatchet
Mountains. Zeller (1965) has established a fundamental
stratigraphic framework for the Paleozoic-Mesozoic of
this area; many of his measured sections have already
been reconstructed in the field. Plans include redescrip-
tion, sampling, analysis, and evaluation of his entire
sequence from Precambrian basement up through the
Lower Cretaceous, with the main objective being the
identification of petroleum source and reservoir units.
This work will include two sections of the Horquilla that
he measured at New Well Peak and Borrego Canyon.

After the key sections have been completed, detailed
field study of observed source and reservoir units may
be undertaken to determine their vertical and lateral
relationships more precisely. With such information,
more accurate projections to subsurface prospects may
be made.

In the Big Hatchet Peak section, a more detailed
lithostratigraphic and biostratigraphic framework with
fusulinids and other guide fossils may be established to
help in tracing the dolostone reservoir units and the
limestone source units. Well-exposed units may be
described in a bed-by-bed manner, slab samples may be
taken to determine internal lamination and other sedi-
mentary structures, thin sections may be made to pro-
vide petrographic analyses of textural features, and the
combined results may be used to document depositional
sequences and diagenetic history more rigorously. To
supplement such sedimentological analyses, paleoeco

logical studies of the algae, corals, and other environ-
mentally sensitive biota would provide critical data on

depositional conditions. Samples of light-colored,
algal-rich beds may be submitted for organic-
geochemical analyses to see if oil-generating,

amorphous-sapropelic kerogens are present. Detailed
description and sampling across and along the
limestone/dolostone boundaries would give important
clues to the nature of the dolomitization process. If an
adequate drill could be transported up the cliffs, full-
diameter cores of the dolostones may be taken to
evaluate their reservoir quality more completely.

Lateral tracing of the Horquilla dolostone reservoir
units and limestone source units, from the Big Hatchet
Peak section to other parts of the mountains, may be
possible by detailed field mapping on the new aerial
photographs and topographic quadrangles being pre-
pared by the U.S. Geological Survey. Because of the
steep cliffs and many structural complications, a series
of oblique aerial photographs and a plane-table survey
may be needed.

Between field seasons, work should continue on the
description, analysis, and evaluation of subsurface sec-
tions using cuttings and logs; unfortunately, only a few
cores have been taken on the exploration wells drilled
so far in the Hidalgo County area. With the combined
framework of surface and subsurface sections, the best
projections of petroleum source and reservoir units can
be made to favorable subsurface prospects, where fu-
ture exploration wells will provide the decisive tests of
the oil and gas potential.
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Appendix 1 Field data

In this appendix, essential details of the field data that
were used in construction of the Big Hatchet Peak sec-
tion are made available to the interested reader. Many of
the fundamentals follow the system for measuring and
describing columnar stratigraphic sections given by
Kottlowski (1965). Because of the many subsequent ad-
vances in description of sedimentary units and because
of the many variations among different workers, the
basic concepts and methods used in this study are speci-
fied in the first part of this appendix. Discussion of ac-
cessibility and details of traverse data are given in the
second part so that this columnar section, or parts of it,
can be reconstructed in the field. A list of samples is
given in the third part.

Petrographic analyses of the samples are given in ap-
pendix 2. A summary graphic plot of the basic data, in-
terpretations, and evaluations of the petroleum source and
reservoir units is given in appendix 3.

Field description: basic concepts
and methods

Table 4 is an analytical description of the lithostrati-
graphic map and column units in the Big Hatchet Peak
section from the top to the base. Two standard forma-
tions, the Horquilla and the Paradise, are recognized as
fundamental lithostratigraphic map units. Two informal
members, designated upper and lower, are defined
within the Horquilla. These members may be separated
by a subtle disconformity, but they have not been
mapped.

The entire section of 3,308 ft is subdivided into a
succession of 78 lithostratigraphic column units. A
column unit is defined here as an operational
lithostratigraphic unit that is used in the construction of
a columnar strati-graphic section. Such a unit is
determined by selecting an assemblage of strata with
distinctive aspects of lithologic properties or
sedimentary structures. Preferably, such a unit should
be traceable on the surface or in the subsurface with
megascopic or 10 x microscopic criteria. Normally,
such units are contained within map units (formations
or members) but may be determined independently of
them. In contrast to map units which are named,
column units are numbered as they are measured and
described in stratigraphic order from the base upward.

In the description, on each line with the unit number,
is a summary of the basic rock types and other mega-
scopic characteristics used to distinguish the unit from
the ones below and above. Where possible, unit boun-
daries were drawn at sharp bedding surfaces that are in-
ferred to represent depositional hiatuses. Thicknesses of
the units are given in feet rather than meters so that cor-
relations can be made more easily with other surface and
subsurface sections in the area. Each unit is subdivided
into descriptive intervals based on smaller scale changes
in lithology, sedimentary structure, or outcrop
characteristics.

Thicknesses of the units and descriptive intervals were
measured with a 5-ft Jacob staff that has an Abney level at
the head and a mechanical counter attached below.

The clinometer on the Abney level was set with the
most reliable dip that could be measured with a Brunton
pocket transit in the given unit or in adjacent units.
Each increment of thickness was measured in a strike-
normal direction, and stratigraphic horizons were traced
in short lateral offsets where needed on strike-oblique
traverses to keep the line of section along the locus of
best exposures. Small percentages of error in
cumulative thickness may have been introduced by the
lateral offsetting and by rounding off thicknesses of in-
dividual units to the nearest foot.

Field analyses were made on a unit-by-unit basis. This
procedure is more rational than one based on analysis of
an arbitrary thickness interval but is not as rigorous as a
bed-by-bed analysis used in detailed sedimentological
studies. After the boundaries of a unit were determined, a
sample of each rock type was taken near the base, and the
lithologic properties were described as completely as
possible with a 10 x hand lens, a color chart, a bottle of
dilute hydrochloric acid, a percentage chart, and other
field guides. The sedimentary structures, topographic
expression, quality of exposure, and amount of cover
were described for the basal interval represented by the
sample. Subsequent intervals within the unit were
designated where minor changes were observed
megascopically or by spot checks of the lithologic
properties. Additional samples were taken if other rock
types or significant changes in composition or texture
were encountered, or if the unit was over 50 ft thick. The
lithologic descriptions of the samples were checked in the
laboratory with a 10 x binocular microscope.
Redescription of some units, especially the ones studied
early in the project when the basic concepts and methods
were being developed, was needed to present a more
uniform style. Some corrections were made after the pe-
trographic determinations became available.

Descriptive intervals within the units are subdivided
into separate paragraphs for each basic rock type, in
decreasing order of abundance. Within the paragraphs,
for ready reference, are five separate sentences describ-
ing in order: 1) basic rock name and color, 2) composi-
tion, 3) texture, 4) sedimentary structure, and 5) outcrop
characteristics, including topographic expression,
quality of exposure, and amount of cover. Lithologic
properties are presented in the first three sentences
because they are fundamental and are the most useful in
correlations between surface and subsurface sections.
Observations on sedimentary structures are important
but are dependent upon the quality of exposure and are
rarely correlated in detail with subsurface data because
of the lack of cores. Notes on outcrop characteristics are
most useful in surface work; however, a topographic
profile can be correlated in a general way with some
subsurface logs.

Specific discussions of each of these properties are given
in the following subsections:

1) BASIC ROCK NAME AND COLOR—Basic rock
names are used as paragraph headings. The names are
modified from the classification of Travis (1970), and
the determinations are based on standard criteria of com-
position and texture. In this dominantly carbonate sec-



tion, limestone, dolostone, and chert are most common.
Mudstone is rare; this term is used for a general detrital
rock type that includes the specific subtypes of siltstone,
claystone, shale, and argillite. Percentage of each rock type
is based on a field estimate of the ratio of the net

thickness of the rock type to the gross thickness of the
descriptive interval as measured in the line of section.
Estimates were made to the nearest 10 percent. A trace is
indicated for a rock type that makes up less than 10 percent
of the interval.

Rock colors were described using the standard GSA
chart of Goddard and others (1951). The color of the
fresh rock is given first, as it appears wet under 10 x
magnification, because it corresponds to the color of
representative samples of drill cuttings. Only a few dif-
ferences were noted between the fresh color as it was
described by sunlight in the field and as it was checked in
the laboratory with a binocular microscope and a
standard white-light illuminator. The color name is
followed by the Munsell notation in parentheses. Variations
are listed in order of decreasing percentages of the
surface area occupied by each major color. The color of the
weathered rock was determined megascopically in the field
on a dry surface.

Using the microcrystalline limestones as a basis for
comparison: commonly, the color is light gray (N7) on
the weathered surface; medium dark gray (N4) as seen
megascopically on the fresh, dry surface; dark brownish
gray (5YR3/1) as seen megascopically on the fresh, wet
surface; and brownish gray (5YR4/1) ranging to dark
yellowish brown (10YR4/2) and to olive gray (5Y4/2) as
seen microscopically on the fresh, wet surface. In
microcrystalline limestones, a fresh, wet, microscopic color
with a lightness-darkness value of N4 or less generally
indicates a significant content of organic carbon that is
worthy of geochemical analysis for petroleum-source
evaluation.

Where appropriate, the fresh color of the dominant
matrix is described in the first sentence, and contrasting
colors of specific grain types are described in the third
sentence as part of the textural analysis. Contrasting
colors in alternating layers may be described in the
fourth sentence as part of the sedimentary-structure
analysis.

2) COMPOSITION—Chemical components were de-
scribed as calcareous or dolomitic based on a fast or
slow reaction with 12.5 percent dilute HCI on the fresh,
wet surface. Siliceous components generally were deter-
mined by scratching a line on the surface with the point
of a rock hammer or a probe and estimating the percentage
of the line that is harder than steel as observed with a hand
lens or microscope. Minor glauconitic, pyritic, and
megascopic carbonaceous components were identified by
inspection.

Coarser detrital components of gravel and sand were
very rarely observed in this section. Muddy components
of silt and probable clay were found in very minor
amounts in nearly every carbonate-rock chip that was
dissolved in acid, but these components were described
only where at least a significant trace was determined.
Some of the residue may consist of organic, carbona-
ceous material such as kerogen or bitumen (dead oil).

Percentage estimates of the components were made to
the nearest 10 percent. However, these estimates, espe
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cially in the carbonate rocks, are probably the least ac-
curate of the field analyses because of the indirect
nature of the tests. Nevertheless, field estimates of
composition are important considerations in the
selection of samples for petroleum-source analyses.

3) TEXTURE—Types of sedimentary particles, and
their size, shape, and arrangement, are fundamental
lithologic properties. Moreover, their relationships to
porosity and permeability are basic considerations in
petroleum-reservoir analyses.

As in many carbonate sections, the limestones have
the most diverse textures. Unfortunately, the modern
literature on the subject deals mainly with subclassifica-
tions of limestones based on petrographic criteria and
tends to neglect the fundamental step of describing tex-
tural constituents in the field. During this investigation,
some of the appropriate features selected from the
various schemes were assembled into a system for field
analysis that is still being developed. Those parts that
were used in the Big Hatchet Peak section are presented
in the following paragraphs.

Textural constituents occupy an intermediate position
in the conceptual hierarchy of rock properties that lies
above mineral components and below sedimentary
structures. Textural constituents of limestones include
grains, matrix, pores, pore-filling cements, and diagene-
tic products of recrystallization or replacement.

A carbonate grain (modified from Leighton and Pen-
dexter, 1962, p. 35) is a discrete carbonate particle with a
higher level of organization than the aggregate of its
component crystals. Phaneric grains, which have diam-
eters larger than about 0.03 mm, can be detected in the
field with the unaided eye; aphanic grains of smaller size
tend to be included in the matrix. With 10 x magnifica-
tion, grain types can be identified down to diameters of
about 0.5 mm or below in some cases.

The two general types of carbonate grains are litho-
clasts and allochems. A lithoclast (modified from Bissell
and Chilingar, 1967, p. 160) is a grain with a fragmental
form that was derived from a pre-existing rock. An
allochem (modified from Folk, 1962, p. 63) is a carbon-
ate grain with a whole or fragmental form produced by
biochemical or mechanochemical processes prior to
consolidation in a sedimentary rock. Allochems include
intraclasts, skeletal grains, peloids, and coated grains
such as ooids and grapestone grains. All of these types
were recognized during the present investigation.

An intraclast (modified from Folk, 1962, p. 63) is an
allochemical carbonate grain with a fragmental form that
was derived from a penecontemporaneous sediment. The
distinction between a lithoclast and an intraclast may be
difficult. A lithoclast may be inferred if the color,
composition, or texture are significantly different from
those of associated allochemical or authichemical
material. An intraclast may be inferred if the lithology
resembles associated sediments, especially if it is a
fragment containing associated allochemical grains. Only
a few lithoclastic and intraclastic grains were recognized
during the field investigation.

A skeletal grain (modified from Leighton and Pen-
dexter, 1962, p. 36) is an allochemical grain with an
organic form; it is made of calcareous hard parts
secreted by organisms. Skeletal grains may include
whole forms of solitary or small colonial organisms, or
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fragments of either. A fragment of an individual fossil is
classified as skeletal; a fragment containing more than
one fossil, especially if associated with other types of
grains and embedded in a matrix, is classified as intra-
clastic or lithoclastic. Specific types of skeletal grains
recognized in the present study include fusulinids and
other foraminifers, sponges (only spicules), rugose and
tabulate corals, bryozoans, brachiopods, gastropods
(very rare), crinozoans, and various types of algae (iden-
tified from Wray, 1977) ranging from fragments of
phylloid types, to encrusting types in oncoids, to indi-
vidual dasyclad forms, to small types that were indeter-
minate in the field. Only the fusulinids and some algae
were collected for the generic and specific identifica-
tions that were made by G.L. Wilde (see table 1). In the
petrographic analyses (appendix 2), Jacka has identified
many more types of microfossils than were determined
under 10 x magnification.

A peloid (modified from Bathurst, 1975, p. 84-86;
term proposed by E.D. McKee) is a pelletlike allochemi-
cal grain composed of homogeneous microcrystalline
material. Shape generally varies from spheroidal to pro-
late (elongate, rodlike). Some may be rounded intra-
clasts. Small spheroidal ones may be ooids whose inter-
nal layering has been obliterated by endolithic algae.
Those with irregular shapes may be skeletal grains that
have been homogenized by the same process. Ellipsoidal
ones up to about 0.15 mm in diameter are probably fecal
pellets, but they cannot be recognized with only 10x
magnification (Folk, 1962, p. 65). Tightly packed peloids
may show a clotted (grumose) texture.

A coated grain (modified from Leighton and Pendex-
ter, 1962, p. 59) is an allochemical grain that is wrapped
in one or more carbonate layers. An ooid (modified
from Bathurst, 1975, p. 77-84) is a spheroidal to ellip-
soidal coated grain with two or more concentric layers;
it may also have a radial internal fabric. An arbitrary
upper size limit of 2 mm in diameter has been placed on
the concept of an ooid, and the term pisolite (or pisolith)
has been used for the larger counterpart. However, the
latter term has also been used in a different way for
vadose concretions that generally have a less regular
shape. No pisolites were recognized during the present
investigation. A grapestone grain (modified from
Bathurst, 1975, p. 87; term introduced by L.V. Illing) is
a composite grapelike cluster of two or more grains
coated by one or more carbonate layers; the exterior
generally is lumpy. Some particles encountered in the
present investigation were described simply as coated
grains where specific types were not recognized, or
where the shape was elongate.

An oncoid (modified from Wilson, 1975, p. 12) is a
carbonate grain with algal encrustations, and where
recognized should be classified as skeletal. Also not to
be confused with a coated grain is a carbonate grain
with a rind produced by boring of endolithic algae and
filling with extremely finely crystalline calcite (a
"micrite envelope" of Bathurst, 1975, p. 90); although
none were recognized in the field study, several were
determined in the petrographic analyses.

Specific determinations of some grains could not be
made with confidence under 10x magnification because
of their small size. Such grains were described as

small or very small if their diameters were less than 1 mm
or 0.5 mm, respectively.

The matrix (modified from Bissell and Chilingar,
1967, p. 160) of a limestone is defined as the relatively
finer depositional sediment in which carbonate grains are
embedded; the matrix may be the dominant constituent
of the rock. In all of the limestones of the present study,
the calcareous matrix was determined to be mi-
crocrystalline; that is, the diameters of individual calcite
crystals are less than 1/16 (0.062) mm (modified from
Plumley and others, 1962, p. 86). Folk (1962, p. 65-66)
defined micrite as a contraction of "microcrystalline"
calcite, but the size of the crystals was specified as being
in his aphanocrystalline (better termed extremely finely
crystalline) range, less than 1/256 (0.004) mm. True
micrite cannot be determined precisely with only 10 x
magpnification; however, much of the opaque microcrys-
talline calcite is probably micrite. Leighton and Pendex-
ter (1962, p. 35) defined micritic material (micrite) with
an upper size limit of 0.03 mm; this term was used in
early stages of the field investigation but was dropped to
avoid confusion with a petrographic determination of
micrite.

As a field term, matrix has other advantages. Muddy
(detrital silt and clay) and other noncarbonate com-
ponents may be present in minor amounts and can be
described under that heading. Micron-sized carbonate
grains may be present in which case "micritic" would be
misleading. A slight disadvantage is that according to the
strict definition of matrix, larger particles must be
embedded in it. In some hand-specimen samples of mi-
crocrystalline limestone, no such larger particles were
seen, but the matrix was described as constituting 100
percent of the rock, implying a broader definition of the
term. This alternative is deemed preferable to the in-
troduction of a new term for only a minor distinction.
Moreover, a thorough search in each case would prob-
ably produce at least a few grains in the same bed.

Dunham (1962, p. 113-117) introduced the concepts
of grain support in which carbonate grains are in
depositional contact, and mud support in which carbon-
ate grains are dispersed (floating) in a lime-mud matrix
(particles smaller than 0.020 mm). He points out that
these textural relationships may generally indicate
depositional environments of agitated and quiet water,
respectively; however, Dunham also points out many
exceptions such that grain and mud support are con-
sidered more useful as textural descriptions rather than
as environmental indicators. In his discussion and
classification, Dunham (1962, p. 117, table I) does not
consider the possibility of a limestone containing car-
bonate grains with some in depositional contact and
others dispersed in a matrix.

To include the entire spectrum of such textural rela-
tionships, the property of grain tangency is defined
here as the percentage of grains in depositional contact
within a given sample. A grain is in contact with its
neighbor if they are touching in at least one point. An
elongate grain may be in contact with another along a
line or surface. A grain in contact with some adjacent
grains but not with others may be counted proportion-
ately. Deformational packing or suturing by pressure
solution are discounted.



Ideally, the actual percentage of grains in depositional
contact would be determined for each sample with
adequate observation of the grain relationships in three
dimensions. In practice, general classes of percentages
can be described with the following scale of grain
tangency: none (0 percent, all grains are dispersed in
microcrystalline matrix), poor (between 0 and 10 per-
cent), fair (10-50 percent), good (50-90 percent), ex-
cellent (90-100 percent), and perfect (100 percent).
Dunham's concepts of mud support and grain support
correspond to the end members of no grain tangency and
perfect grain tangency, respectively. A limestone may
attain perfect (100 percent) grain tangency with a 65
percent volume of equidimensional grains or with a
much smaller percentage by volume of elongate or ir-
regularly shaped grains (Dunham, 1962, p. 114).

In the present investigation, the scale of grain tan-
gency was based on the examination of the limestone
samples with a binocular microscope, although some
notes were made in the field. In some samples the grain
relationships could be determined with confidence in
three dimensions, in others the determination was based
on the apparent grain tangency observed on one or more
two-dimensional surfaces. On no single surface did
elongate grains (such as fusulinids) appear to be sur-
rounded by sparry calcite cement, indicating grain sup-
port in a right-angle view, as shown by Dunham (1962,
p. 121, pl. VIIb).

Dunham (1962, p. 117, table I) presented a classifica-
tion of limestones based mainly on grain/mud support;
this classification has been used widely by carbonate
petrographers. His lime grainstone may be defined as a
limestone with perfect grain tangency and no microcrys-
talline matrix and his lime packstone as a limestone
with perfect grain tangency and some microcrystalline
matrix. He draws the boundary between no microcrys-
talline (lime mud) matrix and some at 1 percent (Dun-
ham, 1962, p. 113). Such precision is practicably unat-
tainable with only 10 x magnification and is difficult
with a petrographic microscope. His lime wackestone
may be defined as a generally microcrystalline
limestone with 10 percent or more grains and no grain
tangency (that is, the grains are mud supported) and his
lime mudstone as a generally microcrystalline limestone
with less than 10 percent grains and no grain tangency.
The division at 10 percent grains is reasonable and can
be estimated within a few percent using standard charts.
His remaining term, lime boundstone, is a limestone in
which the original components were bound organically
during deposition and remained essentially in growth
position.

The most serious conceptual problem with Dunham's
classification is the wide gap in percentage of grain
tangency between his lime packstone (100 percent) and
lime wackestone (0 percent). If a whole bed or a hand-
specimen sample must meet these requirements, then
there are many limestones that cannot be designated
with Dunham's classification. Even within the small
area of a petrographic thin section the requirement often
cannot be met, and a compromise designation of lime
wackestone-packstone must be used to indicate the
range of grain tangency between microscopic areas of
the sample. The compound designation of lime pack
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stone-grainstone indicates overlap across the subtle
boundary of 1 percent micritic matrix, and that of lime
mudstone-wackestone indicates overlap across the more
reasonable boundary of 10 percent grains; these less serious
problems are procedural and are not concerned so much
with basic concepts.

Because of such problems, Dunham's classification
was not used in the field. Description of textural constit-
uents, including percentage estimates of grains and
matrix material to the nearest 10 percent and approx-
imations with the scale of grain tangency, was con-
sidered more important than a subclassification of
limestones. Nevertheless, Dunham's terms are added to
the sentence of texture description, based on the study of
the samples with a binocular microscope, because
carbonate specialists are familiar with them. Geologists
who are not so familiar with his admittedly tentative
terms (Dunham, 1962, p. 117) may encounter communi-
cation problems with their inexplicitness and especially
with the ambiguous term "mudstone" that can be con-
fused with the detrital rock type when the "lime" prefix
is deleted as commonly is practiced.

Orientation of elongate grains (such as fusulinids) and
imbrication of lithoclasts were observed in a few
channels. Some grading of skeletal grains was observed
in a few beds. No detailed study of grain orientation was
made. The degree of induration was not described rou-
tinely because all of the Paleozoic limestones in this sec-
tion are well indurated.

No porosity was observed on the fresh surfaces of the
limestones, and only a trace number of small vugs were
seen on the weathered surface of one unit (74). Some
sparry calcite cement has filled vugs, intraskeletal
cavities, and other types of former porosity in many
units; however, many relatively young fractures, prob-
ably Tertiary in age, are also filled with sparry calcite.
Whether some spar was introduced during diagenesis or
all of it was deposited during or after the Tertiary frac-
turing is an important question of reservoir evaluation
that is better determined with petrographic evidence.

Evidence of recrystallization and replacement also is
best determined petrographically. Nevertheless, in some
limestones the matrix appears translucent instead of
opaque, and recrystallization to microspar is suspected.
In one interval (unit 13, 20-25 ft above the base) some
small blebs of sparry calcite have rectangular shapes and
may have been molds of anhydrite porphyrotopes
(Friedman and Sanders, 1978, p. 569).

Textural constituents of dolostones are similar in
many respects to the limestones they have replaced.
Ghosts of skeletal grains and some possible intraclasts
(unit 49) were recognized in the field study.

Matrix of the dolostones, in contrast to that of the
limestones, is generally medium (1/16-1/4 mm) to
coarsely (1/4-1 mm) crystalline (Folk, 1962, p. 74,
table 1I). Although the crystals are rhombic, they
generally are tightly fitted, probably by overgrowths,
into a mosaic texture (Bissell and Chilingar, 1967, p.
161). Only a small amount of sucrosic (intercrystalline)
porosity was seen. In imbibition tests, drops of water
did not soak into the matrix before 30 seconds, so the
permeability is judged to be very low, probably less
than 0.1 millidarcies.
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Nearly all of the dolostones have small scattered vugs,
about 1 mm in diameter, on the fresh surfaces. Larger
vugs up to 30 mm in diameter are seen on the weathered
surfaces and no doubt are the products of enlargement by
superficial solution.

Dunham's subclassification of limestones was used to
designate the inferred texture prior to dolomitization. An
assumption was made that the rhombic mosaic matrix
was originally microcrystalline calcite and that the
original grains are preserved as ghosts in the dolostones.
If true, most of the dolostones are replacements of lime
mudstones or wackestones.

Many of the dolostone units can be traced laterally at
least for hundreds or thousands of yards (for example,
unit 49) and probably are results of early diagenetic
dolomitization. A few show abrupt lateral changes
within a few feet from limestone to dolostone as fault
zones are approached (for example, the upper part of
unit 48); they probably are products of solution of
dolostones, possibly by hydrothermal action along
Wolfcampian fault zones, and immediate replacement
of adjacent limestones.

Textural constituents of cherts are even more similar
to the limestones than the dolostones. The matrix is
generally microcrystalline (probably extremely finely
crystalline) and opaque to translucent. Skeletal and other
grains replaced by chert tend to be well preserved. In
some cases, the selective process has replaced particular
grains and left others with their original calcareous
composition. In one interval (unit 31, 10-20 ft above the
base), coarse rhombic crystals appear to have been
dolomite porphyrotopes that were replaced by chert.
Dunham's classification was used to designate the
original limestone texture.

Textural constituents of the detrital mudstones were
described in standard terms similar to those of the carbonate
rocks. Siltstones (unit 4, 12-13 ft) were observed to be
nonfissile. Red mudstones (unit 54, 95-97 ft) were observed
to be platy and fissile (shaly).

4) SEDIMENTARY STRUCTURE—Descriptions of
sedimentary structures include data on lithosomes, beds
and bedding surfaces, laminae, and biogenic structures.
These data are important in analyses of depositional en-
vironments and paleocurrent directions and in projec-
tions of reservoir geometry. Unfortunately, fair to good
exposures are needed for reliable descriptions of sedi-
mentary structures, so the analyses of these properties
cannot be as comprehensive as those of the lithologic
properties.

Nearly all lithosomes of limestone and dolostone in
this section appear to be horizontal tabular bodies, but
they generally are not described because of the laterally
limited exposures. In most cases the contacts coincide
with bedding surfaces. Dolostone/limestone replace-
ment boundaries are described if they are oblique to
bedding surfaces. A lithosome of chert in two-dimen-
sional exposure is described as a band if the length/
width ratio is 10:1 or greater and as a nodule if the ratio
is less than 10:1. Orientation of the long axis is
generally parallel to bedding unless described
otherwise. Some chert nodules are described as linked
if they are connected laterally, parallel to bedding;
others are described as anastomosed if they are
connected vertically or obliquely to bedding.

The one lithosome of siltstone (unit 4, 12-13 ft) ap

pears to be a horizontal tabular body; the basal contact
is covered, and at the top contact the siltstone is grada-
tional with the overlying muddy limestone. Lithosomes
of red mudstone (for example, unit 54, 95-97 ft) are
restricted laterally by the shapes of ancient cavities that
they fill.

Stratification within lithosomes is described in terms of
bedding and lamination. The phrase "no discernible
stratification" in a fair to good exposure indicates that
neither bedding nor lamination are evident in the field and
in a poor exposure indicates that such layers are not evident
but may be masked by weathering.

Bedding and lamination concepts are modified from
the system of Campbell (1967). A bed is a principal
depositional layer, and a lamina is the smallest mega-
scopic layer within a bed. (Some geologists consider
laminae as merely thinner counterparts of beds.) Lami-
nasets may be recognized within beds, and beds may be
grouped into bedsets.

Beds are inferred to be originally horizontal unless
they are recognized as inclined or wavy. Shapes are
inferred to be tabular unless described as lenticular. In
one case (unit 15, 0-2 ft), beds were seen to lap out
downward along the base of the unit. The range of bed
thickness and the average are given in centimeters.
This procedure is considered simpler and more
accurate than describing in terms of bed-thickness
classes. Patterns of upward thinning or thickening
were seen in a few units.

The phrase "hints of beds" is used if multiple bed-
ding surfaces are barely discernible within a descriptive
interval. "Single bed" is used if bedding surfaces are
evident only at the base and top of the interval and if
the exposure quality is fair to good. "Single bed?" is
used if a bedding surface is evident at the base or the
top, but part of the interval between is poorly exposed
such that other surfaces may be masked. "No
discernible bedding"” is used if laminae are evident but
principal layers are not.

Bedding surfaces are described, especially where ex-
posed at the bases of descriptive intervals, if they are
particularly sharp, irregular, or have stylolites along
them. Plan views of bedding surfaces were seen only
rarely, and no directional features were recognized.

Lamination is described as horizontal, inclined, or
rippled. Laminasets were evident in only two units (2
and 43). Thicknesses of individual laminae were not
measured routinely, but they generally are less than a
few millimeters. Inclinations of laminae were measured
where possible, but only general directions of inclination
were estimated in two-dimensional exposures. The
phrase "hints of lamination" is used if lamination sur-
faces are barely discernible within a bed. "No discernible
lamination" is used if beds are evident but internal layers
are not, especially in good exposures.

Some bedding and lamination surfaces coincide with
changes in composition or texture. In many cases, the
lithology is the same above and below a stratification
surface. In a few cases, no stratification surfaces are
evident, but lithologic alternations are seen. Some lime-
stone beds consist of dominantly skeletal material or
other grains in the lower part and grade upward to dom-
inantly microcrystalline material in the upper part;
others show an inverse relationship. In some beds, skel-
etal grains are concentrated in lenses near the base that



may be channels. In one case (unit 38, 0-4 ft), lenses of
concentrated grains weather to a distinctive orange
color and appear superficially to be grainy chert nod-
ules.

No megascopic biogenic sedimentary structures were
recognized in this section. Some phylloid algal plates form
buildups a few feet high, but they are confined to beds or
bedsets; no large mounds were seen. Some small corals
appear to be in growth position. No burrows or borings
were recognized, but they may be masked in fair to poor
exposures.

5) TOPOGRAPHIC EXPRESSION, QUALITY OF EXPO-
SURE, AND AMOUNT OF COVER—Outcrop characteristics
are obvious properties of sedimentary units, although
they have only minor lithostratigraphic significance.
Systematic description of them is of greatest value to
field geologists who attempt to reconstruct the colum-
nar section, trace units laterally, or study the better ex-
posed units in more detail.

Topographic relief is the degree to which the rocks
of a descriptive interval in a columnar section project
above the baseline slope of the traverse. A scale of
topographic expression is presented here: slope, if any
vertical projection (sheerness) is less than 0.3 ft above
the baseline; slight ledge, if the vertical projection is
between 0.3 and 1 ft; moderate ledge, if between 1 and
3 ft; fairly prominent ledge, if between 3 and 10 ft;
prominent ledge, if between 10 and 30 ft; cliff; if
between 30 and 100 ft; and prominent cliff, if over 100
ft. Multiples of 3 and 10 were selected as boundaries to
provide an approximate geometric scale analogous to
those used for bedding and lamination (Campbell,
1967). Instead of using the scale, one may measure the
vertical projection for each interval, as is now
recommended for bedding and lamination thicknesses;
however, the extra time needed to obtain precise
measurements of topographic expression may not be
justified. Ideally, the topographic profile may be
surveyed over the entire traverse.

Horizontal projections also may be important parts
of the description. Some cliffs overhang the ledges be-
neath them; others are recessed from the underlying
ledges.

Boundaries of ledges and cliffs tend to coincide with
changes of rock types at bedding surfaces. However, the
coincidences are fewer in this dominantly carbonate sec-
tion than in others that have many alternations of mud-
stone. Moreover, changes from fairly prominent ledges
to slopes or to cliffs can be seen as units are traced
laterally. Offsets in the line of section to follow the locus
of best exposures, or the safest traverse over a cliff, may
produce some artificial discontinuities in the composite
description.

Quality of exposure is the degree to which the sedi-
mentary features in the rocks of a descriptive interval are
discernible on the surface. A scale for quality of ex-
posure is presented here: good exposure, if such features
as bedding and lamination are discernible, or their ab-
sence may be determined with confidence; fair exposure,
if bedding is discernible but lamination is not; and poor
exposure, if neither bedding nor lamination are
discernible. The degree of fracturing or weathering in a
poor exposure may be described.

Amount of cover is the degree that soil, vegetation, or
Quaternary deposits conceal the bedrock. If less than

half of a descriptive interval is concealed, it is
described as partly covered; if half or more, it is
described as mostly covered. If no exposure is seen for
over 10 ft of section, a separate covered interval may
be described, and the probable types of bedrock may be
inferred from adjacent exposures or from rubble on the
surface. If an interval of a particular rock type is
believed to lie beneath the cover between exposures of
other rock types, a separate covered unit may be
designated. Many covered intervals, but no covered
units, are described in the Big Hatchet Peak section.

Access and traverse data

ACCESS—The general access to the Big Hatchet Peak
section is shown in fig. 2. Most of the section can be
worked from Chaney Canyon on the west side of the Big
Hatchet Mountains. The upper few hundred feet near the
peak is best worked by entering Thompson Canyon on the
east side and climbing the trail to the top.

Permission to enter Chaney Canyon on the Heard
Ranch was obtained originally from Andy Peterson.
Later, Ben H. Ormand, president of Pacific Western
Land Company of Gila, New Mexico, the present land
owner, gave permission, as did Max Kelley who super-
vises the area from the Heard Ranch headquarters. Per-
mission to enter Thompson Canyon on the Hatchet
Ranch was given by Mahlon T. Everhart. Because the
Big Hatchet area is on federal land supervised by the
Bureau of Land Management, permission was also ob-
tained from Daniel C.B. Rathbun, Manager of the Las
Cruces district. The mountains currently are designated
as a wilderness study area and include a state wildlife
refuge for bighorn sheep and other animals.

To reach the area from Deming, a main town along 1-10,
drive west 31 mi to the junction with NM-81 (exit 49), and
then south 19 mi to the village of Hachita.

The following road log may be used to reach the Chaney
Canyon area:

Checkpoint pirecton Distance (mD

Hachita, New
Mexico

milepost 25

proceed south on NM-81
20.5

continue south 0.3

turn left (east) onto ranch road, 40

after cattle I
around north side of Benton well 0.4

guard
gte enter state wildlife refuge, curve
right (southeast)

turn left (east) to follow road up
. 2.5
gentle grade of alluvial fan

turn left (east) to follow jeep 07
trail (old logging road) '

curve right (south) to 40 up steep
gradegof alluvial fan 0.6

turn around and park

0.7
Chaney well

junction

west of main
arroyo

end of jeep

trail total 25.7

A four-wheel drive vehicle with good power is needed
to reach the base of the section in Chaney Canyon. The
nearest motel facilities are in Deming or Lordsburg, and
the optimum driving time to the base is over two hours,
so camping out is advisable if the section is to be studied
in detail. A campsite is present at the end of the jeep trail.
Extra food and water should be taken in case an
unexpected rain makes the low part of the ranch road too
muddy to leave. The worst part, between Benton well and
the gate, can remain very muddy for several
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weeks after only a brief rain; a detour to the south of that
part can be made after a few days of dry weather.

Normally, the best field season is from mid-April
through mid-July. Days are too short to justify camping
out during the winter months, and snowstorms occa-
sionally cover the outcrops. Strong winds from the
southwest during late February, March, and early April
are a hazard while working the cliffs. Maximum sum-
mertime temperatures are often over 100 °F but are com-
fortable with a gentle breeze. On the longest summer
days, sunrise is at 6:00 a.m. and sunset is at 8:00 p.m.
Mountain Daylight Time. During late July and August,
rainstorms can be a daily afternoon occurrence, some-
times with lightning crackling all over the mountains.
With the rains come gnats, flies, bees, and other desert
varmints. A few rattlesnakes may be seen, but generally
they are not a problem. Rainstorms are less frequent
during September and October; however, they can be
just as intense as those during the summer.

TRAVERSE DATA—Table 5 provides details of
traverse data. The line of section is shown on the
geologic map (fig. 2) and on the panoramic photograph
(fig. 5). Unit numbers were painted in red at the lowest
exposure of each unit and, where possible, a red line was
painted at the base. More permanent metal-tag markers
may be placed later.

The thickness of each unit was measured to the near-
est 1 ft with the Jacob staff-Abney level combination
described earlier. The total cumulative thickness is
calculated to be 3,308 ft, and that figure should be within
5 percent of the true total thickness. Strikes and dips of
beds used in measuring each unit are shown in the fourth
column of table 5. Strikes were measured to the nearest 5
° using a declination setting of N. 12.5° E., and dips
were measured to the nearest 2° with a Brunton pocket
transit placed on a masonite board oriented to be
coplanar along main bedding surfaces. Where possible,
at least one measurement of strike and dip was taken in
each unit, but only significant variations are recorded.

An approximate survey of the line of section from
unit 1 through unit 72 is given in the fifth through the
eighth columns of table 5. The direction from the base
to the top of each unit was measured to the nearest 5°
with a Brunton pocket transit; however, the slope dis-
tance to the nearest yard along the traverse was esti-
mated by pacing over rugged topography and is the
least accurate of the measurements given. The
difference in elevation from the base to the top of each
unit was measured by height-of-eye, using the pocket
transit as a hand level. Each increment was measured to
the nearest 1 ft. The cumulative difference in elevation
from the base of unit 1 to the top of unit 72 is
calculated to be + 2,110 ft and should be accurate
within 5 percent. The rest of the section, units 73-78,
was not surveyed because another pack trip to Big
Hatchet Peak would have been necessary. Elevation of
the top is approximately 8,120 ft and the base of the
section is at about 5,940 ft. The difference of 2,180 ft
agrees fairly well with the 2,110 ft measured plus the
100 to 200 ft estimated for the rest of the section.

Notes in the ninth column of table 5 describe the
general topographic setting of each unit along the line
of section. Units 1-16 were measured in arroyos or on
crests of spurs. Units 17-45 were measured on the main

spur; the first fairly prominent ledge was encountered in
unit 30 and the first prominent ledge in unit 36. Units 46-78
were measured over the nine cliffs and the intervening
ledges and slopes.

As indicated, 18 lateral offsets ranging from 10 yards
to 615 yards were needed to keep the line of section
along the locus of best exposures, to avoid local struc-
tural complexities, or to follow the safest traverse3 over
the cliffs. Where possible, these offsets were made by
tracing marker units to tie the segments of the strati-
graphic succession.

FOOT TRAILS—Selected portions of the section
from unit 1 through unit 72 may be reached by the
following foot-trail logs. To reach the base of the section
from the end of the jeep trail, walk west-northwest
downhill for 270 yards to the bottom of the arroyo. To
reach the point 15 ft above the base of unit 16 (after the
offset), walk along the main trail uphill, going southwest
for 30 yards, south for 205 yards, and southeast for 85
yards. Continue southeast on the main trail for 70 yards
to unit 18. To bypass units 19-21, continue on the main
trail south-southwest for 50 yards (to tree), then south-
southeast for 65 yards to unit 22. Continue southeast for
75 yards to unit 25. Continue east-southeast for 55 yards
and generally southeast for 135 yards to unit 30.
Continue generally south over prominent ledges for 75
yards to unit 33, south-southwest for 150 yards to unit
40, and south-southwest for 70 yards to unit 41. At this
point, the line of section goes generally southeast to
traverse units 41-49; however, the main trail to higher
units goes south-southwest downhill for 85 yards to
cross the drainage, south-southwest for 180 yards, and
southeast for 85 yards to the top of the first cliff. At this
point, the line of section goes generally southeast to
traverse units 50-53; however, the main trail to higher
units goes south-southeast for 70 yards to a main drain-
age with large talus boulders and then southeast up the
drainage for 150 yards to rejoin the section at unit 54.

The prominent drainage notch here is the only breach
that was found in this part of the second cliff. The steep
20-ft climb up to the breach, with only a few small foot-
holds in the limestone, is one of the main hazards. A
nylon rope was tied to the tree at the top, but the rope
should be tested before attempting the climb. The rest of
the main trail generally coincides with the line of sec-
tion, except that the fifth cliff can be climbed with less
difficulty at the main drainage notch to the east of where
unit 68 was measured. Although ropes were tied to aid
in climbing the other cliffs, they also should be tested;
all such climbs should be done carefully.

Hiking and climbing time from the end of the jeep
trail up 1,000 ft to unit 54, near the breach in the
second cliff, is about 1 1/2 hours at a moderate pace
with a few brief rest stops, but not stopping to study the
strati-graphic sequence. Hiking and climbing time up
2,100 ft to the top of unit 72 is about 4 hours. Although
the return trip back down to the end of the jeep trail can
be made in half the time or less, it also should be done
carefully.

WORK ON BIG HATCHET PEAK—Because of the
long climb from the Chaney Canyon base, the upper 363 ft
of section, units 73-78, were worked out of a camp on Big
Hatchet Peak. Arrangements were made with William J.
Everhart at the Hatchet Ranch to transport camping



gear, food, and water by horseback to the peak. He was
assisted by David L. Smith and Alvin L. Morris. The
best procedure is to drive to Thompson Canyon in the
morning, pack the goods to be transported, and climb
the trail to the peak. That afternoon meet the riders at
the top and make camp. Communications can be made
with a portable CB radio. To return, pack the gear to be
transported again, go back down the trail, and meet the
riders in Thompson Canyon where the horses are un-
loaded.

The following road log may be used to reach the
Thompson Canyon area. Some parts between Rock
tank and the end are rough, but the road is passable
with a four-wheel drive vehicle or a pickup truck.

Checkpoint Direction Distance (mi)

Hachita, New proceed south on NM-81 Mexico

junction turn left (south) on ranch road 9.6

Hatchet after checking with rancher, 6.9

Ranch continue south

junction turn left (southeast) 0.4

junction go right (southwest) 34

Rock tank continue generally southwest 0.2

gate continue southwest 17

end of road park on south side of Thompson 18
Canyon total 24.0

As shown on fig. 3, the horse trail starts at the end of
the road, goes southwest up the canyon, curves right to
go southwest uphill then down and up a fault-controlled
valley, then northeast across a saddle on the ridge trend-
ing south and southeast from Big Hatchet Peak, contin-
uing northeast toward Sheep tank, and finally northwest
up the draw to the peak. The horse trail is about 2 mi
long, climbs about 2,600 ft, and can be travelled on foot
in about 6 hours at a moderate pace. However, some
walking time can be saved by crossing the arroyo north
of the end of the road, climbing westward up the
limestone-dolostone ridge, going down and following the
horse trail northwest up the valley to the saddle, but then
going northwest and north along the crest of the ridge to
the peak. Either way, no serious hazards are encountered.
Other routes may be possible, but those attempted were
found to be blocked by hazardous climbs over sheer
cliffs or thick vegetation in drainages.

On the peak, at an elevation of 8,356 ft, is a triangula-
tion station of the U.S. Coast and Geodetic Survey and a
solar-powered antenna of the U.S. Customs Service. The
antenna is checked every few weeks by helicopter. The
best campsite is located in a small saddle some yards to
the southwest. At the end of the four-day reconnaissance
trip in late October 1977, a heavy rain during the last
night soaked through a canvas pup tent and drenched all
the equipment. Next morning, the clouds hanging over
the peak were so thick that visibility was reduced to a
few yards, and the climb back down the crest of the ridge
was somewhat hazardous. During the five-day period in
late April 1978 when the remaining part of the section
was measured and described, the winds were so strong at
night that a new nylon pup tent was blown down several
times, and finally the tabs holding the guy lines were
ripped off.

To reach the top of the measured section, begin at the
triangulation station, walk northeast along the crest for
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100 yards, then east-southeast downhill along the crest
for 150 yards, then east-northeast along the crest (cov-
ered by soil and vegetation) for 40 yards, and northeast
downhill for 50 yards. The stratigraphic position here at
the top of unit 78 is approximately the same as that of
the beds exposed at the triangulation station. Farther
southeast down the dip slope, some younger Horquilla
limestone beds are exposed; however, major faults sepa-
rate these beds from the youngest Horquilla that is in
contact with the overlying Earp Formation. R.A. Zeller
(personal communication, 1961) estimated that the beds
on Big Hatchet Peak are about 200 ft stratigraphically
below the base of the Earp.

To reach the base of unit 73, begin at the top of unit 78
and follow the traverse data of table 5 in reverse. As before,
climbing over the cliffs is somewhat hazardous. An
advantage in climbing down from the top first is that the
nylon ropes can be tested and replaced if necessary before
going down. Hiking and climbing time from the
triangulation station to the base of unit 73 is about 2 hrs at a
moderate pace.

Working the upper units from Big Hatchet Peak is
definitely easier than working them from the Chaney
Canyon base. However, the logistical problems and the time
involved should be considered before such work is
attempted. No petroleum objectives were found, and an
equivalent stratigraphic section is much more accessible in
the upper part of the New Well Peak section (Zeller, 1965,
p. 84-85).

FIELD TIME—A total of 74 days was spent in the field
working alone from June 1976 to July 1979. This proj-
ect took three years to complete because of the limited
field season when camping out is feasible, the many
delays caused by unexpected rain or snow, and work on
other important projects. Reconnaissance work took 23
days searching for the best exposures, working out
structural problems, finding the best places for the off-
sets, clearing the foot trails, and improving the jeep
trail up to the base of the section in Chaney Canyon.
Measuring, describing, and sampling the Big Hatchet
Peak section took 42 days, but about a quarter of that
time was spent in hiking and climbing to and from the
higher units. Nine days were spent in concluding field
work, checking some earlier descriptions, surveying the
line of section from unit 1 through unit 72, and taking
photographs of key features. Now that the section is all
laid out, a detailed study could be completed in about
10 days under ideal conditions.

Sample collection

Table 6 is a list of the 142 samples that were collected in
the Big Hatchet Peak section. The list is in order from the
top to the base and follows the descriptions in table 4, the
tables presenting results of laboratory analyses, and the
summary graphic plot in appendix 3.

Sample notations indicate the name of the section, the
unit number, and the footage above the base of the unit.
For example, BHP-78-42 indicates 1) the Big Hatchet
Peak section, 2) unit 78, and 3) that the collection was
from 42 ft above the base of unit 78. This procedure is
the simplest and most flexible one that designates sam-
ples from a single section in stratigraphic order. Some
workers use notations with the cumulative footage
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above the base of the section; however, serious prob-
lems can arise if subtle structural complications or
arithemetical errors are discovered after measurement.
Some workers use a consecutive-number series, but in-
tervening samples collected after the initial set cannot
be numbered in stratigraphic order.

A few deviations from the usual notation are in-
cluded. A reconnaissance sample was collected from the
limestone bed on top of Big Hatchet Peak that is not in
the line of section. Samples representing different rock
types from the same footage interval are labelled a and
b. For example, BHP-19-4a contains limestone, and
BHP-19-4b contains chert.

To show the stratigraphic spacing of the samples, the
cumulative footage above the base of the section is
calculated in the second column of table 6. Samples were
collected near the base of each unit to determine the
major lithologic changes across unit boundaries.
Additional collections were made to show significant
minor changes within the units. In units with a thickness
greater than 50 ft, additional samples were taken as a
check on the vertical extent of lithologic properties.

The basic rock name that characterizes each sample is
given in the third column. Complete lithologic descrip-
tions may be found in table 4. Sample notations are
given at the end of the specific intervals from which the
samples were taken.

Purposes for which the samples were collected are
indicated in the fourth through seventh columns. All
collections with the same notation were taken from the
same block of rock to provide a basis for comparison
of analytical results. Samples for different purposes
were placed in separate bags. The bags are 4 1/2 x 6
inches in size and are made of protexo® by HUBCO.
On one side of each label, the name and address of the
collector are stamped; on the other side is a stamp with
blanks for basic information including the sample
notation, rock type, analytical purpose, location, and
date of collection.

The largest number of samples (137) was collected
for the petrographic analyses. At least one sample was
collected of each rock type making up 10 percent or
more of each unit; some samples of rock types making
up significant trace amounts were also collected. A hand
specimen about 2 x 3 x 4 inches with both fresh and
weathered rock was included in each bag. An arrow
pointing up stratigraphically was drawn in red with a
felt waterproof marker on the weathered surface. Also
included was a thin chip of fresh rock, about 1 inch in
diameter, that was used to make the lithologic descrip-
tion in the field and the check with the binocular micro-
scope in the laboratory. A few extra pieces of fresh rock
were included in some cases. Most of the thin sections
were prepared by Thea A. Davidson and Jim P. Dodson,
technicians at the New Mexico Bureau of Mines and
Mineral Resources (NMBMMR); four supplementary
thin sections were prepared by Mike Gower of Standard
Petrographic in Lubbock, Texas. Results of the
petrographic analyses by Alonzo D. Jacka are given in
table 7. Two samples (BHP-4-13, BHP-54-96) were

submitted to R.M. North, NMBMMR, for x-ray identi-
fication of silt and clay minerals; results are incorporated
in table 4.

A moderate number of samples (57) was collected for
paleontologic analyses, especially of the fusulinids.
While the section was being measured, at least one sam-
ple of fusulinids was collected from each unit in which
they were observed; additional ones were collected
where seen to be abundant or well preserved. Some al-
gae also were collected. After the initial identifications
were made, supplementary collections were taken to get
closer control on the series boundaries. Results of the
taxonomic and age determinations by Garner L. Wilde
are given in table 1. Oriented thin sections for critical
identifications were prepared by Edolio Yanguas of
Houston, Texas (samples BHP-2-1, BHP-13-75, BHP-
22-1, BHP-53-3, and BHP-68-4). Especially in the
lower part of the Horquilla where fusulinids were too
small to be seen in the field with 10 x magnification,
some identifications were made from thin sections pre-
pared for petrographic analyses (samples BHP-1-0,
BHP-2-1, BHP-3-2, BHP-5-0, BHP-8-la, BHP-9-5,
BHP-9-6, BHP-11-1, BHP-12-1, BHP-13-7, BHP-13-23,
BHP-14-3, and BHP-24-1).

The 11 samples for petroleum-source analyses were
selected from units with dark limestones to evaluate
the intervals that appeared to be the richest in organic
carbon. Only a minimum number of surface samples
were collected in order to conserve funds for more
definitive analyses of subsurface samples of drill
cuttings. Results of the analyses by Paul J. Cernock
and others at GeoChem Laboratories in Houston,
Texas, are given in table 2. Because, as expected, only
moderate amounts of organic carbon were determined
in these shallow-marine shelf deposits, no additional
collections were made.

The 13 samples for petroleum-reservoir analyses
were collected from all of the dolostone units in which
vuggy porosity was observed. Although few in number,
these samples were taken to analyze in moderate detail
this major reservoir facies of the upper member of the
Horquilla that so far has not been found elsewhere in
surface or subsurface sections. Based on preliminary
imbibition tests, the matrix permeability of the
dolostones and the total effective porosity-permeability
of the limestones were inferred to be very low. Results
by Konnie W. Andrews and others at Core Laboratories
in Dallas, Texas, are given in table 3; they confirm the
preliminary observations, but the vuggy porosity could
not be evaluated accurately with the plug analyses.

The 218 sample bags have been returned to
NMBMMR for storage and contain much rock material
that can be used for further analyses. Thin-section blanks
are kept separately; they were etched in dilute
hydrochloric acid and used in the laboratory check of the
lithologic descriptions with a binocular microscope. Thin
sections prepared for petrographic analyses are stored in
Jacka's collection; those prepared for paleontologic
analyses are stored in Wilde's collection.



85

TABLE 4—DESCRIPTION OF LITHOSTRATIGRAPHIC UNITS, BIG HATCHET PEAK SECTION (E 1/2 SEC. 6, T. 31 S, R. 15 W.,
HIDALGO COUNTY, NEW MEXICO). Each descriptive interval within a unit is designated by footages above base of unit; each sample is listed
at end of description of rock type, notation indicates BHP unit number and footage above base of unit.

Unit

Description

Thickness
(ft)

78

77

76

75

Top is at present erosion surface on Big Hatchet Peak.
Horquilla Formation (Pennsylvanian-Permian), highest exposed; total estimated, 3,500 ft; total measured

Upper member of Horquilla (Desmoinesian- Wolfcampian), highest exposed, total measured

Limestone, partly covered

38-45 ft Limestone (100%): medium brownish gray (5YR5/1 to N5); weathers light gray (N7) to yellowish
gray (5Y7/1), some red iron stain along fractures. Calcareous (100%). Matrix (80%): microcrystalline;
skeletal (20%): fusulinids (4 x 6 mm), algae, crinozoans (1-1.5 nun diameter), others; fair grain tangency,
some grading; lime wackestone-packstone. Hints of beds 10-30 cm thick, stylolites along some surfaces;
no discernible lamination. Fairly prominent ledge; fair to poor exposure, some fractured and weathered.
BHP-78-42.

23-38 ft Limestone (100%): resembles 0-17 ft. Moderate ledge; poor exposure, deeply weathered (covered
laterally).

17-23 ft Covered (100%): probably limestone, some rubble. Slope.

0-17 ft Limestone (100%): dark brownish gray (5YR3/1) to dark yellowish brown (10YR3/2); weathers
medium light gray (N6-N7). Calcareous (100%). Matrix (80%): microcrystalline; skeletal (20%): pale
yellowish brown (10YRG6/2), fusulinids (4 x 6 mm), algae; generally no grain tangency, some tangent with
grading; lime wackestone-packstone. Beds 10-50 cm, average 40 cm thick, stylolites along surfaces; no
discernible lamination; concentrations of fusulinids may indicate channels. Prominent ledge; fair to good
exposure, some fractured and deeply weathered. BHP-78-4.

Limestone, mostly covered

75-100 ft Covered (100%): probably limestone, much rubble. Slope.

68-75 ft Limestone (100%): resembles 40-44 ft. Slight ledge; poor exposure.

60-68 ft Covered (100%): probably limestone. Slope.

50-60 ft Limestone (100%): resembles 40-44 ft. Slight ledge; poor exposure.

44-50 ft Covered (100%): probably limestone. Slope.

40-44 ft Limestone (100%): moderate brownish gray (5YR5/1) to pale yellowish brown (10YR5/2); weathers
light gray (N7). Calcareous (100%). Matrix (60%): microcrystalline; skeletal (40%), algae, fusulinids (4
mm diameter); poor grain tangency; lime wackestone. No discernible stratification. Moderate ledge; fair to
poor exposure. BHP-77-41.

24-40 ft Covered (100%): probably limestone. Slope.

21-24 ft Limestone (100%): medium brownish gray (5YR5/1); weathers light gray (N7). Calcareous (100%).
Skeletal (80%): algae, mostly in small fragments, some oncoids (7 x 10 mm) with irregularly layered en-
crustations (3 mm thick), rare fusulinids, others; very small grains (10%): some with coats or rinds; matrix
(10%): microcrystalline; lime packstone-wackestone. No discernible stratification. Moderate ledge above cliff;
poor to fair exposure. BHP-77-22.

0-21 ft Covered (100%): probably limestone. Slope.

Limestone, cliff

17-44 ft Limestone (100%): resembles 0-7 ft. Beds 100 cm or more thick; upward thickening. Upper part of cliff; fair
exposure.

10-17 ft Limestone (100%): resembles 0-7 ft. Beds 50 cm thick. Lower part of cliff; fair exposure.

7-10 ft Limestone (100%): dark brownish gray (5YR3/1) to dark yellowish brown (10YR4/2); weathers light
gray (N7). Calcareous (100%), muddy (trace). Matrix (80%): microcrystalline calcite, silt, and probable
clay; skeletal (20%): pale yellowish brown (10YRG6/2), algae forming irregularly layered encrustations (3
mm thick) on oncoids, fusulinids (3 x 5 mm), others; poor grain tangency; lime wackestone. Beds 5-10 cm
thick, some slightly wavy surfaces may be result of deformation, slickensides on some surfaces. Slight
ledges (cliff laterally); fair exposure. BHP-76-8.

0-7 ft Limestone (100%): light brownish gray (5YR6/1) to pale yellowish brown (10YR6/2); weathers medium
light gray (N6 to N7). Calcareous (100%). Matrix (90%): microcrystalline; skeletal (10%): algae, fusulinids
(2 mm diameter), others; poor grain tangency; lime wackestone. Beds about 30 cm thick, stylolites along
some surfaces; no discernible lamination. Fairly prominent ledge (forms lower part of cliff laterally, modern
cave 10 ft high to southwest); fair exposure. BHP-76-3.

Limestone, cliff, upper part covered

44-54 ft Covered (100%): probably limestone. Slope.

18-44 ft Limestone (100%): resembles 4-15 ft. Fair exposure.

15-18 ft Limestone (100%): resembles 0-4 ft. Fair exposure.

4-15 ft Limestone (100%): medium brownish gray (5YR5/1); weathers light gray (N7). Calcareous (100%).
Skeletal (60%): fusulinids (4 x 6 mm), algae, crinozoans, others; matrix (40%): microcrystalline; good grain
tangency; lime wackestone-packstone. Beds 30-100 cm thick, stylolites along surfaces, sharp surface at base; no
discernible lamination. In cliff, fair to good exposure. BHP-75-7.

0-4 ft Limestone (100%): brownish gray (5YR4/1) to dark yellowish brown (10YR4/2), some black specks;
weathers light gray (N7), some yellow and red iron stain. Calcareous (100%), siliceous (trace). Grains
(60%): very small, some black; skeletal (30%): algae, biserial foraminifers (1 x2 mm), others; matrix
(10%): microcrystalline; excellent grain tangency; lime packstone-wackestone. Beds 5-10 cm thick,
some wavy surfaces, sharp surface at base; no discernible lamination. Lower part of cliff; fair exposure,
some weathered, nodular. BHP-75-1.

Mudstone (trace): moderate red (5R5/4), weathers moderate pink (5R7/4). Muddy (60%), calcareous (40%).
Chalky texture, may be weathered or deformed limestone. Irregular seams 3-6 mm thick between limestone beds;
some mudstone appears to fill fractures, may be filling ancient cavities.

100

44

54
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TABLE 4 (continued)

Unit

Description

Thickness
(ft)

74

73

72

71

70

69

Limestone, cliff

54-115 ft Limestone (100%): resembles 35-54 ft. Upper part of cliff, recessed at top.

35-54 ft Limestone (100%): brownish gray (5YR4/1); weathers medium light gray (N6 to N7), some red
iron stain. Calcareous (100%), siliceous (trace). Matrix (60%): microcrystalline; skeletal (40%):
fusulinids (4 x 6 mm), very small algae?; good grain tangency; lime wackestone-packstone; porosity
(trace): small scattered vugs near top on weathered surface. Beds 25 cm thick, sharp surface at base. In
cliff; fair exposure. BHP-74-54.

5-35 ft Limestone (100%): brownish gray (5YR4/1); weathers light gray (N7). Calcareous (100%). Matrix
(80%): microcrystalline; grains (20%): very small, some coats or rinds; poor grain tangency, lime wacke-
stone. Hints of beds 10-30 cm thick, stylolites along some surfaces. In cliff; fair exposure, some fractured.
BHP-74-35.

0-5 ft Limestone (100%): brownish gray (5YR4/1 to N4); weathers light gray (N7), some red iron stain, some
very pale orange (10YR8/2), calcareous crust. Calcareous (100%). Grains (70%): very small; skeletal
(20%): crinozoans (1-3 mm diameter), rare fusulinids (3-5 mm diameter), others; matrix (10%): micro-
crystalline; perfect grain tangency; lime packstone-grainstone. Beds 20-30 cm thick in lower part, not dis-
cernible in upper part, sharp surface at base; no discernible lamination. Lower part of cliff, recessed from
ledges below; fair to good exposure. BHP-74-0.

Limestone and chert

1-5 ft Limestone (60%): resembles 0-1 ft. Moderate ledge; fair to good exposure.

Chert (40%): brownish black (5YR2/1 to N2); weathers same. Siliceous (90%), calcareous (10%). Ma-
trix (90%): microcrystalline, opaque; skeletal (10%): sponge spicules, rare crinozoans (1 mm diameter);
poor grain tangency; lime wackestone. Nodules 3 x 6 cm, long axis generally parallel to bedding. BHP-
73-2.

0-1 ft Limestone (90%): dark grayish brown (5YR3/2); weathers light gray (N7). Calcareous (90%), siliceous
(10%). Matrix (70%): microcrystalline; skeletal (30%): very small, sponge spicules (1 mm long), others;
poor grain tangency; lime wackestone. Beds 15 cm thick; no discernible lamination. Slight ledges; fair ex-
posure. BHP-73-1.

Chert (10%): resembles 1-5 ft.

Limestone, prominent ledge, slope at top.

35-50 ft Limestone (100%): resembles 0-35 ft. Slight ledges to slopes, partly covered.

0-35 ft Limestone (100%): brownish gray (5YR4/1); weathers light gray (N7). Calcareous (100%). Matrix
(90%): microcrystalline; skeletal (10%): pale yellowish brown (10YR6/2), fusulinids (3 x 8 mm); no grain
tangency; lime wackestone. Hints of beds about 100 cm thick. Prominent ledge; fair to good exposure.
BHP-72-2.

Limestone, fairly prominent ledge, upper part covered

19-45 ft Covered (100%): probably limestone, may contain chert in upper part. Slope.

0-19 ft Limestone (100%): brownish gray (5YRA4/1); weathers light gray (N7), some red iron stain. Calcareous
(100%), siliceous (trace). Matrix (100%): microcrystalline; skeletal (trace): pale yellowish brown (10YR6/2),
fusulinids (2 x 4 mm), brachiopods, others; no grain tangency; lime mudstone. No discernible stratification.
Fairly prominent ledge; poor to fair exposure, some fractured and weathered. BHP-71-2.

Dolostone, cliff, slope at top.

37-54 ft Dolostone (100%): resembles 0-37 ft. Moderate to slight ledges above cliff, covered slope at top.

0-37 ft Dolostone (100%): light brownish gray (5YR6/1 to N6); weathers very pale orange (10YR8/2). Dolo-
mitic (100%), siliceous (trace). Matrix (100%): medium to coarsely crystalline, rhombic, mosaic;
skeletal (trace): ghosts of crinozoans?, others; poor grain tangency; lime mudstone; porosity (trace): vugs
0.5-1 mm diameter on fresh surface, 10-20 mm on weathered surface. No discernible stratification.
Upper part of cliff, fair to good exposure. BHP-70-3.

Limestone, minor chert, cliff

75-87 ft Limestone (100%): medium brownish gray (5YR5/1); weathers medium gray (N6). Calcareous (100%).
Matrix (80%): microcrystalline; skeletal (20%): algae, others; poor grain tangency; lime wackestone. Hints of
beds 20-30 cm thick. Upper part of cliff; slightly recessed; fair exposure. BHP-69-85.

44-75 ft Limestone (100%): resembles 20-25 ft. Matrix (60%); skeletal (40%): algae, few fusulinids. Beds 10-
50 cm thick, stylolites along surfaces. In cliff; fair exposure, some local solution produced pock marked
weathered surface.

25-44 ft Limestone (100%): resembles 20-25 ft. Matrix (100%). Fairly prominent ledges to cliff; fair exposure.

20-25 ft Limestone (100%): brownish gray (5YR4/1); weathers light gray (N7). Calcareous (100%),
siliceous (trace). Matrix (70%): microcrystalline; skeletal (30%): pale yellowish brown (10YR6/2),
fusulinids (3 x 6 mm); fair grain tangency, no dominant orientation; lime wackestone-packstone. Beds
5-25 cm thick; no discernible lamination. Fairly prominent to moderate ledges (cliff to southwest); fair
to good exposure. BHP-69-24.

15-20 ft Limestone (100%): resembles 0-10 ft.

10-15 ft Limestone (90%): dark brownish gray (5YR3/1); weathers light gray (N7). Calcareous (100%). Matrix
(100%): microcrystalline; lime mudstone. Beds 10-20 cm thick, sharp surfaces, some deformed. Slightly
recessed part of cliff; fair exposure.

Chert (10%, absent to east): brownish gray (5YR4/1 to N4); weathers pale yellowish brown (10YR7/2).
Siliceous (100%), calcareous (trace). Matrix (90%): microcrystalline, opaque to translucent; skeletal (10%):
sponge spicules, others; poor grain tangency; lime wackestone. Nodules 15-25 c¢cm in height, some are linked to
form bodies 100 ¢cm long. BHP-69-14.

0-10 ft Limestone (100%): brownish gray (5YR4/1 to N5); weathers light gray (N7). Calcareous (100%). Matrix
(80%): microcrystalline; skeletal (20%): pale yellowish brown (10YR6/2 to N6), fusulinids (3 x 4 mm), algae,
others; fair grain tangency; lime wackestone-packstone. Beds 10-25 cm thick, stylolites along surfaces; no
discernible lamination. Lower part of cliff; fair to good exposure. BHP-69-3.

115
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TABLE 4 (continued)
Thickness
Unit Description (ft)
68 Limestone, cliff, upper part covered 120
100-120 ft Covered (100%): probably limestone. Talus slope.
70-100 ft Limestone (100%): resembles 35-70 ft. Moderate to slight ledges; poor exposure, partly covered.
35-70 ft Limestone (100%): medium brownish gray (5YR5/1 to N5); weathers light gray (N7 to N6). Calcareous
(100%), siliceous (trace). Matrix (90%): microcrystalline, skeletal (10%): fusulinids (3 x 6 mm), crinozoans,
algae?, others; poor grain tangency; lime wackestone. No discernible stratification. Upper part of cliff; poor to
fair exposure, some fractured and weathered. BHP-68-70.
8-35 ft Limestone (100%): resembles 0-5 ft.
5-8 ft Limestone (100%): resembles 0-5 ft. Skeletal material is concentrated in lower parts of some beds.
0-5 ft Limestone (100%): dark brownish gray (5YR3/1); weathers medium light gray (N6). Calcareous (100%). Matrix
(80%): microcrystalline; skeletal (20%): pale yellowish brown (10YR6/2), fusulinids (4 x 6 mm), crinozoans,
algae, rare brachiopods; poor grain tangency; lime wackestone. Beds 10-35 cm thick; no discernible lamination.
Lower part of cliff; fair to good exposure. BHP-68-4.
67 Dolostone, upper part covered 148
115-148 ft Covered (100%): probably dolostone. Talus slope covered by soil and vegetation.
75-115 ft Dolostone (100%): resembles 15-30 ft. Matrix (100%); skeletal (trace): ghosts of crinozoans, others; no
grain tangency; lime mudstone; porosity (trace): vugs 1-2 mm diameter, rarely 5 mm, some on weathered
surface. Fairly prominent ledges; fair exposure, partly weathered. BHP-67-114.
55-75 ft Dolostone (100%): resembles 15-30 ft. Vugs 1 mm diameter on fresh surface, more numerous than those of
15-30 ft, less evident on weathered surface. Prominent ledge (forms upper part of cliff to southwest); fair to good
exposure. BHP-67-68.
30-55 ft Dolostone (100%): resembles 15-30 ft. Moderate to fairly prominent ledges (forms cliff to southwest); poor to
fair exposure, partly covered.
15-30 ft Dolostone (100%): light brownish gray (5YR7/1 to N7): weathers very pale orange (10YR8/2) to pinkish
gray (5YR8/1). Dolomitic (100%). Matrix (90%): medium to coarsely crystalline, rhombic, mosaic; lime
mudstone; porosity (10%): vugs 1-3 mm diameter on fresh surface, up to 10 mm on weathered surface,
some partly filled with yellowish to greenish impure calcite. No discernible stratification. Prominent ledges;
fair to good exposure. BHP-67-22.
0-15 ft Dolostone (100%): medium brownish gray (5YR5/1 to N5); weathers pale yellowish brown (10YR6/2).
Dolomitic (100%), calcareous (trace). Matrix (100%): medium crystalline, rhombic, mosaic; skeletal
(trace): crinozoans (1 mm diameter), not replaced, others; no grain tangency; lime mudstone; porosity
(trace): vugs 0.5-1 mm diameter. No discernible stratification. Moderate ledge in lower part to prominent
ledge in upper part; fair to good exposure. BHP-67-10.
66 Limestone 30
17-30 ft Limestone (100%): resembles 0-17 ft. Slight ledges; poor exposure, partly covered.
Chert (trace): small nodules.
0-17 ft Limestone (100%): brownish gray (5YR5/1 to N5); weathers light gray (N7). Calcareous (100%).
Matrix (90%): microcrystalline, opaque to translucent, may be recrystallized; skeletal (10%): fusulinids
(2 x 6 mm), others; no grain tangency; lime wackestone. Hints of beds over 100 cm thick; irregular
replacement contact with underlying dolostone, | ft relief. Moderate to fairly prominent ledge; fair
exposure. BHP-66-9.
65 Dolostone 97
80-97 ft Dolostone (100%): resembles 0-15 ft. Matrix (100%): coarsely to very coarsely crystalline,
rhombic, mosaic; lime mudstone; porosity (trace): vugs 1-2 mm diameter. Fairly prominent ledges; fair
exposure. BHP-65-94.
40-80 ft Dolostone (100%): resembles 0-15 ft. Matrix (90%); porosity (10%): vugs resemble 15-40 ft. Moderate to
slight ledges; poor exposure, partly covered.
15-40 ft Dolostone (100%): resembles 0-15 ft. Matrix (90%); lime mudstone; porosity (10%): vugs 0.5-1 mm diameter
on fresh surface, 2-20 mm, average 5 mm diameter, on weathered surface. Fairly prominent ledge; fair exposure.
BHP-65-22.
0-15 ft Dolostone (100%): light brownish gray (5YR7/1 to N7); weathers yellowish gray (5Y8/1). Dolomitic
(100%). Matrix (100%): medium to coarsely crystalline, rhombic, mosaic; skeletal (trace): ghosts of crino-
zoans, others; no grain tangency; lime mudstone; porosity (trace): vugs 1 mm diameter. Hints of beds over
100 cm thick, sharp surface at base; dolostone replacement locally extends slightly below the top into un-
derlying limestone. Moderate ledge; fair exposure. BHP-65-2.
64 Limestone 26
0-26 ft Limestone (100%): light brownish gray (5YR7/1 to N7); weathers light gray (N7). Calcareous (100%). Matrix
(60%): microcrystalline, may be partly recrystallized; skeletal (40%): phylloid algae, fusulinids (2.5 x 4.5 mm),
others; fair grain tangency; lime wackestone-packstone. Hints of beds about 400 cm thick. Fairly prominent
ledge; fair exposure. BHP-64-1.
63 Dolostone 23

15-23 ft Dolostone (100%): resembles 0-15 ft. Slight ledges to slopes, poor exposure, partly covered.

0-15 ft Dolostone (100%): light pinkish gray (5YR7/1 to 5YR8/1 to N8); weathers grayish orange (10YR7/4) to
pale yellowish brown (10YR6/2), yellow iron stain. Dolomitic (100%). Matrix (90%): coarsely crystalline,
minor very coarsely crystalline, rhombic, mosaic, some sucrosic; skeletal (trace): ghosts of crinozoans; no
grain tangency; lime mudstone; porosity (10%): vugs 1-2 mm in diameter on fresh surface, trace of
intercrystalline porosity, on weathered surface see 30% vuggy porosity with vugs up to 10 mm diameter.
Hints of beds about 200 cm thick, sharp surface at base. Fairly prominent ledge (forms cliff to southwest);
fair exposure. BHP-63-2.
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TABLE 4 (continued)

Unit

Thickness
Description (ft)

62

61

60

59

58

57

56

Limestone, thicker beds than below, cliff 95

75-95 ft Limestone (100%): resembles 0-40 ft. Phylloid algae present. Moderate ledges to slopes above top of cliff;
poor exposure, partly covered.

65-75 ft Limestone (100%): resembles 0-40 ft. Phylloid algae present. Single bed? Uppermost part of cliff. 50-65 ft
Limestone (100%): resembles 0-40 ft. Matrix (60%); skeletal (40%). No phylloid algae. Beds 10-30 cm thick, sharp
surface at base. In cliff, slightly recessed; fair exposure.

40-50 ft Limestone (100%): resembles 0-40 ft. Highly fractured.

0-40 ft Limestone (100%): light brownish gray (5YR7/1 to N7); weathers light gray (N7). Calcareous (100%).
Matrix (60%): microcrystalline, may be partly recrystallized; skeletal (40%): phylloid algae (more evident
on weathered surface), fusulinids (2 x 3 mm), crinozoans, others; fair grain tangency, lime wackestone-
packstone. Hints of beds about 200 cm thick, sharp surface at base. In cliff, fair exposure. BHP-62-5.

Limestone, thinner beds than above, cliff 15

10-15 ft Limestone (100%): resembles 0-5 ft. Beds 20-30 cm thick.

5-10 ft Limestone (100%): resembles 0-5 ft. Skeletal (70%): phylloid algae, small algae, crinozoans, others;
matrix (30%): microcrystalline; good grain tangency; lime wackestone-packstone. Beds 30-50 cm thick,
stylolites along surfaces, sharp stylolitic surface at base with 10 cm relief; no discernible lamination. In
cliff, fair to good exposure.

0-5 ft Limestone (100%): medium brownish gray (5YR5/1 to N5); weathers light gray (N7). Calcareous
(100%), siliceous (trace). Grains (70%): very small, skeletal (20%): algae, fusulinids (2 x 3 mm), others;
matrix (10%): microcrystalline; good grain tangency; lime wackestone-packstone. Beds 15-20 cm thick,
stylolites along surfaces, sharp surface at base; no discernible lamination. In cliff, slightly recessed; fair to
good exposure. BHP-61-2.

Limestone, beds thinner upward, cliff 23
0-23 ft Limestone (100%): light gray (N7), light brownish gray (5YR6/1); weathers medium light gray (N6 to
N7). Calcareous (100%), siliceous (trace). Skeletal (100%): abundant crinozoans (1-3 mm diameter), some
replaced by chert, others; matrix (trace, increases toward top): microcrystalline; excellent grain tangency;
lime packstone. Beds show upward thinning from 50 to 10 cm, sharp surface at base. Lower part of cliff;
fair exposure. BHP-60-2.
Chert (trace): small nodules.

Limestone and chert 3
0-3 ft Limestone (60%): light brownish gray (5YR6/1 to N6); weathers light gray (N7). Calcareous (100%).
Matrix (60%): microcrystalline; grains (40%): very small; fair grain tangency; lime wackestone-packstone;
partly recrystallized to sparry calcite. Hints of beds 10-30 cm thick, sharp surface at base; no discernible
lamination. Fairly prominent ledge (forms cliff to southwest); fair to good exposure. BHP-59-1. Chert
(40%): light brownish gray (5YR6/1); weathers light brown (5YR6/4) to light brownish gray (5YR6/1),
much red iron stain. Siliceous (80%), calcareous (20%). Matrix (90%): microcrystalline; skeletal (10%):
crinozoans (up to 4 mm diameter), others, not replaced; poor grain tangency; lime wackestone. Nodules 10
x 30 cm. BHP-59-2.

Limestone, fairly prominent ledge 22
0-22 ft Limestone (100%): light brownish gray (5YRG6/1); weathers light gray (N7). Calcareous (100%). Matrix
(90%): microcrystalline; skeletal (10%): fusulinids (1.5 x 4 mm), crinozoans, others; poor grain tangency; lime
wackestone. Hints of beds 15-20 cm thick. Fairly prominent ledge (forms cliff to southwest); fair exposure.
BHP-58-1.
Chert (trace): small nodules in upper part.

Limestone and minor chert 65
25-65 ft Limestone (100%): resembles 0-15 ft. Slight ledges to slopes; poor exposure, covered at top.
15-25 ft Limestone (100%): resembles 0-15 ft. White skeletal material (algae?) on weathered surface. Stylolites along

bedding surfaces. Moderate ledge; poor to fair exposure. BHP-57-23.
0-15 ft Limestone (100%): medium brownish gray (5YR5/1); weathers light gray (N7.). Calcareous (100%).

Matrix (60%): microcrystalline; skeletal (40%): algae, crinozoans (coarser at base), rare fusulinids (2 mm

diameter); grains (trace): very small; excellent grain tangency; lime packstone-wackestone. Hints of beds

30-50 cm thick, sharp surface at base, slightly undulating. Slight ledge to slope; poor to fair exposure,

partly covered in lower part. BHP-57-10.

Chert (trace): small nodules.

Dolostone 103

90-103 ft Dolostone (100%): light brownish gray (5YR7/1); weathers light pinkish gray (5YR8/1 to 5YR7/1).
Dolomitic (100%), siliceous (trace). Matrix (100%): medium to coarsely crystalline; rhombic, mosaic; lime
mudstone; porosity (trace): vugs about 1 mm diameter on fresh surface, on weathered surface 10% vuggy
porosity seen with vugs 10-30 mm diameter. Hints of beds 20-30 cm thick. Fairly prominent ledge; fair exposure.
BHP-56-92.

30-90 ft Dolostone (100%): resembles 0-15 ft. Fairly prominent ledge; fair to poor exposure.

Mudstone (trace): red. Fills vertical fracture 1-5 cm wide, at 30-33 ft, trends N. 70° E.

15-30 ft Covered (100%): probably dolostone. Slope.

0-15 ft Dolostone (100%): brownish gray (5YR4/1); weathers light brownish gray (5YR7/1 to N7). Dolomitic
(100%). Matrix (90%): medium to coarsely crystalline, rhombic, mosaic; skeletal (10%): ghosts of crino-
zoans, others; no grain tangency; lime wackestone; porosity (trace): vugs about 1 mm diameter on fresh
surface, on weathered surface see 20% vuggy porosity with vugs averaging 2 mm diameter, some up to 15
mm. Hints of beds 50-100 cm thick, fairly sharp surface at base; no discernible lamination. Prominent
ledge; fair exposure, some fractured and weathered. BHP-56-7.
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Thickness
Unit Description (ft)
55 Limestone and chert, cliff, upper part covered 45
35-45 ft Covered (100'0): probably limestone and chert. Dip slope on top of cliff.
20-35 ft Limestone (80%): resembles 0-10 ft. Uppermost part of cliff.
Chert (20%): resembles 0-10 ft.
10-20 ft Limestone (70%): resembles 0-10 ft. Upper part of cliff, slightly recessed.
Chert (30%): resembles 0-10 ft.
0-10 ft Limestone (80%): medium brownish gray (5YR5/1); weathers light gray (N7). Calcareous (100%), sili-
ceous (trace). Matrix (80%): microcrystalline; skeletal (20%): fusulinids (1 x 2 mm), crinozoans, others,
some replaced by chert; grains (trace): very small; poor grain tangency; lime wackestone. Hints of beds
30-50 cm thick, fairly sharp surface at base; no discernible lamination. Upper part of cliff; fair to good
exposure. BHP-55-2.
Chert (20%): light brownish gray (5YR6/1), bluish; weathers pale yellowish brown (10YR6/2) to light
brown (5YR6/4). Siliceous (90%), calcareous (10%). Matrix (90%): microcrystalline, translucent to
opaque; skeletal (10%): partially replaced by chert, fusulinids (1 mm diameter), algae?, crinozoans,
others; no grain tangency; lime wackestone. Nodules up to 10 x 80 cm. BHP-55-3.
54 Limestone, minor chert, some ancient-cavity fill, cliff 120
105-120 ft Limestone (90%): resembles 0-15 ft. Upper part of cliff (10 yards to west is modern cave 10 ft
high, 10 ft wide, 30 ft deep, with large sparry calcite crystals and fallen limestone blocks in fill).
Chert (10%): resembles 0-15 ft.
97-105 ft Limestone (90%): resembles 0-15 ft. In cliff.
Chert (10%): resembles 0-15 ft.
Ancient cavity fill (local, in limestone host): red limestone and mudstone resembling 95-97 ft. Contains
limestone lithoclasts 3 mm in diameter. Fills ancient cavity 8 ft high, 2 ft wide.
95-97 ft Limestone (90%): resembles 0-15 ft. In cliff.
Chert (10%): resembles 0-15 ft.
Ancient cavity fill (local, in limestone host):
Limestone (70%): moderate reddish brown (10R5/6), weathers light brown (5YR6/6). Calcareous
(100%), muddy (trace). Matrix (90%): microcrystalline calcite, silt and probable clay; grains (10%): very
small; poor grain tangency, hints of grading; lime wackestone. Fills ancient cavity 2 ft (50 cm) high, 3 ft
(80 cm) wide; beds 2-5 mm thick, appear to lap out against wall of cavity; horizontal laminae 1 mm or
less thick, some slightly inclined or broad ripple laminae truncated by base of overlying laminaset, some
slightly deformed, some convoluted. Recessed in cliff; fair to good exposure. BHP-54-96 (includes mud-
stone).
Mudstone (30%): dusky red (5R3/4) to dark reddish brown (10R3/4), weathers grayish red (5R4/2).
Muddy (80%): quartz silt and illite clay (X-ray identification by R.M. North, NMBMMR); calcareous
(20%), sandy (trace). Matrix (100%): silt, clay, and microcrystalline calcite; sand grains (trace): very
coarse lithoclasts of gray limestone, fine to very fine quartz; poor grain tangency, hints of grading; in-
durated, platy, fissile (shaly). Interlayered with limestone in ancient cavity fill; beds 1-3 mm thick; hints
of horizontal lamination.
15-95 ft Limestone (90%): resembles 0-15 ft. Main part of cliff.
Chert (10%): resembles 0-15 ft.
0-15 ft Limestone (90%): dark brownish gray (5YR3/1); weathers medium light gray (N6). Calcareous
(100%). Matrix (90%): microcrystalline; skeletal (10%): fusulinids (1 mm diameter), others; no grain
tangency; lime wackestone. Hints of beds 30-50 cm thick, fairly sharp surface at base. In lower part of
cliff; poor to fair exposure, some fractured and weathered. BHP-54-2.
Chert (10%): medium brownish gray (5YR5/1), bluish; weathers light brown (5YR6/4) to pale
yellowish brown (10YR6/2). Siliceous (90%), calcareous (10%). Matrix (90%): microcrystalline, opaque
to translucent; skeletal (10%): fusulinids (1.5 mm diameter), others; no grain tangency; lime wackestone.
Nodules 10 x 20 cm to 10 x 50 cm. BHP-54-4.
53 Limestone, fairly prominent ledge 23
15-23 ft Limestone (100%): resembles 0-15 ft.
Chert (trace): scattered small nodules.
0-15 ft Limestone (100%): brownish gray (5YR4/1); weathers light gray (N7). Calcareous (100%). Matrix
(90%): microcrystalline; skeletal (10%): crinozoans (1-3 mm diameter), algae, rare fusulinids; ooids?
(trace): very small; no grain tangency; lime wackestone. Hints of beds about 50 cm thick. Fairly
prominent ledge recessed in lower part of cliff; poor to fair exposure, fractured and weathered. BHP-53-
1, BHP-53-3 (fusulinids).
52 Limestone and chert, cliff 35

0-35 ft Limestone (70%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (100%).
Matrix (90%): microcrystalline; skeletal (10%): crinozoans, fusulinids, some rugose corals and
brachiopods on weathered surface; no grain tangency; lime wackestone. Hints of beds 10-50 cm thick.
Lower part of cliff; fair to good exposure. BHP-52-2, BHP-52-5 (fusulinids).

Chert (30%): brownish gray (5YRA4/1); weathers pale yellowish brown (10YR6/2) to light brown
(5YR6/4). Siliceous (80%), calcareous (20%), carbonaceous (trace in discontinous laminae less than 1
mm thick). Matrix (100%): microcrystalline; opaque; skeletal (trace): fusulinids (1.5 mm); no grain
tangency; lime mudstone. Nodules 5 x 10 cm to 10 x 50 cm, fairly regular shapes with long axes
generally parallel to bedding. BHP-52-3.



90

TABLE 4 (continued)
Thickness
Unit Description (ft)
51 Limestone, minor chert, cliff 12
4-12 ft Limestone (100%): resembles 0-3 ft.
3-4 ft Limestone (70%): resembles 0-3 ft.
Chert (30%): very deeply weathered, reddish brown nodules. Probable replacement of skeletal material.
Forms hackly pattern on weathered surface.
0-3 ft Limestone (100%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (100%). Matrix
(100%): microcrystalline; skeletal (trace): algae? (1 mm wide), white, recrystallized to sparry calcite; no grain
tangency; lime mudstone. Single bed?, sharp surface at base. Lower part of cliff; fair to poor exposure, fractured,
calcite veins. BHP-51-2.
50 Limestone, partly covered 42
30-42 ft Limestone (100%): resembles 0-2 ft. Moderate ledge at base of cliff; poor exposure.
25-30 ft Covered (100%): probably limestone. Slope.
20-25 ft Limestone (100%): resembles 0-2 ft. Slight ledge; poor exposure.
10-20 ft Covered (100%): probably limestone. Slope.
4-10 ft Limestone (100%): resembles 0-2 ft. Slight ledge; poor exposure.
2-4 ft Covered (100%): probably limestone. Slope.
0-2 ft Limestone (100%): light brownish gray (5YR6/1 to N6); weathers light gray (N7). Calcareous (100%).
Grains (60%): very small, some coats or rinds; matrix (30%): microcrystalline; skeletal (10%): crinozoans,
fusulinids (3 mm diameter), others; partially recrystallized to sparry calcite, translucent to transparent;
good grain tangency; lime wackestone-packstone. Single bed?, fairly sharp surface at base, irregular re-
placement contact with underlying dolostone. Slight ledge, poor to fair exposure. BHP-50-1.
49 Dolostone, cliff 59
50-59 ft Dolostone (100%): resembles 0-9 ft. Moderate ledge to slope above top of cliff; poor exposure.
19-50 ft Dolostone (100%): resembles 0-9 ft. Lichens cover part of weathered surface. No discernible stratification.
In upper part of cliff, poor to fair exposure. BHP-49-30, BHP-49-45.
9-19 ft Dolostone (100%): resembles 0-9 ft. Lichens cover part of weathered surface. Where not covered (to
east), vugs 10-20 mm diameter average seen, some up to 50-100 mm diameter, forming 30% of weathered
surface. Hints of beds about 50 cm thick, fairly sharp surface at base. In cliff, fair exposure. BHP-49-14,
BHP-49-19.
0-9 ft Dolostone (100%): light brownish gray (5YR7/1 to N7); weathers pinkish gray (5YR8/1) to yellowish
gray (5Y8/1), some dark mottling by lichens. Dolomitic (100%). Matrix (100%): medium to coarsely crys-
talline, rhombic, mosaic; porosity (trace): few small vugs 1-3 mm diameter on fresh surface; lime mud-
stone; in basal 0.5 ft are intraclasts? (trace): barely discernible flat pebbles 10-30 mm long and 5-10 mm
wide, angular, some imbricated to dip S. 45° W. Beds about 100 cm thick, sharp surface at base; no dis-
cernible lamination. In cliff; fair exposure. BHP-49-1, BHP-49-4, BHP-49-9.
48 Limestone, laterally equivalent dolostone, cliff 5
2-5 ft Limestone (100%): brownish gray (5YR4/1); weathers light gray (N7). Calcareous (100%). Matrix (90%):
microcrystalline, slightly altered; skeletal (10%): crinozoans (2 mm diameter), fusulinids (1 mm diameter),
others. Beds 10-20 cm thick; no discernible lamination. Prominent ledge (slightly recessed from cliff); fair to
good exposure. BHP-48-2a.
Dolostone (laterally 100%): light brownish gray (5YR7/1 to N7); weathers pinkish gray (5YR8/1) to yel-
lowish gray (5YR8/1). Dolomitic (100%), siliceous (trace). Matrix (100%): medium to coarsely crystalline,
rhombic, mosaic; lime mudstone. Replacement boundary with overlying limestone rises to southwest through the
entire interval in 2 ft lateral distance; 20 ft from fault zone. BHP-48-2b.
0-2 ft Limestone (100%): medium brownish gray (5YR5/1 to N5); weathers light gray (N7). Calcareous
(100%). Matrix (100%): microcrystalline; skeletal (trace): small types, some phylloid algae; no grain
tangency; lime mudstone. Beds 10-20 cm thick, stylolites along surfaces, sharp surface at base; no
discernible lamination. Prominent ledge (slightly recessed from cliff); fair to good exposure, some
fractured. BHP-48-1.
47 Limestone and chert, cliff 40
30-40 ft Limestone (100%): resembles 0-5 ft. Matrix (100%); skeletal (trace): phylloid algae. Some bedding surfaces
are irregular, fairly sharp surface at base. Fair to poor exposure, some fractured.
25-30 ft Limestone (100%): resembles 0-5 ft. Slight increase in phylloid algae. Single bed, sharp surface with
stylolites at base. Fair to good exposure.
5-25 ft Limestone (100%): resembles 0-5 ft. Clusters of phylloid algae. No discernible stratification. Fair to good
exposure.
0-5 ft Limestone (80%): light brownish gray (5YR6/1 to N6); weathers light gray (N7). Calcareous (100%).
Matrix (90%): microcrystalline; skeletal (10%): phylloid algae, dasyclad? algae (thalli 2 x 4 mm), other
small types; no grain tangency; lime wackestone. Hints of beds 10-50 cm thick. In cliff, fair to good
exposure. BHP-47-1.
Chen (20%): light brownish gray (5YR6/1), pale red purple (5RP6/2); weathers light brown (5YR5/6).
Siliceous (100%). Matrix (100%): microcrystalline, opaque to translucent; skeletal (trace): small types; no grain
tangency; lime mudstone. Bands 5 x 70 cm and nodules 5 x 10 cm, fairly regular shapes. BHP-47-2.
46 Limestone and dolostone, cliff 33

16-33 ft Limestone (100%): light brownish gray (5YR6/1 to N6); weathers light gray (N7). Calcareous
(100%): locally dolomitic (trace). Matrix (90%): microcrystalline; skeletal (10%): phylloid algae,
tabulate corals (up to 4 mm wide); no grain tangency; lime wackestone. Beds 5 cm thick in lower part,
not discernible in upper part, sharp surface at base. In cliff; fair exposure, some fractured and slightly
weathered. BHP-46-17.
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45

44

43

42

10-16 ft Limestone (100%): resembles 0-4 ft.

4-10 ft Dolostone (100%): light gray (N7) to light brownish gray (5YR7/1); weathers light yellowish gray
(5Y8/1) to light pinkish gray (5YR8/1). Dolomitic (100%). Matrix (100%): medium to coarsely
crystalline, rhombic, mosaic, no visible porosity; lime mudstone. No discernible stratification. In cliff; fair
to good exposure. BHP-46-5.

Limestone (laterally 100%): resembles 0-4 ft. Dolostone grades laterally into skeletal limestone a few yards to
south-southwest.

0-4 ft Limestone (100%): light brownish gray (5YR6/1 to N6); weathers light gray (N7), light olive gray (5Y7/1).
Calcareous (100%), siliceous (trace). Skeletal (60%): phylloid algae, form olive hackly pattern on
weathered surface, in hand specimen some thalli (1 mm thick) are seen to be selectively replaced by chert;
matrix (40%): microcrystalline, some patches up to 2 x 2 cm between algal plates; fair grain tangency; lime
wackestone-packstone; cement (trace): sparry calcite fills former cavities. Single bed?, sharp surface at
base. Lower part of cliff; fair to good exposure, much fractured and weathered. BHP-46-1.

Limestone and dolostone, partly covered

57-61 ft Limestone (100%): resembles 10-29 ft. Matrix (100%). Basal part of cliff; poor exposure, fractured and
weathered.

50-57 ft Limestone (100%): resembles 10-29 ft. Matrix (90%); skeletal (10%): phylloid algae. Moderate ledge to
slope, moderately weathered.

41-50 ft Limestone (100%): resembles 10-29 ft. Moderate ledge; deeply weathered and fractured.

36-41 ft Limestone (100%): resembles 10-29 ft.

29-36 ft Covered (100%): probably limestone. Slope.

10-29 ft Limestone (100™): light brownish gray (5YR6/1 to N6); weathers light gray (N7 to N6). Calcareous
(100%). Skeletal (60%): phylloid algae, form olive hackly pattern on weathered surface, in hand specimen
some white to pinkish thalli (1 mm wide) are preserved, others are replaced or recrystallized; rare fusu-
linids; matrix (40%): microcrystalline; fair grain tangency; lime wackestone-packstone; cement (trace):
sparry calcite fills former cavities. Hints of beds about 50 cm thick. Slight to moderate ledges; fair ex-
posure, some fractured and weathered. BHP-45-17.

3-10 ft Covered (100%): probably limestone. Slope.

0-3 ft Limestone (60”): brownish gray (5YR4/1) to olive gray (5Y4/1); weathers light gray (N7). Calcareous
(100%). Matrix (60%): microcrystalline; grains (40%): very small, some coats or rinds; skeletal (trace):
very small types; fair grain tangency; lime wackestone-packstone. No discernible stratification, fairly
sharp bedding surface at base. Slight ledges, poor exposure, partly covered, fractures filled with calcite.
BHP-45-2.

Dolostone (40%): light brownish gray (5YR6/1 to N6); weathers pinkish gray (5YR8/1). Dolomitic
(70”), siliceous (30%). Matrix (90%): finely to medium crystalline, rhombic?, mosaic; skeletal (10%):
tabulate corals, including favositids and silicified chaetetids, form distinctive zone at base. Replacement
bodies 30-50 cm diameter, some centers are coral colonies, occur in limestone host. BHP-45-1, BHP-45-3
(corals).

Limestone, fairly prominent ledge at base, partly covered

12-15 ft Limestone (100%): brownish gray (5YR4/1); weathers light gray (N7). Calcareous (100%). Matrix (100%):
microcrystalline; skeletal? (trace): very small types. Beds 10-20 cm thick. Slight ledges; poor to fair exposure
(covered laterally).

9-12 ft Covered (100%): probably limestone. Slope.

0-9 ft Limestone (100%): light brownish gray (5YR6/1) to light olive gray (5Y6/1); weathers light gray (N7) to
very light gray (N8), some mottled. Calcareous (100%). Matrix (100%): microcrystalline; skeletal (trace):
brachiopod shells (8 mm diameter), others; no grain tangency; lime mudstone. Cement (trace): sparry calcite
(may be secondary). Beds 20-30 cm thick, stylolites with 6 cm relief along some surfaces, sharp surface at
base; no discernible lamination. Fairly prominent ledge; fair to good exposure, some fractures filled with
calcite. BHP-44-2.

Limestone, irregular laminations

0-8 ft Limestone (100™): light brownish gray (5YR5/1) and interlayered light olive gray (5Y5/1); weathers light
gray (N7) and yellowish to greenish gray (5Y8/1 to 5GY8/1) in irregular laminations. Calcareous (80%),
dolomitic (20%). Skeletal (70%): brachiopod shells (4 x 7 x 7 mm), crinozoans, others; matrix (30%):
microcrystalline calcite and finely to medium crystalline dolomite; cement (trace): former cavities (2 x 4
mm) filled with sparry calcite; good grain tangency; lime packstone-wackestone. Beds 10-30 cm thick,
stylolites along surfaces, sharp surface at base; laminasets 30 mm thick; laminae 1 mm thick or less,
slightly irregular surfaces, some wispy. Moderate ledge; fair to good exposure. BHP-43-7.

Contact may be slightly disconformable
Lower member of Horquilla (Morrowan-Desmoinesian)

Limestone and chert

0-28 ft Limestone (70%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (100%). Matrix
(90%): microcrystalline; skeletal (10%): crinozoans (1-4 mm diameter, some diagonal to bedding), fusu-
linids (2 x 6 mm); poor grain tangency; lime wackestone. Beds 10-50 c¢m thick, thicker beds contain larger
crinozoan fragments; no discernible lamination. Slight to moderate ledges; fair to good exposure. BHP-42-
12.

Chert (30%): medium brownish gray (5YR5/1 to N5), some with light bluish tinge; weathers pale yellowish

brown (10YR6/2) to light brown (5YR6/4). Siliceous (100%), calcareous (trace), pyritic (trace). Matrix (90%):
microcrystalline, opaque to translucent; skeletal (10%): crinozoans (1.5 mm diameter), fusulinids; no grain
tangency; lime wackestone. Nodules 5 x 10 cm to 10 x 50 cm, some linked, some anastomosed, few bands 5-10
cm thick. BHP-42-14.

61

15



92

TABLE 4 (continued)

Thickness
Unit Description (ft)
41 Limestone, partly covered. 64
48-64 ft Covered (90%): probably limestone and chert. Slope.
Limestone (10%): resembles 20-25 ft. Slight ledges; poor exposure.
Chert (trace): resembles 20-25 ft.
45-48 ft Limestone (100%): resembles 20-25 ft. Rare rugose corals.
Chert (trace): resembles 20-25 ft. Nodules 3 x 5 cm to 12 x 18 cm.
25-45 ft Covered (90%): probably limestone and chert. Slope.
Limestone (10%): resembles 20-25 ft. Slight ledges, poor exposure.
Chert (trace): resembles 20-25 ft. Nodules 15 x 40 cm.
20-25 ft Limestone (100%): dark brownish gray (5YR3/1 to N3); weathers light gray (N7). Calcareous (100%),
siliceous (trace). Matrix (90%): microcrystalline; skeletal (10%): algae? (1 mm diameter, some 5 mm long,
white), partially replaced or filled with silica and calcite, others; grains (trace): very small; no grain tan-
gency; lime wackestone. Hints of beds 10-30 cm thick. Slight ledges to slopes; poor exposure, partly
covered. BHP-41-20.
Chert (trace): dark brownish gray (5YR3/1); weathers pale yellowish brown (10YR6/2). Siliceous (80%),
calcareous (20%). Matrix (100%): microcrystalline; skeletal (trace); no grain tangency; lime mudstone.
Nodules 2 x 4 cm to 3 x 30 cm, irregular shapes.
0-20 ft Covered (90%): probably limestone and chert. Slope.
Limestone (10%): resembles 20-25 ft. Slight ledges to slope; poor exposure.
Chert (trace): resembles 20-25 ft.
40 Limestone 11
0-11 ft Limestone (100%): brownish gray (5YRA4/1); weathers light gray (N7 to N6). Calcareous (100%). Grains
(80%): small ooids and peloids (less than 1 mm diameter), coated grains, some elongate (0.5 x 2 mm);
skeletal (10%): crinozoans, fusulinids, tabulate corals; matrix (10%): microcrystalline; perfect packing; lime
packstone-grainstone. Hints of beds 50 cm thick. Moderate ledge; fair exposure. BHP-40-1.
39 Limestone, chert in large nodules, partly covered 26
13-26 ft Covered (90%): probably limestone and chert.
Limestone (10%): resembles 0-13 ft. Slight ledges, poor exposure.
Chert (trace): resembles 0-13 ft.
0-13 ft Limestone (80%): light brownish gray (5YR6/1 to N6); weathers light gray (N7 to N6). Calcareous
(100%). Matrix (70%): microcrystalline to sparry?, some translucent, may be recrystallized; skeletal (30%):
crinozoans, fusulinids, others; fair grain tangency; lime wackestone-packstone. Beds 10-50 cm, average 30
cm thick; no discernible lamination. Moderate ledge; fair to good exposure. BHP-39-1. Chert (20%): light
brownish gray (5YR6/1), white (N9), slight bluish tinge; weathers pale yellowish brown (10YR6/2) to light
brown (5YR6/4). Siliceous (90%), calcareous (10%). Matrix (70%): microcrystalline, opaque to translucent;
skeletal (30%): fusulinids, others, some not replaced; fair grain tangency; lime wackestone-packstone.
Nodules 6 x 16 cm up to 50 x 60 cm, larger ones have irregular shapes, some smaller ones are linked; band
5 cm thick. BHP-39-4.
38 Limestone and chert 82
70-82 ft Limestone (100%): resembles 10-14 ft. Beds 10-30 cm thick. Slight to moderate ledges; fair exposure, slightly
weathered.
Chert (trace): resembles 14-35 ft.
50-70 ft Limestone (90%): resembles 10-14 ft. Slight ledges to slope; poor exposure, partly covered.
Chert (10%): resembles 14-35 ft.
41-50 ft Limestone (100%): resembles 10-14 ft. Slope to slight ledge; poor to fair exposure.
Chen (trace): resembles 14-35 ft. Nodules 8 x 12 cm, 18 x 24 cm.
35-41 ft Limestone (100%): resembles 10-14 ft. Hints of beds 10-30 cm thick. Moderate ledge; fair exposure. Chert
(trace): resembles 14-35 ft. Few nodules 30 x 60 cm.
14-35 ft Limestone (70%): resembles 10-14 ft. Slight ledges to slopes; poor exposure, partly covered.
Chert (30%): grayish black (N2); weathers dark brownish gray (5YR3/1). Siliceous (100%). Matrix
(100%): microcrystalline; lime mudstone. Nodules 3 X 6 cm to 8 x 30 cm, generally parallel to bedding, some
linked.
10-14 ft Limestone (90%): dark brownish gray (5YR3/1 to N4); weathers light gray (N7). Calcareous (100%).
Matrix (100%): microcrystalline; lime mudstone. Hints of beds 30-50 cm thick. Moderate to slight ledge; fair
exposure.
Chert (10%): brownish gray (5YR4/1 to N4); weathers light brown (5YR6/4). Siliceous (60%), calcareous
(40%). Matrix (60): microcrystalline, opaque to translucent; ooids (20%): small (0.5 mm diameter); skeletal
(20™): crinozoans, others; fair grain tangency; lime wackestone-packstone. Nodules 2 x 6 cm to 30 x 60 cm,
some irregular shapes.
4-10 ft Limestone (90%): resembles 10-14 ft. Slight ledges to slope; poor exposure, partly covered.
Chert (10%): resembles 10-14 ft.
0-4 ft Limestone (100%): light brownish gray (5YR6/1 to N6); weathers medium light gray (N6). Calcareous
(100%), siliceous (trace). Skeletal (90%): abundant crinozoans (1-3 mm diameter), few fusulinids, others;
grains (10”): small (1 mm diameter); matrix (trace): microcrystalline; perfect grain tangency; lime
packstone-grainstone. Hints of beds 10-30 cm thick; some lenses 3 x 8 cm to 20 x 50 ¢cm of concentrated
grains, weathers grayish orange (10YR7/4), with a distinctive grainy surface. Moderate ledge, fair ex-
posure. BHP-38-0 (lens), BHP-38-3.
37 Limestone 38

15-38 ft Limestone (100%): resembles 0-5 ft. Slight ledge to slope; poor exposure, partly covered. 5-15
ft Limestone (100%): resembles 0-5 ft. Slight ledges, poor to fair exposure.
0-5 ft Limestone (100%): medium brownish gray (5YR5/1 to N5); weathers light gray (N7). Calcareous
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36

35

34

33

32

(100%), siliceous (trace). Grains (60%): very small; skeletal (20%): crinozoans, others; matrix (20%):
microcrystalline; good grain tangency; lime wackestone-packstone. Single bed?, fairly sharp surface at base.
Uppermost part of prominent ledge, moderate ledges above; fair to good exposure. BHP-37-0.

Limestone and chert, prominent ledge

18-39 ft Limestone (80%): resembles 0-11 ft. Matrix (100%). Upper part of prominent ledge.

Chert (20%): resembles 0-11 ft. Nodules, few bands.

15-18 ft Limestone (70%): resembles 0-11 ft. Fairly sharp bedding surfaces at base and top.

Chert (30%): resembles 0-11 ft. Bands 5-10 cm thick, some nodules.

11-15 ft Limestone (100%): resembles 0-11 ft. Skeletal (80%): crinozoans and fusulinids; matrix (20%). Fairly sharp
bedding surfaces at base and top.

0-11 ft Limestone (80%): medium brownish gray (5YR5/1 to N5); weathers light gray (N7). Calcareous (100%),
siliceous (trace). Matrix (70%): microcrystalline; skeletal (30%): fusulinids (2 x 4 mm), crinozoans (2 mm); fair
grain tangency; lime wackestone-packstone. Beds 30-50 cm thick; no discernible lamination. Lower part of
prominent ledge; fair to good exposure. BHP-36-2.

Chert (20%): brownish gray (5YR5/1); weathers pale yellowish brown (10YR6/2), to light brown
(5YRG6/4). Siliceous (80%), calcareous (20%). Matrix (100%): microcrystalline, opaque to translucent;
skeletal (trace): fusulinids; no grain tangency; lime mudstone. Bands 5-10 cm thick, nodules 3 x 5 cm,
some 100-200 cm long, fairly regular shapes. BHP-36-4.

Limestone and chert, slight ledges

39

22

0-22 ft Limestone (80%): brownish gray (5YR4/1 to 5Y4/1 to N4); weathers light gray (N7). Calcareous
(100%). Matrix (100%): microcrystalline; skeletal (trace): crinozoans (1 mm diameter); no grain tangency;
lime mudstone. Beds 10-30 cm thick. Slight ledges; fair to poor exposure, partly covered. BHP-35-1. Chert

(20%): dark brownish gray (5YR3/1 to N4); weathers pale yellowish brown (10YR6/2) to light brown
(5YR6/4). Siliceous (100%). Matrix (100%): microcrystalline, opaque to translucent; skeletal (trace):
fusulinids, crinozoans; no grain tangency; lime mudstone. Nodules generally 10 x 15 ¢cm, no bands. BHP -

Limestone and minor chert, fairly prominent ledge

33-40 ft Limestone (100%): resembles 0-10 ft. Few tabulate corals? (3 cm long). Beds 50-100 cm thick, stylolites
along surfaces. Fairly prominent ledge.

10-33 ft Limestone (90%): resembles 0-10 ft. Beds 15-30 cm thick. Slight ledges; poor exposure, partly cov-
ered.

Chert (10%): resembles 0-10 ft. Nodules have more irregular shapes.

0-10 ft Limestone (100%): brownish gray (5YR4/1); weathers light gray (N7). Calcareous (100%), siliceous (trace).
Skeletal (90%): crinozoans, fusulinids, others; matrix (10%): microcrystalline; excellent grain tangency; lime
packstone-grainstone. Bed 30 cm thick at base, stylolites along surfaces, no discernible stratification above.
Upper part of fairly prominent ledge; fair exposure. BHP-34-6.

Chert (trace): brownish gray (5YR4/1 to N4); weathers grayish orange (10YR7/4). Siliceous (80%), cal -
careous (20%). Matrix (100%): microcrystalline, opaque to translucent; skeletal (trace): crinoids, others; no grain
tangency; lime mudstone. Nodules 10 x 15 cm.

Limestone and chert, fairly prominent to moderate ledges

15-24 ft Limestone (90%): resembles 7-15 ft. Middle part of fairly prominent ledge; fair to good exposure.

Chert (10%): resembles 7-15 ft. Nodules more regular in shape.

7-15 ft Limestone (70%): brownish gray (5YR5/1 to N5); weathers light gray (N7). Calcareous (100%). Matrix
(80%): microcrystalline; skeletal (20%): fusulinids, few crinozoans; poor grain tangency; lime wackestone.
Beds 5-10 cm thick, separated by chert, irregular surfaces. Lower part of fairly prominent ledge; fair to
good exposure.

Chert (30%): brownish gray (5YRA4/1), light gray (N7), bluish; weathers pale yellowish brown
(10YR6/2) to light brown (5YR6/4). Siliceous (90%), calcareous (10%). Skeletal (70%): fusulinids (1 x 3
mm), crinozoans, others; matrix (30%): microcrystalline, opaque; fair grain tangency; lime wackestone-
packstone. Nodules 5 x 10 cm to 15 x 100 cm; irregular shapes. BHP-33-7.

4-7 ft Limestone (100%): medium brownish gray (5YR5/1), very light gray (N8); weathers light gray (N7). Cal-
careous (100%). Skeletal (90%): abundant crinozoans (1-4 mm diameter), rare fusulinids; matrix (10%):
microcrystalline; grains (trace): very small; good grain tangency; lime packstone-grainstone. Single bed; no
discernible lamination. Lowermost part of fairly prominent ledge; fair to good exposure. BHP-33-6.

35-10.
40

24

0-4 ft Limestone (70%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (100%). Matrix
(70%): microcrystalline; skeletal (30%): crinozoans, brachiopods, rare fusulinids; poor grain tangency; lime
wackestone. Beds 5-15 cm thick, irregular surfaces. Slight to moderate ledges; fair to poor exposure. Chert
(30%): brownish gray (5YR4/1 to N4); weathers light brownish gray (5YR6/1). Siliceous (80%), calcareous
(20%). Matrix (90%): microcrystalline, opaque to translucent; skeletal (10%): crinozoans (2 mm diameter);
others. Bands 5 x 100 cm, nodules 10 x 30 cm, slightly irregular shapes.

Limestone and minor chert

20-35 ft Limestone (90%): resembles 0-10 ft. Slope to slight ledges; poor exposure, partly covered.
Chert (10%): resembles 0-10 ft.

10-20 ft Limestone (90%): resembles 0-10 ft. Beds 30-50 cm thick. Moderate to slight ledges.
Chert (10%): resembles 0-10 ft. Larger nodules.

0-10 ft Limestone (100%): dark brownish gray (5YR3/1 to N3 to N4); weathers light gray (N7 to 5Y7/1). Cal-
careous (100%), muddy (trace). Matrix (100%): microcrystalline; skeletal (trace): crinozoans (1 mm diam-
eter); no grain tangency; lime mudstone. Bed at base 50 cm thick, above are hints of beds about 100 cm
thick. Fairly prominent ledge; fair exposure. BHP-32-2.

Chert (trace): light brownish gray (5YR6/1), slightly bluish; weathers light brown (5YR6/4). Siliceous
(100%). Matrix (100%): microcrystalline, opaque; lime mudstone. Nodules up to 10 x 15 cm; very deeply
weathered.

35
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31 Limestone and chert 20
10-20 ft Limestone (80%): dark brownish gray (5YR3/1 to N3); weathers light gray (N7), slightly brownish.
Calcareous (90%), muddy (10%), siliceous (trace). Matrix (90%): microcrystalline calcite, silt and prob-
able clay; skeletal (10%): crinozoans (1.5 mm diameter), fusulinids, rugose corals (over 2 cm diameter);
grains (trace): very small; poor grain tangency; lime wackestone. Beds 10-30 cm thick, separated by chert.
Slight to moderate ledges; fair to poor exposure. BHP-31-10.
Chert (20%): dark brownish gray (5YR3/1 to N3); weathers brownish gray (5YR4/1 to N4 to 10YR4/2).
Siliceous (100%). Matrix (70%): microcrystalline, opaque; porphyrotopes (30%): coarse crystals (0.5 mm)
scattered in matrix, rhombic, may be dolomite; lime mudstone. Nodules up to 10 x 100 cm, irregular shapes at
base, more regular above. BHP-31-15.
0-10 ft Covered (100%): probably limestone and chert. Slope.
30 Limestone, fairly prominent ledge 15
0-15 ft Limestone (100%): brownish gray (5YR4/1 to N4); weathers light gray (N7) to light olive gray (5Y6/1).
Calcareous (100%). Matrix (90%): microcrystalline; grains (10%): very small; skeletal (trace): small fusulinids;
poor grain tangency; lime wackestone. Hints of beds 50-100 cm thick, fairly sharp surface at base. Middle to
upper part of fairly prominent ledge; fair exposure. BHP-30-0.
29 Limestone and chert, partly covered 29
21-29 ft Limestone (80%): resembles 0-6 ft. Beds 10-30 cm thick. Moderate ledge to lower part of fairly prominent
ledge; fair exposure.
Chert (20%): resembles 0-6 ft, decrease in upper part.
10-21 ft Covered (100%): probably limestone and chert. Slope.
6-10 ft Limestone (80%): resembles 0-6 ft. Slight ledges.
Chert (20%): resembles 0-6 ft.
0-6 ft Limestone (70%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (90%), cherty
(10%). Matrix (80%): microcrystalline calcite, some patches of chert replacing calcite; grains (20%):
small; poor grain tangency; lime wackestone. Beds 5-15 cm thick, transitional base. Moderate ledge; fair
exposure. BHP-29-2.
Chert (30%): dark brownish gray (5YR3/1 to N3), medium brownish gray (5YR5/1), some bluish;
weathers pale red (5R6/2), light brown (5YR6/4). Siliceous (100%). Matrix (100%): microcrystalline, opaque to
translucent; lime mudstone. Nodules 5 x 30 to 10 x 100 cm, irregular shapes. BHP-29-3.
28 Limestone and minor chert 10
0-10 ft Limestone (90%): light brownish gray (5YR6/1 to N6); weathers light gray (N7). Calcareous (100%). Skeletal
(100%): abundant crinozoans (1-6 mm diameter), few fusulinids (2.5 mm diameter); matrix (trace):
microcrystalline; perfect grain tangency; lime packstone-grainstone. Hints of beds 30 cm thick, sharp surface at
base. Slight ledges to slopes; poor exposure, partly covered. BHP-28-5.
Chert (10%): medium brownish gray (5YR5/1 to N5), some bluish; weathers light brownish gray
(5YRG6/1). Siliceous (100%). Matrix (80%): microcrystalline, translucent; skeletal (20%): crinozoans (2 mm
diameter), fusulinids, others; poor grain tangency; lime wackestone. Nodules 10 x 30 cm.
27 Limestone and chert, partly covered 75
70-75 ft Limestone (80%): resembles 0-4 ft. Slight ledges; poor exposure.
Chert (20%): resembles 0-4 ft. Some irregular shapes.
65-70 ft Covered (100%): probably limestone and chert. Slope.
55-65 ft Limestone (70%): resembles 0-4 ft. Slight ledges; poor exposure.
Chert (30%): similar to 0-4 ft. Some irregular shapes.
44-55 ft Covered (100%): probably limestone and chert. Slope.
40-44 ft Limestone (90%): resembles 0-4 ft. Slight ledge; poor to fair exposure.
Chert (10%): resembles 0-4 ft. Nodules 15 cm diameter.
33-40 ft Limestone (70%): resembles 0-4 ft. Moderate ledges; poor exposure, much rubble.
Chert (30%): resembles 0-4 ft. Nodules 1 x 3 cm, more irregular shapes.
25-33 ft Limestone (90%): resembles 0-4 ft. Few brachiopods. Beds up to 50 cm thick. Slight ledges; poor to
fair exposure.
Chert (10%): resembles 0-4 ft.
5-25 ft Limestone (80%): resembles 0-4 ft. Some horizontal and current-ripple laminae. Slight ledges to slope;
poor exposure, partly covered.
Chert (20%): resembles 0-4 ft.
4-5 ft Limestone (100%): brownish gray (5YR4/1); weathers light gray (N7). Calcareous (100%). Grains
(70%): very small; matrix (30%): microcrystalline; good grain tangency; lime wackestone-packstone. Beds
5-10 cm thick; horizontal and current-ripple laminae. Slight ledge; fair to good exposure.
0-4 ft Limestone (80%): dark brownish gray (5Y3/1); weathers light gray (N7). Calcareous (90%), muddy
(10%). Matrix (90%): microcrystalline calcite, silt and probable clay; grains (10%): very small; skeletal
(trace): crinozoans, others; poor grain tangency; lime wackestone. Beds 10-20 cm thick. Slight ledges; fair
exposure. BHP-27-2.
Chert (20%): dark brownish gray (5YR3/1 to N3), slightly bluish; weathers light brownish gray
(5YR6/1). Siliceous (90%), calcareous (10%). Matrix (80%): microcrystalline, opaque; skeletal (20%):
very small types; poor grain tangency; lime wackestone. Nodules 5 x 30 to 10 x 100 cm, parallel to bedding.
BHP-27-3.
26 Limestone 11

0-11 ft Limestone (100%): light brownish gray (5YR5/1 to 5Y5/1 to N5); weathers light gray (N7). Calcareous (90%),
muddy (10%). Matrix (70%): microcrystalline calcite, silt and probable clay; grains (30%): very small; skeletal
(trace): fusulinids, others?; fair grain tangency; lime wackestone. Hints of beds 20-50 cm thick. Moderate to
slight ledges; fair exposure. BHP-26-0.

Chert (trace): small nodules near top.
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Thickness
Unit Description (ft)
25 Limestone and chert 119
77-119 ft Limestone (80%): resembles 0-7 ft. Slight ledges to slopes; poor exposure, partly covered.
Chert (20%): resembles 0-7 ft.
71-77 ft Limestone (100%): resembles 0-7 ft. Slight ledge.
63-71 ft Limestone (90%): resembles 0-7 ft. Slight ledge.
Chert (10%): resembles 0-7 ft. Smaller nodules.
47-63 ft Limestone (80%): resembles 0-7 ft. Slopes to slight ledges; poor to fair exposure, partly covered.
Chert (20%): resembles 0-7 ft.
35-47 ft Limestone (70%): resembles 0-7 ft. Moderate ledge; fair to good exposure.
Chert (30%): resembles 0-7 ft.
15-35 ft Limestone (90%): resembles 0-7 ft. Slight ledges; fair exposure.
Chert (10%): resembles 0-7 ft. Nodules, 5 cm diameter, more regular shapes.
7-15 ft Limestone (70%): resembles 0-7 ft. Slight ledges to slopes; poor exposure, partly covered.
Chert (30%): resembles 0-7 ft.
0-7 ft Limestone (70%): dark brownish gray (5YR3/1 to N3); weathers light gray (N7). Calcareous (90%),
muddy (trace). Matrix (90%): microcrystalline; skeletal (10%): crinozoans, fusulinids (3 x 4 mm); no grain
tangency; lime wackestone. Beds 5-10 cm thick. Moderate ledge; fair exposure. BHP-25-3.
Chert (30%): dark brownish gray (5YR3/1), some bluish; weathers grayish orange (10YR7/4), pale red
(5R6/2). Siliceous (90%), calcareous (10%). Matrix (90%): microcrystalline; skeletal (10%): crinozoans,
fusulinids; no grain tangency; lime wackestone. Nodules 3 x 5 cm to 10 x 50 cm, irregular shapes, some
linked, some anastomosed. BHP-25-4.
24 Limestone 25
0-25 ft Limestone (100%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (100%).
Grains (40%): dark peloids (1 mm diameter), some elongate, others; matrix (30%): microcrystalline;
skeletal (30%): rugose and tabulate corals (some may be in growth position), small fusulinids; fair
grain tangency; lime wackestone-packstone. Hints of beds 30-50 cm thick. Slight ledge, poor to fair
exposure. BHP-24-1.
23 Limestone and chert, partly covered 25
9-25 ft Covered (100%): probably limestone and chert. Slope.
4-9 ft Limestone (100%): resembles 0-4 ft. Slight ledge, deeply weathered, some fractured.
0-4 ft Limestone (70%): brownish gray (5YRA4/1); weathers light gray (N7). Calcareous (90%), siliceous
(10%). Matrix (70%): microcrystalline; skeletal (30%): very small types; poor grain tangency; lime
wackestone. Hints of beds 10-30 cm thick, fairly sharp bedding surface at base. Slight ledge; poor
exposure, highly fractured.
Chert (30%): light brownish gray (5YR6/1 to N5), light bluish gray (5B7/1); weathers light brownish gray
(5YR6/1), to moderate yellowish brown (10YR5/2), some reddish jasperoid streaks in fractures. Siliceous
(90%), calcareous (10%). Matrix (100%): microcrystalline, opaque to translucent; skeletal (trace): very
small types, replaced; no grain tangency; lime mudstone. Nodules 5 x 10 cm to 10 x 100 cm, generally
parallel to bedding, irregular shapes, some linked, some anastomosed. BHP-23-4.
22 Limestone 30
5-30 ft Limestone (100%): resembles 0-2 ft. Some interbeds of crinozoan hash. Fair to poor exposure, covered at
top.
Chert (trace): resembles 0-2 ft. Deeply weathered brown to dark brown. Nodules up to 5 x 50 cm.
2-5 ft Limestone (100%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (100%). Skeletal
(100%): nearly all crinozoans (1-2 mm diameter), one interbed 10 cm thick of abundant brachiopod shells;
matrix (trace): microcrystalline; excellent grain tangency; lime packstone. Hints of beds 10-30 cm thick,
fairly sharp surface at base; hints of horizontal lamination. Moderate to slight ledge; fair exposure.
Chert (trace): resembles 0-2 ft. Few nodules.
0-2 ft Limestone (100%): dark brownish gray (5YR3/1 to N3); weathers light gray (N7). Calcareous (90%),
muddy (10%). Matrix (60%): microcrystalline calcite, silt and probable clay; grains (30%): very small,
some coats or rinds; skeletal (10%): crinozoans, rare fusulinids, algae?; fair grain tangency; lime
wackestone-packstone. Beds 10-50 cm thick, sharp erosion surface at base is overlain by 1-2-cm-thick bed
of crinozoan hash; no discernible lamination. Slight ledges; fair to good exposure. BHP-22-1.
Chert (trace): black (N1); weathers brownish black (5YR2/1). Siliceous (100%), calcareous (trace). Matrix
(100%): microcrystalline, opaque; grains (trace): very small; no grain tangency; lime mudstone. Nodules 5 x 10
cm.
21 Limestone and chert 6

1-6 ft Limestone (80%): dark brownish gray (5YR3/1 to N3); weathers light gray (N7). Calcareous (90%), muddy
(10%). Matrix (100%): microcrystalline calcite, silt, and probable clay; skeletal (trace): crinozoans, brachiopods;
no grain tangency; lime mudstone. Hints of beds 30-50 cm thick. Moderate to slight ledges; fair exposure. BHP-
21-2.

Chert (20%): brownish black (5YR2/1 to N2); weathers dark brownish gray (5YR3/1). Siliceous (100%).
Matrix (100%): microcrystalline, opaque; skeletal (trace): brachipods, others; no grain tangency; lime mudstone.
Nodules 5 x 15 cm to 10 x 90 cm. BHP-21-3.

0-1 ft Limestone (100%): dark brownish gray (5YR3/1); weathers light gray (N7). Calcareous (100%). Skeletal
(90%): all crinozoans (1-2 mm diameter), medium light gray (N6); matrix (10%): microcrystalline; good grain
tangency; lime packstone-grainstone. Single bed, erosion surface at base with 1-2 c¢cm relief; no discernible
lamination. Lower part of moderate ledge; fair exposure.

Chert (trace): resembles 1-6 ft.
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20 Limestone and minor chert 17
5-17 ft Limestone (90%): resembles 0-5 ft. Moderate to slight ledges, fair to good exposure.
Chert (10%): resembles 0-5 ft. Nodules 2 x 3 cm to 14 x 15 cm, some are linked to form bodies 15 x 60
cm.
0-5 ft Limestone (100%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (100%).
Matrix (70%): microcrystalline; skeletal (30%): foraminifers (1 mm diameter), fusulinids, crinozoans,
others; fair grain tangency; lime wackestone-packstone. Hints of beds 30-50 cm thick. Moderate ledge to
slope at top; poor exposure, partly covered in upper part. BHP-20-2.
Chert (trace): dark brownish gray (5YR3/1 to N3); weathers medium brownish gray (5YR5/1 to N5).
Siliceous (70%), calcareous (30%). Matrix (80%): microcrystalline, opaque; grains (20%): very small; skeletal
(trace): fusulinids; poor grain tangency; lime wackestone. Nodules 3 x 12 cm to 10 x 16 cm.
19 Limestone and minor chert, mostly covered 25
5-25 ft Covered (100%): probably limestone and chert. Slope.
0-5 ft Limestone (90%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (100%).
Matrix (60%): microcrystalline; grains (30%): very small; skeletal (10%): crinozoans, rare fusulinids;
fair grain tangency; lime wackestone-packstone. Hints of beds 30 cm thick. Slight ledge; poor
exposure. BHP-19-4a.
Chert (10%): brownish gray (5YR4/1 to N4); weathers light brownish gray (5YR4/1). Siliceous (90%),
calcareous (10%). Matrix (80%): microcrystalline, opaque; skeletal (20%): crinozoans (some not replaced),
others; poor grain tangency; lime wackestone. Nodules 5 x 30 cm. BHP-19-4b.
18 Limestone, partly covered 43
25-43 ft Limestone (100%): resembles 0-4 ft. Matrix (80%); skeletal (20%). Slight ledge to slope; poor ex-
posure.
5-25 ft Covered (100%): probably limestone. Slope.
4-5 ft Limestone (100%): resembles 0-4 ft. Skeletal (70%): increase in shell fragments; matrix (30%); good grain
tangency; lime packstone-wackestone. One channel 20 cm deep, 40 cm wide, with shells and limestone lithoclasts
up to 200 x 500 mm.
0-4 ft Limestone (100%): dark brownish gray (5YR3/1 to N3); weathers light gray (N7). Calcareous (100%).
Matrix (60%): microcrystalline; skeletal (40%): crinozoans, fusulinids, few brachiopod? shell fragments,
some concentrations 1-2 cm thick of silicified skeletal material, weathers brownish gray; fair grain tan-
gency; lime wackestone-packstone. Hints of beds 30 cm thick. Slight ledge; poor to fair exposure. BHP-
18-0.
17 Limestone and minor chert, upper part covered 38
34-38 ft Covered (100%): probably limestone. Slope.
20-34 ft Limestone (100%): resembles 0-10 ft. Moderate to slight ledges.
Chert (trace): resembles 15-20 ft. Small nodules.
15-20 ft Limestone (90%): resembles 0-10 ft.
Chert (10%): dark gray (N3 to N2); weathers pale yellowish brown (10YR6/2 to 10YR6/4). Siliceous
(90%), calcareous (10%). Matrix (70%): microcrystalline, opaque; skeletal (20%): crinozoans (some not
replaced), others; grains (10%): very small; fair grain tangency; lime wackestone-packstone. Nodules 2 x 4
cmto 25 x 60 cm. BHP-17-17.
10-15 ft Limestone (100%): resembles 0-10 ft. Some rugose corals, not in growth position. Slight ledge to slope; poor
exposure, partly covered.
0-10 ft Limestone (100%): brownish gray (5YR4/1 to N4); weathers light gray (N7 to 5Y7/1). Calcareous
(100%). Matrix (90%): microcrystalline; skeletal (10%): fusulinids (1.5 x 2.5 mm), some algae? in dark
silicified lenses; no grain tangency; lime wackestone. Beds up to 30 cm thick. Slight ledges; fair to poor ex-
posure. BHP-17-4.
16 Limestone and chert, upper part covered. 45

18-45 ft Covered (90%): probably limestone. Slope.

Limestone (10%): resembles 4-5 ft. Slope to slight ledges; poor exposure.

15-18 ft Limestone (100%): resembles 4-5 ft.

5-15 ft Limestone (90%): resembles 4-5 ft. Abundant fusulinids. No discernible stratification. Moderate ledge; poor to
fair exposure.

Chert (10%): light gray, bluish (N7, matrix), brownish gray (5Y4/1, grains); weathers medium brownish gray
(5YR5/1). Siliceous (90%), calcareous (10%). Matrix (70%): microcrystalline, opaque to translucent; skeletal
(30%): fusulinids (some not replaced), others; fair grain tangency; lime wackestone-packstone. Nodules generally
less than 5 cm long, one 10 x 30 cm. BHP-16-10.

4-5 ft Limestone (100%): brownish gray (5YR5/1 to N5); weathers light gray (N7). Calcareous (100%). Skeletal
(80%): fusulinids (1 x 2 mm) larger and more abundant, others; matrix (20%): microcrystalline; good grain
tangency; lime packstone-wackestone. Single bed, sharp surface at base; hints of horizontal lamination. Slight
ledge to slope; poor exposure, covered in upper part. BHP-16-4.

0-4 ft Limestone (80%): brownish gray (5YRA4/1); weathers light gray (N7). Calcareous (100%). Skeletal
(90%): many crinozoans (some 1-6 mm diameter), other small types; matrix (10%): microcrystalline; good
grain tangency; lime packstone. Bed at base is 50 cm thick, those above are 5 cm thick and separated by
chert. Slight ledges; poor exposure, deeply weathered.

Chert (20%): brownish gray (5YR4/1), bluish; weathers light brown (5YR6/4). Siliceous (100%). Matrix
(100%): microcrystalline, translucent; grains (trace): very small; no grain tangency; lime mudstone. Bands 5 cm
thick, irregular shapes, nodules 3 x 10 cm.
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15 Limestone, partly covered 50
27-50 ft Limestone (100%): resembles 2-3 ft. Chaetetid corals (5 cm diameter) about 10 ft below top. Slight ledges to
slopes; poor exposure, partly covered.
15-27 ft Covered (100%): probably limestone. Slope.
7-15 ft Limestone (100%): resembles 2-3 ft. Some small fusulinids and conispiral foraminifers. Slight ledge to slope;
poor exposure, partly covered.
Chert (trace): dark gray. Thin bands and small nodules.
3-7 ft Covered (100%): probably limestone. Slope.
2-3 ft Limestone (100%): brownish gray (5YRA4/1); weathers light gray (N7). Calcareous (100%). Grains
(80%): elongate coated grains, peloids, ooids; skeletal (10%): crinozoans, others; matrix (10%): micro-
crystalline; good grain tangency; lime packstone. Hints of beds 30-40 cm thick. Upper part of slight ledge;
poor to fair exposure.
0-2 ft Limestone (100%): dark brownish gray (5YR3/1); weathers medium light gray (N6 to N7), some iron
stain along fractures. Calcareous (90%), muddy (10%). Matrix (100%): microcrystalline calcite, silt and
probable clay; skeletal (trace): very small types; no grain tangency; lime mudstone. Beds 6-30 cm thick,
average 20 cm, lapping out downward to northeast, sharp surface at base; hints of horizontal lamination.
Slight to moderate ledges; fair to good exposure. BHP-15-2.
14 Limestone, minor large white chert nodules, partly covered 57
55-57 ft Limestone (100%): resembles 0-5 ft. No discernible stratification. Slight ledge; poor exposure, deeply
weathered.
Chert (trace): resembles 0-5 ft. Nodules 30 cm diameter, may be silicified tabulate (chaetetid) corals; some
brown nodules 5 x 10 cm. Deeply weathered.
45-55 ft Covered (90%): probably limestone, much rubble. Slope.
Limestone (10%): resembles 0-5 ft. No discernible stratification. Slight ledges; poor exposure.
39-45 ft Limestone (100%): resembles 0-5 ft. Hints of beds 30-50 cm thick. Slight ledges; poor exposure.
Chert (trace): resembles 0-5 ft. Round nodules 10 cm diameter.
35-39 ft Covered (100%): probably limestone. Slope.
29-35 ft Limestone (100%): resembles 0-5 ft. Beds about 50 cm thick; slight ledge; poor to fair exposure.
Chert (trace): brownish gray (5YR4/1); weathers medium brownish gray (5YR5/1). Siliceous (100%). Matrix
(100%): microcrystalline, translucent; lime mudstone. Single band 10 cm thick.
19-29 ft Covered (100%): probably limestone. Slope.
13-19 ft Limestone (100%): resembles 0-5 ft. Some deeply weathered.
Chert (trace): resembles 0-5 ft. Few small nodules.
5-13 ft Covered (100%): probably limestone. Slope.
0-5 ft Limestone (90%): medium brownish gray (5YR5/1); weathers light gray (N7). Calcareous (100%).
Grains (90%): peloids (1 mm diameter, some elongate), ooids, elongate coated grains, grapestone grains;
skeletal (10%): crinozoans, brachiopods, fusulinids, algae?; matrix (trace): microcrystalline, some patches;
cement (trace): clear sparry calcite; excellent packing; lime grainstone. Hints of beds 30-50 cm thick.
Slight ledge; poor to fair exposure. BHP-14-3.
Chert (10%): light bluish gray (5B7/1); weathers very light gray (N8), some with reddish brown ferrugi-
nous crust. Siliceous (90%), calcareous (10%), dolomitic (trace). Matrix (50%): microcrystalline, opaque
to translucent; skeletal (40%): replaced crinozoans, tabulate (chaetetid?) corals; dolomite porphyrotopes
(10%, locally more abundant): coarse crystals; fair grain tangency; lime wackestone-packstone. Nodules
20 x 30 cm. BHP-14-2.
13 Limestone, minor chert, partly covered 102

76-102 ft Covered (90%): probably limestone, much rubble. Slope.

Limestone (10%): resembles 55-65 ft. Slight ledge; poor exposure.

Chert (trace): dark brownish gray (5YR3/1 to N3); weathers medium brownish gray (5YR5/1 to N5).
Siliceous (100%). Matrix (90%): microcrystalline, opaque to translucent; grains (10%): very small; no
grain tangency; lime wackestone. Nodules 5 x 15 cm to 10 x 50 cm.

74-76 ft Limestone (100%): resembles 55-65 ft. Slight ledge; fair exposure. BHP-13-75.

65-74 ft Limestone (100%): resembles 55-65 ft. Chaetetid corals (5 cm diameter) in silicified, ferruginous bodies.
Slight ledges to slopes; poor exposure, partly covered.

55-65 ft Limestone (100%): brownish gray (5Y4/1 to N4); weathers light gray (N7). Calcareous (100%). Grains
(90%): peloids (0.5 to 1.0 mm diameter), somewhat clotted; matrix (10%): microcrystalline, some patches;
skeletal (trace): fusulinids, others; good grain tangency; lime packstone-wackestone. Hints of beds about 50 cm
thick. Slight ledges; poor exposure, partly covered.

36-55 ft Covered (100%): probably limestone. Slope.

35-36 ft Limestone (100%): resembles 5-12 ft. Grains (70%): peloids (0.5 to 1 mm diameter), ooids; skeletal
(20%): fusulinids, crinozoans, brachiopods, chaetetid corals (3 cm long); matrix (10%): microcrystalline;
good grain tangency; lime packstone-wackestone. Single bed?, sharp surface at base. Slight ledge; fair ex-
posure.

34-35 ft Limestone (90%): brownish gray (5YR4/1 to N4); weathers light gray (N7). Calcareous (100%).
Matrix (100%): microcrystalline; skeletal (trace): crinozoans, others, no fusulinids; no grain tangency;
lime mudstone. No discernible stratification, fairly sharp surface at base. Slight ledge; poor to fair ex-
posure.

Chert (10%): brownish black (5YR2/1 to N2), yellowish gray (5Y8/1), alternating concentric stripes (1-8
mm thick); weathers dark gray (N3), white (N8), distinctive zebralike pattern. Siliceous (70%), calcareous
(30%, in light layers). Matrix (90%): microcrystalline, opaque; grains (10%): very small, may be skeletal;
generally no grain tangency, some thin layers with excellent grain tangency and grading; lime wackestone-
packstone. Nodules 5 x 15 cm to 6 x 30 cm; internal concentric layers, with thicker (4-8 mm) light ones, and
thinner (1-4 mm) dark ones; to east, the chert occurs in bands with internal, parallel, light and dark layers.
BHP-13-35.
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(ft)

12

11

31-34 ft Limestone (100%): resembles 5-12 ft. Grains (60%): peloids, ooids; matrix (30%): microcrystalline;
skeletal (10%): fusulinids, others; good grain tangency; lime packstone-wackestone. Slight ledge; poor ex-
posure.

29-31 ft Limestone (100%): resembles 5-12 ft. Grains (70%): peloids, ooids (0.5-1 mm diameter); matrix (20%):
microcrystalline; skeletal (10%): fusulinids, others; good grain tangency; lime packstone-wackestone. Hints of
beds 30 cm thick. Fairly sharp surface at base. Upper part of slight ledge; fair exposure.

28-29 ft Limestone (90%): resembles 12-20 ft. Matrix (80%): microcrystalline; skeletal (20%): crinozoans,
brachiopods, others, no fusulinids; poor grain tangency; lime wackestone. Hints of beds 30 cm thick. Lower part
of slight ledge; fair exposure.

Chert (10%): dark brownish gray (5YR3/1 to N3); weathers brownish gray (5YR4/1). Siliceous (80%),
calcareous (20%). Matrix (90%): microcrystalline, opaque to translucent; grains (10%): very small; no
grain tangency; lime wackestone. Round nodules 7-10 cm diameter, some joined vertically into figure-8
shapes.

25-28 ft Covered (90%): probably limestone. Slope.

Limestone (10%): resembles 12-20 ft. Slight ledge; poor exposure.

20-25 ft Limestone (100%): medium brownish gray (5YR5/1 to N5); weathers light gray (N7). Calcareous
(100%), glauconitic? (trace). Matrix (80%): microcrystalline; blebs (10%): appear to be small vugs (less
than 1 mm diameter), filled with dark sparry calcite; skeletal (10%): small algae?, rare fusulinids (up to 1
mm diameter); grains of glauconite? (trace); poor grain tangency; lime wackestone. Hints of beds 15-40
cm thick. Slight ledges; poor to fair exposure. BHP-13-23.

12-20 ft Covered (80%): probably limestone. Slope.

Limestone (20%): dark brownish gray (5YR3/1); weathers light gray (N7). Calcareous (100%). Matrix (80%):
microcrystalline; skeletal (20%): small types, fusulinids not seen; poor grain tangency; lime wackestone. Hints of
beds about 30 cm thick. Slight ledges; poor exposure.

5-12 ft Limestone (100%): brownish gray (5YR4/1 to N4); weathers light gray (N7 to N8). Calcareous (100%). Matrix
(80%): microcrystalline; skeletal (20%): fusulinids (less than 1 mm long), others; grains (trace); fair grain
tangency; lime wackestone-packstone. Hints of beds about 50 cm thick, sharp surface at base. Moderate ledges;
fair exposure. BHP-13-7.

Chert (trace): black to dark gray (N1 to N3); weathers dark brownish gray (5YR3/1). Siliceous (100%). Matrix
(100%): microcrystalline, opaque; lime mudstone. Nodules 5 x 15 cm average; one nodule 4 x 10 cm of deeply
weathered brown chert forms nucleus of black chert nodule 9 x 23 cm.

0-5 ft Limestone (100%): dark brownish gray (5YR3/1 to N3); weathers light gray (N7). Calcareous (100%). Matrix
(80%): microcrystalline; skeletal (20%): brachiopods, others, not see fusulinids; poor grain tangency; lime
wackestone. No discernible stratification. Slight ledge; poor exposure, partly covered.

Limestone

11-17 ft Limestone (100%): resembles 0-3 ft. Few chaetetid corals (10 cm diameter, colonies 30 x 40 cm). Beds
average 50 cm thick, sharp surface at base. Moderate ledges; fair exposure.

Chert (trace): dark brownish gray (5YR3/1 to N3); weathers light brownish gray (5YR6/1 to N6). Siliceous
(100%). Matrix (80%): microcrystalline, opaque; grains (20%): replaced ooids, others; poor grain tangency; lime
wackestone. Nodules 5 x 30 cm.

10-11 ft Limestone (100%): resembles 3-4 ft. Gradational base; may have horizontal lamination, slightly contorted.
Slight ledge; poor to fair exposure.

4-10 ft Limestone (100%): brownish gray (5YR4/1 to N5); weathers light gray (N7). Calcareous (90%), glau-
conitic (10%). Grains (90%): ooids (0.5-1 mm diameter), elongate coated grains (0.5 X 2 mm); matrix
(10%): microcrystalline, some patches; skeletal (trace): shell fragments; good grain tangency; lime pack-
stone. Hints of beds 30-50 cm thick, slightly irregular base, may be erosion surface. Moderate ledges; poor
to fair exposure.

3-4 ft Limestone (100%): brownish black (5YR2/1 to N3); weathers gray (N5). Calcareous (80%), muddy (20%).
Matrix (100%): microcrystalline calcite, silt, and probable clay; lime mudstone. No discernible stratification,
may have gradational base. Slight ledge to slope; poor exposure.

0-3 ft Limestone (100%): brownish gray (5YR4/1 to N5); weathers light gray (N7). Calcareous (100%), glau-
conitic (trace). Skeletal (60%): crinozoans, brachiopods, bryozoans?, others; matrix (40%): microcrystal -
line, some patches; grains (trace): very small; glauconite grains (trace): dark, some flakes; fair grain tan-
gency; lime wackestone-packstone. Beds average 20 cm thick, irregular surfaces, erosional truncation at
base (60 cm bed below is truncated to 30 cm in 1.5 m laterally to northeast); no discernible lamination.
Moderate ledges; fair to good exposure. BHP-12-1.

Limestone, minor chert, partly covered

69-70 ft Limestone (100%): brownish gray (5YR4/1); weathers light gray (N7), some pinkish iron stain. Calcareous
(90%), silty (10%). Matrix (90%): microcrystalline; silt grains (10%): dispersed in matrix; lime mudstone. Single
bed, sharp surface at base. Slight ledge; fair exposure.

59-69 ft Limestone (100%): resembles 0-6 ft. Beds average 40 cm thick, fairly sharp surface at base. Moderate ledges;
fair to good exposure.

45-59 ft Limestone (100%): resembles 0-6 ft. Hints of beds 100 cm thick, base may be gradational. Moderate ledge;
fair exposure.

27-45 ft Limestone (100%): resembles 0-6 ft. Matrix (100%): microcrystalline; lime mudstone. Beds 30 cm thick.
Moderate to slight ledges; fair to poor exposure, partly covered.

20-27 ft Limestone (90%): brownish black (5YR2/1); weathers light gray (N7). Calcareous (90%), muddy (10%).
Matrix (90%): microcrystalline calcite, silt and probable clay; skeletal (10%): crinozoans, light gray (N7);
no grain tangency; lime wackestone. Beds 7-30 cm thick, average 15 cm. Slight ledge; fair to poor ex-
posure, partly covered.

Chert (10%): black (N1); weathers dark gray (N3). Siliceous (100%). Matrix (100%): microcrystalline,
opaque; lime mudstone. Nodules 5 x 30 cm.
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Unit

Description

Thickness

(ft)

10

15-20 ft Limestone (100%): resembles 0-6 ft. Slight ledge; fair exposure, covered at top.

9-15 ft Covered (100%): probably limestone. Slope.

6-9 ft Limestone (100%): resembles 0-6 ft. Grains (60%); matrix (40%); fair grain tangency; lime wackestone-
packstone. Hints of beds 50 cm thick, sharp surface at base. Slight ledge; fair exposure.

0-6 ft Limestone (100%): brownish gray (5YR4/1 to 10YR4/2 to 5YR4/1); weathers light gray (N7). Calcareous
(100%). Grains (90%): ooids (less than 1 mm diameter), some flattened, elongate coated grains (0.1 x 2
min); matrix (10%): microcrystalline, some patches; skeletal (trace): crinozoans, brachiopods, others; good
grain tangency where not separated by patches of matrix, lime packstone-mudstone. Single bed?, sharp
surface at base, no discernible lamination. Moderate ledge; fair to good exposure. BHP-11-1.

Limestone and minor chert

4-7 ft Limestone (90%): resembles 0-3 ft. Some brachiopods and other skeletal material occur in lenses. Beds 20-40
cm thick. Moderate ledge; fair exposure.

Chert (10%): resembles 0-3 ft. Bands 2 cm thick, small nodules.

3-4 ft Limestone (100%): brownish black (5YR2/1 to 5Y2/1 to N2); weathers light gray (N7). Calcareous
(80%); muddy (20%). Matrix (100%): microcrystalline calcite, silt, and probable clay; lime mudstone.
Single bed; some interlayering of muddy, fissile (shaly) types and cleaner, nonfissile types. Slight ledge;
fair exposure. BHP-10-3.

0-3 ft Limestone (90%): dark brownish gray (5YR3/1); weathers light gray (N7). Calcareous (100%). Matrix (100%):
microcrystalline; skeletal (trace): crinozoans, light gray (N7, 1-2 mm diameter); no grain tangency; lime
mudstone. Hints of beds 30 cm thick, sharp surface at base. Slight ledges; fair exposure.

Chert (10%): dark gray to black (N3 to N1), bluish; weathers brownish black (5YR2/1). Siliceous (90%),
calcareous (10%). Matrix (90%): microcrystalline, opaque; skeletal (10%): small types; no grain tangency; lime
mudstone. Band 3 cm thick at base, nodules 6 x 20 cm.

Limestone

0-20 ft Limestone (100%): dark brownish gray (5YR3/1 to 5Y3/1); weathers light gray (N7). Calcareous
(100%). Grains (70%): ooids (less thin 1 mm diameter), elongate coated grains (0.1 x 2 mm), rare grape-
stone grains; skeletal (20%): crinozoans, brachiopods, some shell beds (a distinctive one from 7 to 9 ft
above base); matrix (10%, forms 80% of basal 0.1 ft): microcrystalline; good grain tangency; lime pack-
stone-wackestone. Beds 5-80 cm thick, average 60 cm, some beds coincide with alternations of skeletal
and coated grains, sharp contact at base; hints of horizontal lamination. Moderate ledges; fair to good ex-
posure. BHP-9-5, BHP-9-6.

Limestone and chert

0-10 ft Limestone (70%): dark brownish gray (5YR3/1 to 10YR2/2); weathers light gray (N7). Calcareous (100%).
Matrix (70%): microcrystalline; skeletal (20%): very small types, some crinozoans; grains (10%): ooids, others;
fair grain tangency; lime wackestone-packstone. Beds average 10 cm thick, separated by chert, sharp surface at
base. Slight ledges; fair exposure, covered at top. BHP-8-1a.

Chert (30%): dark brownish gray (5YR3/1 to 5Y3/1 to N3), weathers light brownish gray (5YR6/1), some
iron stain. Siliceous (100%). Matrix (90%): microcrystalline, opaque; grains (10%): ooids, others; skeletal
(trace): crinozoans, others; poor grain tangency; lime wackestone. Bands 2-4 cm thick, irregular tops and bases,
nodules up to 10 x 45 cm, some linked, some anastomosed. BHP-8-1b.

Limestone, partly covered

21-23 ft Limestone (100%): brownish gray (5YR4/1 to 10YR4/2 to 5Y3/2); weathers light gray (N7). Calcareous
(100%). Grains (70%): ooids (less than 1 mm diameter), grapestone grains (1 x 2 mm); skeletal (20%):
crinozoans (1-2 mm diameter), others; matrix (10%): darker, microcrystalline; good grain tangency; lime
packstone-wackestone. Single bed? Slight ledge; poor to fair exposure. BHP-7-23.

19-21 ft Covered (100%): probably limestone. Slope.

17-19 ft Limestone (100%): resembles 0-4 ft. Slight ledge, fair exposure. Possible mudcracks on surface at top of
bed; filled with sparry calcite.

11-17 ft Covered (100%): probably limestone, much rubble. Slope.

9-11 ft Limestone (100%): resembles 4-6 ft. Matrix (70%); skeletal (30%): disarticulated brachiopod shells, generally
convex up. Slight ledge; fair exposure.

6-9 ft Covered (100%): probably limestone, much rubble. Slope.

4-6 ft Limestone (100%): dark brownish gray (5YR3/1 to N4); weathers light gray (N7). Calcareous (100%). Matrix
(60%): microcrystalline; skeletal (40%): corals, brachiopods, others weather dark reddish brown; one lens 15 x
60 cm with ooids and other grains; fair grain tangency; lime wackestone-packstone. Hints of beds 30 cm thick,
sharp surface at base. Upper part of slight ledge; fair exposure.

0-4 ft Limestone (100%): brownish gray (5YR4/1 to 10YR4/2 to 5Y3/2); weathers light gray (N7). Calcareous (100%
siliceous (trace). Matrix (100%): microcrystalline; lime mudstone. Hints of beds 40-60 cm thick; no discernible
lamination. Slight ledge; fair exposure. BHP-7-1.

Limestone and chert, partly covered
35-60 ft Covered (80%): probably limestone and chert. Slope.
Limestone (20%): resembles 0-2 ft. Slight ledges; poor exposure.
Chert (trace): resembles 0-2 ft.
33-35 ft Limestone (100%): resembles 0-2 ft. Slight ledge; poor to fair exposure.
30-33 ft Limestone (70"): resembles 0-2 ft. Matrix (90%); grains (10%): in lenses. Slight ledge; fair exposure.
Chert (30%): resembles 0-2 ft. Bands 2-4 cm thick, some nodules.
14-30 ft Covered (100%): probably limestone and chert. Slope.
12-14 ft Limestone (70%): resembles 0-2 ft. Some tabulate corals. In one 10 cm bed are laminae inclined 15° to
N. 45° E. Slight ledge.
Chert (30%): resembles 0-2 ft.
10-12 ft Covered (100%): probably limestone. Slope.
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TABLE 4 (continued)
Thickness
Unit Description (ft)
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2-9 ft Covered (100%): probably limestone. Slope.
0-2 ft Limestone (70%): dark brownish gray (5YR3/1 to N4); weathers light gray (N7). Calcareous (100%),
siliceous (trace). Matrix (50%): microcrystalline; grains (50%): very small peloids or skeletal material; fair
grain tangency; lime wackestone-packstone. Single bed?, sharp surface at base; no discernible lamination.
Upper part of moderate ledge; fair exposure. BHP-6-1a.
Chert (30%): dark brownish gray (5YR3/1 to 5Y3/1); weathers dark gray (N4), some yellowish brown
iron stain. Siliceous (90%), calcareous (10%). Matrix (60%): microcrystalline, opaque; grains (40%): very
small; fair grain tangency; lime wackestone-packstone. Nodules 10 x 20 cm, irregular shapes, long axes
parallel to bedding. BHP-6-1b.
5 Limestone 5
0-5 ft Limestone (100%): brownish gray (5YR4/1 to 5Y4/1); weathers light gray (N7), some yellowish brown
iron stain. Calcareous (100%). Grains (70%): elongate grains (0.1 x 2 mm) with rinds or coats, ooids
(average 1 mm diameter); skeletal (30%): crinozoans, brachiopod shells; matrix (trace): microcrystalline;
excellent grain tangency; lime packstone-grainstone. Beds 10-30 cm thick, average 20 cm, basal surface is
covered but may be sharp; some horizontal to slightly wavy lamination, alternating lighter and darker
layers are seen on weathered surface. Moderate ledges; fair to good exposure. BHP-5-0.
Contact not exposed, probable disconformity.
Paradise Formation (Mississippian/Chesterian), only upper part exposed, total measured 78
4 Limestone, siltstone, lower part covered 14
13-14 ft Limestone (100%): olive black (5Y2/1); weathers medium gray (N5). Calcareous (60%); dolomitic
(20%); silty (20%): quartz, minor feldspar, and no clay (X-ray identification by R.M. North, NMBMMR);
organic (10%): black residue, probably kerogen and minor bitumen (soluble in naptha). Matrix (80%):
microcrystalline calcite, silt, and disseminated organic material. Porphyroblasts (20%): white dolomite
crystals. Horizontal stratification barely discernible; gradational with underlying siltstone. Slight ledge to
slope; poor exposure, upper part is covered. BHP-4-13.
12-13 ft Siltstone (100%): olive brown (5Y3/4), some yellowish; weathers pale brown (5YR5/2). Silty (80%): quartz;
calcareous (20%). Matrix (70%): silt, and microcrystalline calcite; skeletal (30%): chonetid brachiopod shells,
disarticulated, silicified; fair grain tangency. Single bed; hints of horizontal lamination. Slight ledge; poor
exposure, fractured. BHP-4-12.
0-12 ft Covered (100%): probably limestone. Slope.
Limestone (trace): resembles 13-14 ft. Poor exposure at top of interval.
3 Limestone 8
0-8 ft Limestone (100%): dark yellowish brown (10YR4/2); weathers pale yellowish brown (10YR5/2 to N7).
Calcareous (100%), siliceous (trace). Matrix (90%): microcrystalline; skeletal (10%): crinozoans, gastropods,
others; lithoclasts (trace): limestone pebbles, imbricated, inclined to northeast; poor grain tangency; lime
wackestone. Beds 3-4 cm thick, horizontal, slightly irregular surface; no discernible lamination. Moderate ledge;
fair to good exposure, some fractured. BHP-3-2.
2 Limestone, partly covered 45
35-45 ft Covered (100%): probably limestone. Slope.
33-35 ft Limestone (100%): resembles 1-3 ft. Slight ledge; poor exposure.
15-33 ft Covered (100%): probably limestone. Slope.
13-15 ft Limestone (100%): resembles 1-3 ft. Horizontal and inclined laminae, troughs plunging about S. 20°
E. Slight ledge; fair to good exposure.
5-13 ft Covered (100%): probably limestone. Slope.
4-5 ft Limestone (100%): resembles 1-3 ft. Horizontal lamination.
3-4 ft Limestone (100%): resembles 1-3 ft. No discernible lamination.
1-3 ft Limestone (100%): dark yellowish brown (10YR4/2); weathers grayish orange pink (5Y7/2). Calcareous
(100%). Skeletal (50%): crinozoans (0.5-1.5 mm diameter); others; grains (40%): ooids (0.5-2 mm diameter),
elongate grains with rinds or coats; matrix (10%): microcrystalline; excellent grain tangency; lime packstone.
Beds 50 cm thick, sharp surfaces; laminasets 5-10 cm thick, tabular to wedge shapes, with inclined laminae
convex up, lapping out downward at bases of sets, striking N. 30 ° E., dipping 45 ° SE., truncated at top by
channel 50 cm wide, 5 cm deep, axis aligned N. 10° W.-S. 10° E., filled with horizontal and current-ripple
laminae. Moderate ledges, good exposure. BHP-2-1.
0-1 ft Limestone (100%): dark yellowish brown (10YRA4/2); weathers grayish orange (10YR6/4). Calcareous
(80%), muddy (10%), siliceous (10%), carbonaceous (trace). Skeletal (60%): crinozoans, brachiopods,
others; grains (20%): very small; matrix (20%): microcrystalline calcite, silt (noncalcareous, may be
quartz), probable clay, and carbonaceous material; lithoclasts (trace, locally abundant): pebbles of lime-
stone 2-30 mm diameter, some larger ones are black, carbonaceous to siliceous limestone, no discernible
grading, poor sorting, prolate forms, subrounded to subangular, no discernible orientation; fair grain tan-
gency; lime wackestone-packstone. Local channel eroded 30 cm deep into underlying limestone of unit 1,
channel is probably a few meters wide, wedging out to east and thinning to west; two beds 10 and 20 cm
thick, sharp erosion surface at base; no discernible lamination. Slight ledge; fair exposure. BHP-2-0.
1 Limestone 11

0-11 ft Limestone (100%): brownish gray (5YR4/1); weathers grayish orange (10YR7/4) to light gray (N7).
Calcareous (100%), muddy (trace). Skeletal (60%): crinozoans (1-2 mm diameter, light gray, N6 to N7),
cryptostome bryozoans (100 x 700 mm) with spiral axes and attached fronds (Archimedes sp.), other types;
grains (30%): ooids (1 mm diameter or smaller), elongate grains with rinds or coats; matrix (10%): micro-
crystalline calcite, minor silt and probable clay; good grain tangency; lime packstone. Beds 5-25 cm thick,
average 20 cm, some surfaces slightly uneven, may be erosional; no discernible lamination. Slight ledges;
fair to good exposure. BHP-1-0.

Base is covered by Quaternary alluvial-fan and stream deposits, in southern tributary to main Chaney Canyon
drainage.
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Cumulative Direction  Distance Difference ~ Cumulative
Thickness thickness frombase along traverse in elevation difference
S — < Ao —ria  —— i oo oy
-Base is in SE 1/4 NW 1/4 NE 1/4 sec. 6, T. 31 S., R. 15 W_; elevation is about 5,940 ft
1 11 11 N. 50 E., 36 SE. S. 10 W. 5 +3 +3 Arroyo
2 45 56 N. 50 E., 36 SE. S. 10 W. 26 +19 +22 Arroyo
3 8 64 N. 50 E., 36 SE. S. 10 W. 3 +5 +27 Arroyo
4 14 78 N. 50 E., 36 SE. S. 10 W. 1 +6 +33 Arroyo
5 5 83 N. 50 E., 36 SE. S. 10 W. 2 +5 + 38 Spur
6 60 143 N. 50 E., 36 SE. S. 5 E. 40 +23 +61 Spur
7 23 166 N. 50 E., 36 SE. S.35E. 13 +11 +72 Spur
8 10 176 N. 50 E., 36 SE. S.35E. 3 +7 +79 Spur
-Offset on top of unit 8, go S. 60 W, 60 yards, cross arroyo to next spur, gain 4 ft in elevation
9 20 196 N. 50 E., 36 SE. S. 10 E. +6 +89 Spur
10 7 203 N. 50 E., 36 SE. S. 10 E. 7 +7 +96 Spur
1 70 273 N. 50 E., 36 SE. S. 30 W. 80 +33 +129 Spur
12 17 290 N. 50 E., 36 SE. S. 40 E. 7 +11 + 140 Arroyo
13 (35) - N. 50 E., 36 SE. S.30 E. 12 +16 + 156 Arroyo
-Offset at 35 ft above base of unit 13, go N. 60 E., 34 yards, to crest of spur, gain about 2 ft in elevation
13 102 392 N. 50 E., 36 SE. S.20 E. 45 +33 +191 Spur
14 5) - N. 50 E., 36 SE. S. 40 E. 2 +1 +192 Spur
-Offset at 5 ft above base of unit 14, go S. 40 W, 33 yards, to arroyo, lose 1 ft in elevation
14 57 449 N. 50 E., 36 SE. S.35E. 45 +24 +215 Arroyo
15 50 499 N. 50 E., 36 SE. S. 40 E. 24 +24 + 239 Arroyo
16 15) - N. 50 E., 36 SE. S. 40 E. 5 +10 + 249 Arroyo
-Offset at 15 ft above base of unit 16, go N. 70 E., 185 yards, to crest of main spur, gain 1 ft in elevation
16 45 544 N. 50 E., 36 SE. S.20 E. 20 +17 + 267 Spur
17 38 582 N. 50 E., 36 SE. S.25E. 30 +22 + 289 Spur
18 43 625 N. 50 E., 36 SE. S. 30 E. 18 +22 +311 Spur
19 25 650 N. 50 E., 36 SE. S. 10 W. 22 +1 +322 Spur
20 17 667 N. 50 E., 36 SE. S. 25 W. 10 +12 + 334 Spur
21 6 673 N. 50 E., 36 SE. S. 40 W. 38 +5 + 339 Spur
22 30 703 N. 45 E., 36 SE. S. 40 E. 9 +17 + 356 Spur
23 25 728 N. 45 E., 36 SE. S. 40 E. 12 +13 + 369 Spur
24 25 753 N. 45 E., 36 SE. S. 10 W. 23 +15 + 384 Spur
25 47) - N. 45 E., 36 SE. due S. 27 +27 +411 Spur
25 119 872 N. 45 E., 36 SE. S. 60 E. 72 +23 +434 Spur
26 1 883 N. 55 E., 34 SE. S. 20 W. 10 +9 + 443 Spur
27 75 958 N. 50 E., 32 SE. S.35E. 34 +43 + 486 Spur
28 10 968 N. 50 E., 32 SE. S.20 E. 4 +5 +491 Spur
29 29 997 N. 50 E., 32 SE. due S. 22 +20 + 511 Spur
30 15 1,012 N. 50 E., 32 SE. S. 40 E. 6 +11 +522 First faitly promi-
nent ledge
31 20 1,032 N. 50 E., 32 SE. S. 15 W. 12 +17 + 539 Spur
32 35 1,067 N. 50 E., 32 SE. S.20 E. 19 +22 + 561 Spur
33 24 1,091 N. 45 E., 34 SE. S.5E. 16 +2 +583 Spur
34 40 1,131 N. 45 E., 34 SE. S. 40 E. 20 +2 + 605 Spur
35 22 1,153 N. 45 E., 34 SE. S. 10 W. 15 +12 + 617 Spur
36 39 1,192 N. 45 E., 34 SE. S. 30 W. 35 +38 + 655 First prominent
ledge
37 38 1,230 N. 45 E., 34 SE. S.5W. 25 +18 +673 Spur
38 82 1,312 N. 45 E., 34 SE. S. 15 W. 50 +55 + 728 Spur
39 26 1,338 N. 40 E., 34 SE. S. 10 E. 14 +16 + 744 Spur
40 n 1,349 N. 40 E., 34 SE. S.30 E. 4 +10 + 754 Spur
-Offset on top of unit 40, go S. 35 W., 41 yards, to crest of spur, gain 17 ft in elevation
41 64 1,413 N. 40 E., 34 SE. S.35E. 30 +30 + 801 Spur
42 28 1,441 N. 30 E., 34 SE. S.35E. 14 +17 + 818 Spur
43 8 1,449 N. 30 E., 34 SE. S. 15 E. 2 +5 +823 Spur
44 15 1,464 N.35E., 34 SE. S. 10 E. 22 +11 + 834 Spur
45 61 1,525 N. 35 E., 34 SE. S. 55 E. 36 +42 + 876 Spur
46 33 1,558 N. 35 E., 34 SE. S. 5 E. 30 +24 +900 First cliff
47 40 1,598 N. 35 E., 34 SE. S.5E. 10 +38 +938 First cliff
—Offset on top of unit 47, go N. 50 E., about 30 yards; climb down cliff, trace marker to northeast, cross fault in first cliff; lose 65 ft in
clevation
48 5 1,603 N. 35 E., 25 SE. S. 30 E. 2 +3 + 876 First cliff
49 59 1,662 N. 35 E., 25 SE. S.5E. 20 +60 +936 First cliff
—Offset on top of unit 49, go S. 40 W, about 200 yards; climb down cliff, trace marker to southwest, climb up wide breach in cliff; gain 35 ft in
elevation
50 42 1,704 N. 20 E., 30 SE. N. 70 E. 28 +25 + 996
51 12 1,716 N. 20 E., 20 SE. S. 65 E. 3 +11 + 1,007 Second cliff
52 35 1,751 N. 20 E., 20 SE. S. 65 E. 12 +39 + 1,056 Second cliff
53 23 1,774 N. 20 E., 20 SE. S.45E. 7 +16 +1,072 Second cliff
-Offset on top of unit 53, go S. 20 W., 38 yards, gain 16 ft in elevation
54 (25) N. 20 E., 20 SE. S.20 W. 20 +15 + 1,103 Second cliff-
talus
54 120 1,894 N. 20 E., 20 SE. S.15E. 28 +93 + 1,196 Second cliff-

breach
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TABLE 5 (continued)
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Thickness thickness from base alongtraverse  in elevation difference
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55 45 1,939 N. 10 E., 24 SE. N. 80 E. 20 +32 + 1,228 Second cliff
56 103 2,042 N. 10 E., 24 SE. S. 85 E. 33 +78 + 1,306
57 65 2,107 N. 10 E., 24 SE. S. 80 E. 28 +39 +1,345
58 22 2,129 N. 10 E., 24 SE. due E. 9 +19 + 1,364 Third cliff
59 3 2,132 N. 10 E., 24 SE. due E. 1 +3 + 1,367 Thitd cliff
60 23 2,155 N. 10 E., 24 SE. N. 20 E. 15 +22 + 1,389 Third cliff
61 15 2,170 N. 10 E., 24 SE. N. 70 E. 10 +11 + 1,400 Third cliff
62 95 2,265 N. 10 E., 24 SE. N. 55 E. 60 +76 + 1,476 Third cliff
63 23 2,288 N. 10 E., 24 SE. S.5W. 8 +17 +1,493
64 26 2,314 N. 10 E., 24 SE. S. 75 E. 7 +18 + 1,511
65 97 2,411 N. 10 E., 24 SE. S. 50 E. 34 +83 +1,594
66 30 2,441 N. 10 E., 24 SE. S. 50 E. n +22 + 1,616
67 (75) - N. 10 E., 24 SE. S. 20 E. 27 +55 + 1,671 Fourth cliff
67 (115) - N. 10 E., 24 SE. S. 40 E. 20 0 +1,671

-Offset at 115 ft above base of unit 67, go S. 75 W., 350 yards, gain 126 ft in elevation
67 148 2,589 N. 25 E., 26 SE. S. 65 E. 15 +8 + 1,805
68 120 2,709 N. 25 E., 26 SE. N. 85 E. 40 +110 +1915 Fifth cliff
69 87 2,796 N. 15 E., 26 SE. N. 75 E. 30 + 80 + 1,995 Sixth cliff
70 54 2,850 N. 15 E., 26 SE. S. 40 E. 23 + 38 + 2,033 Sixth cliff
71 45 2,895 N. 15 E., 26 SE. S. 15 E. 18 +33 + 2,066
72 50 2,945 N. 15 E,, 26 SE. S. 30 E. 20 + 44 +2,110

-Offset on top of unit 72, go S. 80 E., 615 yards, downhill
73 5 2,950 N. 26 E., 26 SE. (did not measure directions, distances, or elevations above) Seventh cliff
74 5) - N. 26 E., 26 SE. Seventh cliff

-Offset at 5 ft above base of unit 74, go east-southeast, 50 yards, downhill
74 (35) - N. 26 E., 26 SE. Seventh cliff

-Offset at 35 ft above base of unit 74, go west, few yards, uphill
74 115 3,065 N. 26 E., 26 SE.

-Offset on top of unit 74, go east, 20 yards, downhill

75 “) N. 10 W., 24 NE. Eighth cliff

—Offset at 4 ft above base of unit 75, go west, 20 yards, uphill; at cleft, trace marker to upthrown side of 10 ft fault, another 15 yards
75 54 3,119 N. 45 E., 25 SE. Eighth cliff
76 (10) - N. 10 E., 24 SE. Ninth cliff

-Offset at 10 ft above base of unit 76, go northeast, 15 yards, downhill, along base of main part of cliff
76 44 3,163 N. 10 E,, 24 SE. Ninth cliff
77 (75) -

—Offset at 75 ft above base of unit 77, go west-southwest, 50 yards, uphill, then S. 10 E. toward cliff
77 100 3,263 N. 10 E,, 24 SE.

—Offset on top of unit 77, go west, about 10 yards, uphill, to fractute, breach in prominent ledge
78 (%) - N.5E., 26 SE.

-Offset at 17 ft above base of unit 78, go west, 160 yards, uphill
78 45 3,308 N.5E., 26 SE. Highest exposure

—Top is in NE 1/4 SE 1/4 SE 'A sec. 6, T. 31 S., R. 15 W.; elevation is about 8,120 ft; location is about 0.2 mi ENE. of Big Hatchet Peak.

TABLE 6-SAMPLES COLLECTED FROM THE BIG HATCHET PEAK SECTION. Sample notation indicates BHP unit number and
footage above base of unit.

Cumulative Purpose
ft above

fe-rotation baseot Roet seuree reseryole
(BHP-) section tvpe petrography paleoniology analysis analysis
top peak - limestone X X
78-42 3,305 limestone X X
78-4 3,267 limestone X X
77-41 3,204 limestone X X
77-22 3,185 limestone X
76-8 3,127 limestone X X X
76-3 3,122 limestone X X
75-7 3,072 limestone X X
75-1 3,066 limestone X
74-54 3,004 limestone X X
74-35 2,985 limestone X
74-0 2,950 limestone X X
73-2 2,947 chert X
73-1 2,946 limestone X
72-2 2,897 limestone X X
71-2 2,852 limestone X X X
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TABLE 6 (continued)
Cumulative Purnose
. ft abm;e Rock source reservoir
Sam{pnlirllcisatlon E)isﬁnon h(,):,, petrography peleontology analysis analysis
70-3 2,799 dolostone X X
69-85 2,794 limestone X X
69-24 2,733 limestone X X
69-14 2,723 chert X
69-3 2,712 limestone X X
68-70 2,659 limestone X X
68-4 2,593 limestone X X X
67-114 2,555 dolostone X
67-68 2,509 dolostone X X
67-22 2,463 dolostone X X
67-10 2,451 dolostone X
66-9 2,420 limestone X X X
65-94 2,408 dolostone X X
65-22 2,336 dolostone X X
65-2 2,316 dolostone X X
64-1 2,289 limestone X X
63-2 2,267 dolostone X X
62-5 2,175 limestone X X
61-2 2,157 limestone X X
60-2 2,134 limestone X
59-2 2,131 chert X
59-1 2,130 limestone X
58-1 2,108 limestone X X
57-23 2,065 limestone X
57-10 2,052 limestone X X
56-92 2,031 dolostone X X
56-7 1,946 dolostone X X
55-3 1,897 chert X
55-2 1,896 limestone X X
54-96 1,870 limestone, X
mudstone
54-4 1,778 chert X
54-2 1,776 limestone X X
53-3 1,754 limestone X
53-1 1,752 limestone X
52-5 1,721 limestone X
52-3 1,719 chert X
52-2 1,718 limestone X X
51-2 1,706 limestone X
50-1 1,663 limestone X X
49-45 1,648 dolostone X
49-30 1,633 dolostone X
49-19 1,622 dolostone X X
49-14 1,617 dolostone X X
49-9 1,612 dolostone X X
49-4 1,607 dolostone X X
49-1 1,604 dolostone X
48-2b 1,600 dolostone X
48-2a 1,600 limestone X X
48-1 1,599 limestone X
47-2 1,560 chert X
47-1 1,559 limestone X
46-17 1,542 limestone X
46-5 1,530 dolostone X
46-1 1,526 limestone X X
45-17 1,481 limestone X X
45-3 1,467 dolostone X
45-2 1,466 limestone X
45-1 1,465 dolostone X
44-2 1,451 limestone X
43-7 1,448 limestone X
42-14 1,427 chert X
42-12 1,425 limestone X
41-20 1,369 limestone X X
40-1 1,339 limestone X
39-4 1,316 chert
39-1 1,313 limestone
38-3 1,233 limestone X
38-0 1,230 limestone X
(lens)
37-0 1,192 limestone X
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TABLE 6 (continued)
Cumulative Purnase
fabove
- Source TEServoir
Samplenotation  bese o Roek  petrography analyss analyss

36-4 1,157 chert X

36-2 1,155 limestone X

35-10 1,141 chert X

35-1 1,132 limestone X

34-6 1,097 limestone X

33-7 1,074 chert X

33-6 1,073 limestone X

32-2 1,034 limestone X

31-15 1,027 chert X

31-10 1,022 limestone X X
30-0 997 limestone X

29-3 971 chert X

29-2 970 limestone X

28-5 963 limestone X

27-3 886 chert X

27-2 885 limestone X

26-0 872 limestone X

25-4 757 chert X

25-3 756 limestone X

24-1 729 limestone X

23-4 707 chert X

22-1 674 limestone X

21-3 670 chert X

21-2 669 limestone X X
20-2 652 limestone X

19-4b 629 chert X

19-4a 629 limestone X

18-0 582 limestone X

17-17 561 chert X

17-4 548 limestone X

16-10 509 chert X

16-4 503 limestone X

15-2 451 limestone X X
14-3 395 limestone X

14-2 394 chert X

13-75 365 limestone

13-35 325 chert X

13-23 313 limestone X

13-7 297 limestone X

12-1 274 limetone X

11-1 204 limestone X

10-3 199 limestone X X
9-6 182 limestone X

9-5 181 limestone X

8-1b 167 chert X

8-la 167 limestone X

7-23 166 limestone X

7-1 144 limestone X

6-1b 84 chert X

6-la 84 limestone X

5-0 78 limestone X

4-13 77 limestone X

4-12 76 siltstone X

3-2 58 limestone X

2-1 12 limestone X

2-0 1 limestone X

1-0 0 limestone X
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Appendix 2 Petrographic data

Table 7 is a catalog of 137 petrographic analyses
based on examination with a Zeiss polarizing micro-
scope of thin sections cut from samples collected in
the Big Hatchet Peak section. The samples are listed in
reverse stratigraphic order from youngest to oldest.
Samples numbered BHP-top peak to BHP-43-7 are
from the upper Horquilla, BHP-42-14 to BHP-5-0 are
from the lower Horquilla, and BHP-4-13 to BHP-1-0
are from the Paradise Formation.

Each description consists of three parts—the general
and specific rock names, a list of allochem and detrital
grains in order of decreasing abundance, and a discus-
sion of diagenetic features in order of occurrence. This
information is plotted graphically with respect to the
stratigraphic column in appendix 3. Selected thin sec-
tions are discussed in the main text section on petrog-
raphy and are illustrated in the plates of photomicro-
graphs.

Rock names

General rock names at the head of each description
include limestone, dolostone, chert, and siltstone. The
minority of mixed rock types include dolomitic, silty, or
sandy limestone, limy or cherty dolostone, and silty or
sandy chert.

Specific carbonate-rock names in boldface are
combinations of prefixes denoting allochem grains
based on the classification of Folk (1962) and of root
terms denoting depositional textures based on the
classification of Dunham (1962). An example is
oobiopelgrainstone.

The prefix oo- refers to ooids, which are spheroidal
carbonate grains less than 2 mm in diameter that have
concentrically laminated coatings. The prefix pel- refers
to peloids, which are spheroidal, micritic, internally
structureless grains; these may be fecal pellets or
micritized skeletal grains that have been rounded during
transport. The prefix bio- refers to whole skeletal forms
or bioclasts produced by organic or inorganic fragmen-
tation. The prefix intra- refers to intraclasts, which are
derived by local erosion of penecontemporaneously lith-
ified material; the material may have been lithified by
exposure within a supratidal zone or by intertidal or
submarine cementation. The term grapestone refers to a
composite grain of ooids, peloids, bioclasts, or in-
traclasts, commonly with a micrite binding and/or one or
more carbonate coatings. The prefixes are not arranged
in order of increasing or decreasing abundance; they are
selected to form the most euphonious combination. For
instance, oobiopelgrainstone sounds better than
pelbi000grainstone.

The root term mudstone in the Dunham classification
is a lime-mud supported rock with less than 10 percent
carbonate grains (allochems). Wackestone is a lime-mud
supported rock with more than 10 percent carbonate
grains. Packstone is a grain-supported rock with original
lime-mud material occupying spaces between grains; no
cement is present. Grainstone is a grain-supported rock
whose original (primary) intergranular pores may have
been filled entirely by cement, or to varying degrees by
vadose internal sediment. These root

terms indicate the predominant fabric; however, in
many instances, the area of one thin section will contain
two distinct fabrics. In such instances, the rock type is
designated as a wackestone-packstone or packstone-
grainstone.

Grain types

The grains identified in the thin sections are
allochems or detrital grains. Allochems are grains of
carbonate sediment that have been transported only
short distances from their sites of precipitation; they in-
clude the ooids, peloids, bioclasts, intraclasts, and
grapestone grains defined in the previous section. Bio-
clasts are classified in general terms or by genus where
possible. Detrital grains are derived from pre-existing
rocks and may be transported long distances. The only
ones seen in this section are composed of quartz or car-
bonaceous material.

Diagenetic features

Diagenetic features consist of postdepositional pro-
cesses and products of stabilization (of original min-
erals), recrystallization, replacement, solution, fractur-
ing, internal sedimentation, cementation, and the
resulting porosity relationships. Preservation of
porosity in carbonate rocks normally is more dependent
on the diagenetic history than on the types of original
grains or depositional fabric.

In the descriptions of table 7, diagenetic features are
listed in order of occurrence where possible. Events tak-
ing place in the original marine environment are listed
first. Subsequent events taking place in vadose or phre-
atic environments, with the diagenetic fluids being fresh
or saline ground waters, are listed afterward. Times of
silicification or recrystallization generally are difficult to
place precisely within the sequence of diagenetic events,
and these are listed arbitrarily last in many cases. For
brevity, many of the features are described in single
words or phrases instead of complete sentences.

Key terms used in the descriptions are defined within
the following general groups of early marine, fresh-
water, and saline diagenetic features. Where diagenetic
history was relatively simple, the carbonate sediment
may have been subjected to early marine diagenesis and
subsequently stabilized to limestone in fresh-water or to
dolostone in saline (to hypersaline) fluids. Where the
history was more complex, a carbonate sediment may
have been subjected to alternating fresh and saline
ground waters, such that features from those two groups
may be preserved in one rock.

Carbonate sediments may show the following early
diagenetic features if they remain exposed to the marine
environment on stable surfaces for sufficient time:

beachrock  cement—gravitational, = microstalactitic,
acicular cement crusts precipitated interstitially in lime
sands subjected to marine-vadose (intertidal) diagenesis
after deposition and before burial. These cements originally
consist of aragonite or high-magnesium calcite.

submarine cement—isopachous crusts of original
acicular aragonite or high-magnesium calcite precipi-
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tated interstitially in lime sands subjected to marinephreatic
(subtidal) diagenesis.

micritization—destruction of original texture of shells
(or ooids) by boring, endolithic, blue-green algae that
overgrow dead shells on the sea floor. The filamentous
borings become backfilled by micritic cement. Thin
shells may become thoroughly micritized.

micrite envelopes—thin micritic rinds formed on the
exterior of relatively thick shells (or bioclasts) by boring
endolithic algae that do not penetrate the entire shell.
They are distinguished from micritic rim cements that
generally coat and bound all grains in lime sands. True
micrite envelopes may occur only on isolated grains or
on all grains.

algal coated grains—relatively thick, accretionary
coatings formed by algae (or encrusting foraminifers) on
grains during marine-phreatic diagenesis. The coatings are
micritic but generally are much thicker than micrite
envelopes or micritic rim cements.

Limestones stabilized during fresh-water diagenesis may
show the following features:

calcitization—replacement of aragonite by calcite.

recrystallization—a  process  of  fresh-water
diagenesis in which the original lime-mud matrix
commonly is recrystallized to microspar (crystal
diameters range from 5 to 30 microns) or pseudospar
(crystals  greater than 30 microns). During
recrystallization, syntaxial rims commonly form on
monocrystalline crinozoan components.

aragonitic  shells dissolved—selective  fresh-water
dissolution of aragonitic shells, with no dissolution of
calcitic shells.

hollow micrite envelopes—voids produced by selec-
tive fresh-water dissolution of crystalline aragonitic
cores within micrite envelopes. Such aragonitic cores
generally were bioclasts (mollusk shells or phylloid
algae) or ooids.

non tectonic fractures—crumbly fractures commonly
produced during fresh-water diagenesis by partial col-
lapse of aragonitic shell molds. These fractures result
from dissolution of such shells before the matrix has
been thoroughly lithified. They may also develop in
association with collapse breccias or differential lithi-
fication of matrix.

compaction wisps—feathery concentrations of im-
purities, such as organic material or dead oil, produced
as stringers of solution residues during compaction of
unlithified carbonate sediments; these features are absent
in limestone that are lithified early.

stylolites—diagenetic features formed commonly
along bedding surfaces in limestones that resemble su-
tures or tracings of a stylus; they apparently are formed
after some lithification by solution fronts migrating
along the surfaces. Impurities such as organic material,
dead oil, or clastic material may be concentrated in the
stylolitic seams.

vadose internal sediment—micritic, pelloidal, or fine-
clastic material deposited within cavities of limestones;
this material may be washed in during an early trans-
gression of the marine environment, or during subaerial
exposure and subsequent fresh-water incursion from the
terrestrial environment. Such internal sediment normally
fills only the floor of a cavity, with cement filling

the rest, and can be used as a geopetal (up/down) crite-
rion.

microstalactitic gravitational cement—calcite cement
formed in small voids within vadose environments in
much the same manner as stalactites form in caves. Such
cements are geopetal features as they exhibit pendulous
downward elongation from upper surfaces of voids.

epitaxial cement—calcite cement formed by optically
continuous overgrowths on pre-existing shells or bioclasts.
This cement is most strikingly —manifested on
monocrystalline crinozoan components; it commonly forms
large aureoles that poikilotopically enclose neighboring
grains.

blocky-equant cement—calcite cement in relatively large
voids that forms a mosaic of equidimensional, blocklike
crystals.

drusy cement—calcite cement in relatively large voids
that forms a mosaic of crystals with increasingly larger
diameters toward the center of the cavity. The initial lining
of the void may be a thin crust of scalenohedral calcite
crystals.

silicification—a process occurring during fresh-water
diagenesis of a newly deposited carbonate in which silica
(chert) commonly nucleates in organic-rich materials,
such as shells, ooids, peloids, burrows, or stromatolites.
Initially the silica invades and replaces the surrounding
matrix to form small nodules. If the process continues for
a sufficiently long time, the nodules grow to become
massively silicified bodies or layers. Micrite matrix,
micritic peloids, and stromatolites generally are replaced
by microquartz. Crystalline shells and ooids normally are
replaced by megaquartz or fibrous chalcedony (length-
slow or length-fast). Voids commonly are filled by
chalcedony or megaquartz cements.

exsolved dolomite rhombs—dolomite porphyroblasts
occurring in siliceous limestone or chert; they exsolve
from magnesium calcite during silicification. These
phenomena probably result from ionic mobilization
that occurs among expanding silica-replacement
fronts. The magnesium predominantly is derived
locally from shell material.

Dolostones stabilized during saline (to hypersaline)
diagenesis may show the following features:

neomorphic dolomitization—a process in which
dolomite has directly replaced aragonitic lime mud or
shells, and a new texture of euhedral to subhedral rhom-
bic crystals is formed;

paramorphic dolomitization—a process in which
dolomite has directly replaced calcitic materials, and the
original calcitic texture has been preserved;

dedolomitization—a process in which neomorphic,
rhombic-crystal dolomite has been paramorphically re-
placed by calcite, and the original dolomitic fabric is
perfectly preserved;

intercrystalline porosity—secondary porosity in tiny
voids among rhombic faces of dolomite crystals; it is found
only in dolostones and dedolostones (dolomite replaced by
calcite) where compromise boundaries have not been
formed between adjacent crystal faces;

anhydritization—emplacement  of  anhydrite  por-
phyroblasts (or nodules) by hypersaline ground water in
dolostone (or limestone). In many cases, the anhydrite is
dissolved during subsequent fresh-water diagenesis, but



the distinctive stair-step outlines of the porphyroblastic
crystals are preserved around the edges of molds; and

anhydrite-mold porosity—tertiary (third-stage) moldic
porosity formed by dissolution of anhydrite por-
phyroblasts or nodules.

Identification of carbonate minerals

All thin sections were stained with a combination of
potassium ferricyanide and alizarin red-S, according to
the method of Lindholm and Finkelman (1972). This
stain discriminates nonferroan calcite and dolomite
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from ferroan calcite and dolomite that contain ferrous
iron. Nonferroan calcite is stained red, and nonferroan
dolomite is not stained. Ferroan calcite is stained pur-
ple, and ferroan dolomite is stained blue.

Ferroan calcite or dolomite cements are precipitated
in reducing, phreatic environments. Nonferroan
calcite or dolomite cements are precipitated in
oxidizing or reducing, vadose or phreatic
environments, in the absence of ferrous iron. Zoned
crystals of ferroan and nonferroan calcite or dolomite
probably are precipitated in alternating oxidizing and
reducing environments.

TABLE 7—PETROGRAPHIC DESCRIPTIONS OF THIN SECTIONS FROM THE BIG HATCHET PEAK SECTION. Sample notation indicates
BHP unit number and footage above base of unit.

Sample notation
(BHP-)

Description

top peak

78-42

78-4

77-41

77-22

76-8

76-3

75-7

75-1

74-54

74-35

74-0

73-2

73-1

72-2

71-2

70-3

Limestone; biopelwackestone. Crinozoans, bryozoans, small foraminifers, peloids, fusulinids, Tubiphytes, and
brachiopods. Micritization. Some recrystallization of matrix. Quartz porphyroblasts have formed by partial replacement of
micritized shells and matrix. Most intrabiotic cavities are lined by thin crusts of scalenohedral calcite cement and are
filled by coarse, equant crystals of ferroan calcite. In some large fusulinids the following sequence of cements occurs: 1)
thin crust of calcite scalenohedra, 2) siderite (or ankerite), and 3) ferroan calcite. Nontectonic fractures formed; they are
filled by ferroan calcite. Some recrystallized matrix also consists of ferroan calcite.

Limestone; biowackestone. Crinozoans, phylloid algae, small foraminifers, bryozoans, pelecypods, brachiopods, ostracods, and
Tubiphytes. Micritization. Aragonitic shells dissolved and nontectonic fractures formed; molds and fractures filled by calcite
cement. Silicification of some shells.

Limestone; biowackestone. Fusulinids, bryozoans, crinozoans, small foraminifers, phylloid algae, Tubiphytes,
brachiopods, and ostracods. Micritization. Aragonitic shells dissolved and nontectonic fractures formed; molds and
fractures are filled by calcite (first generation). Silicification of some shells.

Limestone; biowackestone. Tubiphytes, crinozoans, phylloid algae, small foraminifers, pelecypods, brachiopods, bryozoans,
fusulinids, and ostracods. Micritization and micrite envelopes. Aragonitic shells dissolved and hollow micrite envelopes
formed. All voids were filled by calcite cement. Largest voids contain a first generation of calcite and a second generation of
ferroan calcite that completely filled the pores.

Limestone; biograpestone grainstone-packstone. Crinozoans, grapestone grains, Tubiphytes, phylloid algae,
brachiopods, pelecypods, and small foraminifers. Micritization, micrite envelopes, and algal coated grains. Aragonitic
shells dissolved and hollow micrite envelopes and nontectonic fractures formed; all voids became filled by calcite cement.
Limestone; biowackestone. Tubiphytes, crinozoans, fusulinids, small foraminifers, pelecypods, gastropods, phylloid
algae, bryozoans, and crustose red algae. Rhabdoliths of intergrown phylloid algae and Tubiphytes. Micritization and
micrite envelopes. Aragonitic shells dissolved and hollow micrite envelopes formed; both molds were filled by calcite ce-
ment. Recrystallization of matrix.

Limestone; biowackestone. Tubiphytes, small foraminifers, bryozoans, gastropods, pelecypods, and ostracods. Micritization.
Aragonitic shells dissolved to form molds, vugs, and nontectonic fractures. Larger vugs contain layered, micritic, vadose
internal sediment. All voids filled by calcite cement. Recrystallization of matrix.

Limestone; biopelwackestone. Tubiphytes, peloids, bryozoans, fusulinids, pelecypods, small foraminifers, and Girvanella
borings. Micritization. Aragonitic shells dissolved and nontectonic fractures formed; both molds and fractures filled by calcite
cement. Silicification of some shells.

Limestone; oobiopackstone. Ooids, Tubiphytes, phylloid algae, bryozoans, crinozoans, gastropods, pelecypods, ostracods,
small foraminifers, and fusulinids. Micritization and micrite envelopes. Aragonitic shells dissolved and hollow micrite
envelopes and nontectonic fractures formed; all voids were filled by calcite cement.

Limestone; biowackestone. Fusulinids, ostracods, pelecypods, and bryozoans. Micritization. Aragonitic shells dissolved and
nontectonic fractures formed; molds and fractures were filled by calcite cement. Anhydrite porphyroblasts were emplaced and
dissolved; molds were filled by dolomite cement.

Limestone; oobiopelgrainstone. Bryozoans, peloids, Tubiphytes, small foraminifers, ooids, and pelecypods. Micritization and
micrite envelopes. Aragonitic shells and ooids dissolved and hollow micrite envelopes and nontectonic fractures formed. All
primary and secondary voids filled by calcite cement.

Limestone; biopackstone. Crinozoans, bryozoans, pelecypods, Tubiphytes, ostracods, trilobites, and small foraminifers.
Micritization. Aragonitic shells dissolved and nontectonic fractures were formed; both filled by calcite cement.
Recrystallization of matrix.

Chert; biopelwackestone. Siliceous sponge spicules, crinozoans, and peloids. Microquartz replaced matrix and
contains dolomite inclusions. No dolomite porphyroblasts occur in unreplaced limestone. Crinozoans are replaced by
mega-quartz.

Limestone; biopelwackestone. Crinozoans, bryozoans, peloids, pelecypods, brachiopods, ostracods, Tubiphytes, and small
foraminifers. Aragonitic shells dissolved and nontectonic fractures formed; both molds and fractures are filled by calcite
cement. Recrystallization of matrix; some quartz porphyroblasts in matrix.

Limestone; biowackestone. Fusulinids, crinozoans, pelecypods, Tubiphytes, ostracods, and small foraminifers. Aragonitic
shells dissolved; molds filled by calcite cement. Recrystallization of matrix.

Limestone; biowackestone. Bryozoans, Tubiphytes, phylloid algae, crinozoans, brachiopods, and ostracods. Aragonitic shells
dissolved; molds filled by calcite cement.

Dolostone; biowackestone. Only recognizable bioclasts are crinozoans. Medium to very coarse neomorphic
dolomitization of matrix (up to 1.5 mm) and paramorphic dolomitization of crinozoans. Good preservation of intercrys-
talline porosity.
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TABLE 7 (continued)

Sample notation
(BHP-)

Description

69-85

69-24

69-14

69-3

68-70

68-4

67-114

67-68

67-22

67-10

66-9

65-94

65-22

65-2

64-1

63-2

62-5

60-2

59-2

59-1

58-1

Limestone; oobiowackestone. Tubiphytes, phylloid algae, ooids, crinozoans, and brachiopods. Micritization, micrite
envelopes, and algal coated grains. Aragonitic shells and ooids dissolved, and hollow micrite envelopes formed; molds filled by calcite
cement.

Limestone; biopelwackestone. Peloids, fusulinids, crinozoans, bryozoans, Tubiphytes, small foraminifers, brachiopods,
and pelecypods. Aragonitic shells dissolved and nontectonic fractures formed by collapse of shell molds and fusulinid walls. All
primary and secondary molds were filled by calcite cement. Some recrystallization of matrix occurred; some bioclasts were partially
silicified.

Chert; biowackestone. Siliceous sponge spicules and crinozoans. Matrix replaced by microquartz and contains some
dolomite porphyroblasts. Shells replaced by chalcedonite and megaquartz. Fractures are filled by calcite cement.

Limestone; biowackestone. Tubiphytes, bryozoans, phylloid algae, crinozoans, fusulinids, small foraminifers, and
ostracods. Aragonitic shells dissolved, nontectonic fractures formed; all voids were filled by calcite cement. Recrystallization of matrix.

Limestone; biopelwackestone. Tubiphytes, crinozoans, ostracods, phylloid algae, peloids, brachiopods, and small
foraminifers Micritization, micrite envelopes, and algal coated grains. Aragonitic shells dissolved and hollow micrite envelopes formed;
voids were filled by calcite cement.

Limestone; oobiopelwackestone. Tubiphytes, phylloid algae, crinozoans, fusulinids, peloids, small foraminifers,
ostracods, and ooids. Micritization and algal coated grains. Some dolomite porphyroblasts and some calcitic shells partially
paramorphically dolomitized. Aragonitic shells dissolved; molds filled by calcite and dolomite cements.

Dolostone; biowackestone. Crinozoans are only recognizable fossils. Coarse neomorphic dolomitization of matrix (up to
0.6 mm). Paramorphic dolomitization of crinozoans. Anhydrite porphyroblasts emplaced and dissolved to form tertiary molds. Fair
intercrystalline porosity preserved along with anhydrite molds. Small amounts of microstalactitic, gravitational calcite cements in
anhydrite molds.

Dolostone; biowackestone. Crinozoans are only identifiable fossils. Coarse neomorphic dolomitization of matrix (up to
0.5 mm). Crinozoans paramorphically dolomitized. Small anhydrite porphyroblasts emplaced and then dissolved. Fair preservation of
intercrystalline porosity. Some microstalactitic calcite cement in anhydrite molds.

Dolostone; biowackestone. Crinozoans are only recognizable bioclasts. Coarse to very coarse neomorphic
dolomitization of matrix (1.2 mm). Crinozoans paramorphically dolomitized. Anhydrite porphyroblasts emplaced and dissolved. Many
voids contain microstalactitic gravitational calcite cement. Outer portions of some microstalactites have been paramorphically
dolomitized. Good intercrystalline porosity preserved along with anhydrite molds.

Dolostone; biowackestone. Crinozoans are only recognizable fossils. Medium neomorphic dolomitization of matrix;
crystals range in diameter up to 0.120 mm. Crinoid columnals paramorphically dolomitized. Anhydrite porphyroblasts emplaced and
dissolved. Fair intercrystalline porosity preserved along with anhydrite molds.

Limestone; biowackestone. Fusulinids, Tubiphytes, crinozoans, small foraminifers, phylloid algae, brachiopods, and
ostracods. Large dolomite porphyroblasts in matrix. Aragonitic shells dissolved and molds filled by calcite cement.

Dolostone; biowackestone. Only recognizable bioclasts are crinozoans. Very coarse neomorphic dolomitization of
matrix, with crystals ranging in size up to 2 mm. Paramorphic dolomitization of crinozoans. Anhydrite porphyroblasts emplaced and
dissolved. Intercrystalline voids and fractures partly filled by microstalactitic gravitational calcite cement. Good porosity preserved.

Dolostone; biowackestone. Only recognizable bioclasts are crinozoans. Coarse neomorphic dolomitization of matrix
with crystals ranging up to 0.610 mm in diameter. Paramorphic dolomitization of crinozoans. Anhydrite porphyroblasts emplaced and
dissolved. Many large intercrystalline voids and anhydrite molds are still open and are partly filled by gravitational dripstone cement.
Good preservation of porosity.

Dolostone; biowackestone. Only recognizable bioclasts are crinozoans. Medium neomorphic dolomitization of matrix
(crystals range in diameter up to 0.20 mm). Paramorphic dolomitization of crinozoans. Fair preservation of intercrystalline porosity.

Limestone, dolomitic; oobiowackestone. Phylloid algae, crinozoans, fusulinids, bryozoans, pelecypods, Tubiphytes,
and ooids. Aragonitic shells dissolved; molds filled by calcite and dolomite cements. Recrystallization of matrix, and emplacement of
quartz porphyroblasts. Large anhydrite porphyroblasts were emplaced and dissolved; stairstep molds filled by coarse dolomite cement
crystals that have replaced much surrounding calcite matrix. Recrystallized calcite matrix and shells have been neomorphically replaced
by medium to very coarsely crystalline dolomite porphyroblasts, which completely destroyed the previous fabric. No porosity
preserved.

Dolostone; biowackestone. Recognizable bioclasts include crinozoans. Coarse and very coarse neomorphic
dolomitization of matrix. Crystals range up to 1.4 mm in diameter. Many intercrystalline voids filled by coarse calcite cement. Some
possible anhydrite molds contain coarse dolomite cement and calcitic, gravitational, dripstone cement. Good preservation of
intercrystalline and moldic porosity.

Limestone; biowackestone. Crinozoans, bryozoans, fusulinids, brachiopods, phylloid algae, pelecypods, small
foraminifers, trilobites, and Tubiphytes. Aragonitic shells dissolved and nontectonic fractures formed; both molds and fractures became
filled by calcite cement. Quartz porphyroblasts emplaced in matrix. Recrystallization of matrix. Dead oil and neomorphic dolomitization
along stylolite. No porosity preserved.

Limestone; biopelwackestone. Peloids, phylloid algae, crinozoans, fusulinids, small foraminifers, brachiopods, and
Tubiphytes. Micritization and micrite envelopes. Aragonitic shells dissolved and hollow micrite envelopes formed. Nontectonic
fractures and other voids filled by calcite cement; possible anhydrite molds are filled by calcite cement.

Limestone; biopackstone. Crinozoans, bryozoans, fusulinids, brachiopods, and small foraminifers Micritization.
Partial silicification of some shells.

Chert; biowackestone. Crinozoans, siliceous sponge spicules, bryozoans, and brachiopods. Matrix replaced by
microquartz which contains some dolomite inclusions. Shells replaced by megaquartz and chalcedonite. Some crinozoans only partly
replaced by silica. Fractures filled by calcite cement.

Limestone; biopelwackestone. Peloids, crinozoans, ostracods, brachiopods, small foraminifers, bryozoans, and
Tubiphytes. Recrystallization of matrix.

Limestone; biowackestone. Crinozoans, phylloid algae, Tubiphytes, bryozoans, pelecypods, brachiopods, ostracods,
and small foraminifers Aragonitic shells dissolved; molds filled by calcite cement. Some recrystallization; some quartz porphyroblasts
emplaced.
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57-10

56-92

56-7

55-3

55-2

54-96

54-4

54-2

53-1

52-3

52-2

51-2

50-1

49-45

49-30

49-19

49-14

49-9

49-4

Limestone; biopelpackstone. Crinozoans, small foraminifers, Tubiphytes, bryozoans, peloids, ostracods, brachiopods,
and echinoids. Micritization. Syntaxial rims on some crinozoans. Silicification of some shells; small fractures filled by calcite cement.

Dolostone; biowackestone. Only recognizable bioclasts are paramorphically dolomitized crinozoans. Coarse
neomorphic dolomitization of matrix; crystals range in diameter up to 0.90 mm. Paramorphic dolomitization of crinozoans.
Emplacement and solution of anhydrite; fair intercrystalline porosity has been preserved along with anhydrite molds.

Dolostone; biowackestone. Only recognizable bioclasts are crinozoans. Coarse neomorphic dolomitization of matrix;
crystals range in diameter up to 0.6 mm. Paramorphic dolomitization of crinozoans. Very little intercrystalline porosity has been
preserved.

Chert; biowackestone. Crinozoans, fusulinids, bryozoans, and siliceous sponge spicules. Matrix replaced by microquartz
and contains dolomite inclusions. Shells replaced by megaquartz and chalcedonite. Dedolomitization of many porphyroblasts in chert.

Limestone; biopelgrapestone packstone. Peloids, small foraminifers, crinozoans, grapestone grains, fusulinids,
brachiopods, ostracods, and bryozoans. Some large grapestone grains (1.5 mm diameter). Micritization. Recrystallization of matrix;
silicification of some shells. Fractures filled by calcite cement.

Limestone; laminated, red internal sediment. Contains some peloids and tiny, unidentifiable bioclasts. Much of
sediment was neomorphically dolomitized. Extensive replacement of the sediment by anhydrite. Cores of many dolomite crystals were
selectively replaced by anhydrite. Subsequently, anhydrite became partly dissolved, and some anhydrite was replaced directly by
calcite; voids were filled by calcite cement. Some highly corroded dolomite crystals still remain. Later, intensive dedolomitization and
coarse recrystallization took place. The red color is due to oxidation of tiny pyrite crystals which are disseminated throughout.

Chert; biowackestone. Bryozoans, crinozoans, ostracods, brachiopods, and small foraminifers. Some crinozoans are
unsilicified. Matrix replaced by microquartz which contains countless dolomite inclusions. Shells are replaced by mega-
quartz and chalcedonite. Dolomite cement was precipitated in intrabiotic cavities prior to silicification. Dedolomitization of
all dolomite cement crystals and many matrix crystals has occurred. Intersecting fractures are filled by calcite cement.

Limestone; biopelwackestone. Peloids, Tubiphytes, fusulinids, bryozoans, crinozoans, brachiopods, ostracods, and
phylloid algae. Aragonitic shells dissolved and nontectonic fractures formed; these became enlarged to form vugs and solution channels
that are filled by calcite cement. One large solution channel contains microstalactitic gravitational cement (radial fibrous dripstone).
Recrystallization of matrix; silicification of some shells.

Limestone; biowackestone. Crinozoans, bryozoans, Tubiphytes, brachiopods, ostracods, phylloid algae(?), and small
foraminifers. Aragonitic shells dissolved and nontectonic fractures formed. All secondary voids are filled by calcite cement.
Recrystallization of matrix; quartz porphyroblasts emplaced. Anhydrite porphyroblasts were emplaced and subsequently dissolved;
molds were filled by dolomite cement.

Chert; biowackestone. Bryozoans, crinozoans, siliceous sponge spicules, brachiopods, and ostracods. Matrix replaced
by microquartz which contains abundant inclusions of dolomite. Shells are replaced by megaquartz and chalcedonite. Silicification post-
dated filling of bryozoans' chambers by rhombic dolomite cement which was later dedolomitized. Two generations of fractures are
filled by calcite cement.

Limestone; biowackestone. Bryozoans, crinozoans, pelecypods, Tubiphytes, ostracods, and brachiopods. Micritization
and micrite envelopes. Aragonitic shells dissolved and hollow micrite envelopes formed; both were filled by calcite cement.
Recrystallization. Silicification of many shells.

Limestone; biopelwackestone. Peloids, bryozoans, pelecypods, small foraminifers, crinozoans, phylloid algae, and
ostracods. Algal coated grains. Micritization. Aragonitic shells dissolved and nontectonic fractures formed. All voids filled by calcite
cement.

Limestone; biopelwackestone-packstone. Bryozoans, crinozoans, Tubiphytes, peloids, phylloid algae, small
foraminifers, and brachiopods. Micritization and formation of micrite envelopes. Aragonitic shells dissolved, hollow micrite envelopes
formed; nontectonic fractures were formed by partial collapse of molds. Recrystallization of matrix; all voids were filled by calcite
cement.

Dolostone; biowackestone. Crinozoan components are only recognizable bioclasts. Fine to very coarse neomorphic
dolomitization of matrix (crystals range up to 2 mm in diameter) and paramorphic dolomitization of crinozoan components. Anhydrite
porphyroblasts were emplaced and then dissolved; third order stairstep molds were formed and preserved along with secondary
intercrystalline voids. Good porosity.

Dolostone; biowackestone. Crinozoan components and possible trilobite fragments are the only recognizable bioclasts.
Fine to extremely coarse neomorphic dolomitization of matrix (up to 4.5 mm) and paramorphic dolomitization of crinozoans. Anhydrite
porphyroblasts were emplaced and then dissolved; molds later became partially filled by calcitic gravitational cement. Good preserved
porosity includes secondary intercrystalline voids and tertiary anhydrite molds.

Dolostone; biowackestone. Crinozoans are only recognizable fossils. Fine to very coarse neomorphic dolomitization of
matrix (up to 3.5 mm) and paramorphic dolomitization of crinozoans. Anhydrite porphyroblasts were emplaced and dissolved.
Gravitational calcite cement precipitated in some anhydrite molds. Fair preservation of secondary inter-crystalline voids and tertiary
anhydrite molds.

Dolostone; biowackestone. The only recognizable bioclasts are crinozoan components. Fine to very coarse neomorphic
dolomitization of matrix (up to 3.5 mm) and paramorphic dolomitization of crinozoan components. Anhydrite porphyroblasts were
emplaced and dissolved; molds became partially filled by calcitic gravitational cement. Good porosity consists of intercrystalline voids
and anhydrite molds.

Dolostone; biowackestone. Crinozoans are the only recognizable fossils. Fine to very coarse neomorphic dolomitization
of matrix (up to 3.3 mm) and paramorphic dolomitization of crinozoans. Anhydrite porphyroblasts were emplaced and dissolved. Some
sparry calcite cement was precipitated in intercrystalline voids. Good porosity consists of intercrystalline voids and anhydrite molds.

Dolostone; biowackestone. Crinozoans are the only recognizable bioclasts. Fine to extremely coarse neomorphic
dolomitization of matrix (up to 4.7 mm) and paramorphic dolomitization of crinozoan components. Anhydrite porphyroblasts were
emplaced and dissolved; molds were partially filled by calcitic gravitational cement. Good porosity consists of intercrystalline voids and
anhydrite molds.
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Sample notation
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Description

49-1

48-2b

48-2a

48-1

46-17

46-5

46-1

45-17

45-1

44-2

42-14

42-12

41-20

40-1

Dolostone; biowackestone. Only recognizable bioclasts are crinozoans. Fine to coarse neomorphic dolomitization of
matrix and paramorphic dolomitization of crinozoans. Anhydrite porphyroblasts were emplaced and then dissolved. Third order
anhydrite molds and fractures were partially filled by micritic internal sediment. Micritic internal sediment became dolomiti zed;
coarse dolomite cement was precipitated in anhydrite molds. Some calcitic gravitational cement was precipitated within anhydrite
molds on dolomite cement crystals and dolomitized internal sediment. Outer periphery of calcitic dripstone cement became
partially dolomitized. Good preservation of tiny intercrystalline voids and partially filled anhydrite molds.

Dolostone; biowackestone. Crinozoans are the only recognizable bioclasts. Coarse and very coarse neomorphic
dolomitization of matrix, with crystals ranging up to 2.5 mm in diameter. Paramorphic dolomitization of crinozoans. Fractures were
filled by calcite cement; poor preservation of intercrystalline porosity.

Limestone; oobiopelpackstone-grainstone. Crinozoans, small foraminifers, bryozoans, peloids, brachiopods, ooids,
fusulinids, trilobites, and pelecypods. Micritization and micrite envelopes. Aragonitic shells dissolved, and hollow micrite
envelopes and nontectonic fractures formed. Primary voids, molds, and fractures became filled by calcite cement.

Limestone; biopelwackestone. Peloids, crinozoans, Tubiphytes, bryozoans, phylloid algae, brachiopods, ostracods, and
trilobites. Micritization. Aragonitic shells dissolved; molds and nontectonic fractures formed; both were filled by calcite cement. Much
coarse recrystallization of matrix; some silicification. Stylolites cut fractures and vugs which were filled by calcite cement.

Chert; biowackestone. Siliceous sponge spicules, crinozoans, and bryozoans. Everything is silicified except some
crinozoan components. Dolomite porphyroblasts occur within silica; fractures are filled by calcite cement.

Limestone; biowackestone. Crinozoans, bryozoans, Tubiphytes, phylloid algae, and brachiopods. Aragonitic shells
dissolved; solution molds and vugs were filled by calcite cement. Two generations of fractures are now filled by calcite cement. Some
crinozoans and brachiopods were silicified.

Limestone; biowackestone. Crinozoans, bryozoans, Tubiphytes, brachiopods, phylloid algae, pelecypods, and
ostracods. Aragonitic shells dissolved; molds were enlarged into vugs and solution channels; these were filled by calcite cement. The
matrix is recrystallized. Two generations of fractures were filled by calcite cement. Anhydrite porphyroblasts were emplaced and
dissolved; molds were filled by calcite cement.

Dolostone; biowackestone. Only recognizable bioclasts are crinozoans. Matrix exhibits very coarse neomorphic
dolomitization with crystals ranging in diameter up to 3 mm. Monocrystalline crinozoans were paramorphically dolomitized.
Some intercrystalline porosity is preserved. Calcitic gravitational dripstone cement partially fills small fractures.

Limestone; biopelwackestone. Peloids, Tubiphytes, small foraminifers, phylloid algae, and ostracods. Aragonitic shells
dissolved and nontectonic fractures formed. Fractures and molds became filled by meteoric calcite cement. Recrystallization of matrix
and emplacement of quartz porphyroblasts. Sparry anhydrite porphyroblasts were emplaced and dissolved; tertiary molds were filled
by extremely coarse dolomite cement which also extends outward as replacement of surrounding calcite matrix and engulfs quartz
porphyroblasts.

Limestone; biopelwackestone. Peloids, Tubiphytes, small foraminifers, bryozoans, phylloid algae, pelecypods,
crinozoans, and ostracods. Micritization. Aragonitic shells dissolved; molds were filled by equant calcite cement. Recrystallization of
matrix and syntaxial rims formed on many crinoid columnals. Sparry anhydrite porphyroblasts were emplaced and then dissolved;
tertiary stairstep molds were filled by dolomite cement.

Limestone; intrabiograpestone packstone. Phylloid algae, grapestone grains, crinozoans, intraclasts, fusulinids, small
foraminifers, and ostracods. Micritization and micrite envelopes. Aragonitic shells dissolved and hollow micrite envelopes formed; both
were filled by calcite and quartz cement. Much recrystallization of micrite matrix. Quartz porphyroblasts have partially replaced many
micritized shells.

Dolostone; biowackestone. Crinozoans are only recognizable bioclasts. Fine to medium neomorphic dolomitization of
matrix; paramorphic dolomitization of crinozoans. Sparry anhydrite porphyroblasts were emplaced and were partially replaced by
calcite. The remaining anhydrite was dissolved, and molds became filled by coarse dolomite cement. First generation fractures are
filled by dolomite cement; second generation fractures cut first fractures and are filled by calcite cement.

Limestone; biopackstone. Bryozoans, crinozoans, Tubiphytes, phylloid algae, brachiopods, and ostracods.
Micritization. Aragonitic shells were dissolved, and some microbrecciation and fracturing took place. All voids were filled by calcite
cement. Silicification of some crinozoans and brachiopod shells.

Dolostone, limy; biopackstone. Crinozoans, bryozoans, brachiopods, pelecypods, and small foraminifers.
Micritization. Micrite matrix was dolomitized, and some shells were dissolved. Some partial paramorphic dolomitization of calcitic
shells. Intrabiotic cavities filled by calcite cement; secondary voids filled by dolomite cement. Silicification; some silica appears to have
replaced anhydrite.

Chert; biopackstone. Crinozoans, bryozoans, and brachiopods. Matrix replaced by microquartz which contains
abundant dolomite inclusions. Fossils were replaced by length-fast chalcedony and megaquartz. Many crinozoans were paramorphically
dolomitized.

Limestone; biopelpackstone. Peloids, crinozoans, bryozoans, small foraminifers, brachiopods, pelecypods, and
Tubiphytes. Micritization. Aragonitic shells dissolved; molds and crumbly fractures are filled by calcite cement. Recrystallization of
matrix. Some late dolomite cement in molds and fractures.

Limestone; biograpestone grainstone. Grapestone grains, small foraminifers, bryozoans, Tubiphytes, pelecypods,
brachiopods, and ostracods. Micritization and micrite envelopes. Aragonitic shells dissolved and hollow micrite envelopes formed.
Nontectonic fractures, hollow micrite envelopes, shell molds, and primary voids were filled by calcite cement. Anhydrite porphyroblasts
were emplaced; subsequently, they were partially replaced by silica (Iength-slow chalcedony) and partially dissolved.

Limestone; oobiopelgrapestone grainstone. Ooids, peloids, grapestone grains, crinozoans, bryozoans, pelecypods, small
foraminifers, and brachiopods. Superficial oolitic coatings on many bioclasts. Micritization and micrite envelopes. Aragonitic shells
dissolved; shell molds and hollow micrite envelopes filled by calcite cement. Silicification. Large nontectonic fractures contain micritic,
vadose internal sediment and calcite cement.

Chert; biograinstone. Komia (stromatoporoid or alga) and crinozoans. All Komia replaced by megaquartz. All
crinozoans replaced by megaquartz, flamboyant quartz, and paramorphic dolomite. Primary voids filled by drusy mega-quartz.
Dolomite was first precipitated as cement in fractures and then partially replaced adjacent chert matrix.
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39-1

35-1

34-6

33-7

31-15

28-5

25-3

24-1

Limestone; oobiograinstone. Komia, ooids, bryozoans, crinozoans, fusulinids, and brachiopods. Primary voids filled by
calcite cement. Coarse epitaxial cements on monocrystalline crinozoans. Stylolites well developed.

Limestone; oobiograinstone. Crinozoans, Komia, bryozoans, and fusulinids. Micritization. Primary voids filled by
calcite cement. Large aureoles of epitaxial cement on crinozoans. Silicification of many shells.

Limestone; biograinstone. Crinozoans, bryozoans, and fusulinids. Large aureoles of epitaxial cement on crinozoans.
Partial paramorphic dolomitization of many crinozoans. Silicification of many shells. Primary voids not filled by calcite cement were
completely filled by quartz cement.

Limestone; oobiopelpackstone. Ooids, peloids, crinozoans, bryozoans, phylloid algae, small foraminifers, pelecypods,
brachiopods, and ostracods. Micritization and micrite envelopes. Aragonitic shells and ooids dissolved, and hollow micrite envelopes
formed; all voids were filled by calcite cement. Many tiny quartz porphyroblasts emplaced.

Chert; biowackestone. Crinozoans, fusulinids, and bryozoans. Micrite matrix replaced by microquartz, which contains
much rhombic dolomite as inclusions. Fossils replaced by length-fast chalcedony (chalcedonite). Intrabiotic cavities filled by: 1)
dolomite cement and 2) chalcedonite. Many crinozoans were paramorphically dolomitized.

Limestone; biopackstone. Crinozoans, bryozoans, fusulinids, and small foraminifers. Micritization. Silicification of
shells. Fusulinid chambers and first generation fractures were filled by ferroan calcite cement. Second generation fractures were filled
by calcite cement.

Chert; biowackestone. Crinozoans, bryozoans, and siliceous sponge spicules. Silicification probably followed
calcitization. Many dolomite porphyroblasts formed within chert; crinozoan components were paramorphically dolomitized. Fractures
contain coarse dolomite cement and paramorphically dolomitized dripstone cement.

Limestone; biowackestone. Crinozoans, bryozoans, phylloid algae, small foraminifers, and brachiopods. Micritization.
Aragonitic shells dissolved and nontectonic fractures formed; both molds and fractures were filled by calcite cement. Silicification of
many shells.

Limestone; biopelgrainstone. Crinozoans, bryozoans, peloids, small foraminifers, and brachiopods. Micritization and
micrite envelopes. Some micritic, vadose internal sediment. Coarse epitaxial cement on crinozoans. Fractures filled by calcite cement.
Silicification of many shells.

Chert; biowackestone. Crinozoans, fusulinids, and brachiopods. Carbonate stabilized to limestone prior to silicification.
Most crinozoan columnals consist predominantly of calcite. Some have been partially paramorphically dolomitized and silicified;
many also have discrete, satellite crystals of dolomite that are syntaxial with monocrystalline calcitic components. In fusulinid
chambers, dolomite cement had been precipitated and dedolomitized before silicification; chambers are predominantly filled by
length-fast chalcedony (chalcedonite). Dolomite porphyroblasts in chert matrix were also dedolomitized. Fractures are filled by
calcite cement.

Limestone; biograinstone. Crinozoans, fusulinids, bryozoans, brachiopods, small foraminifers, and ostracods.
Micritization. Micritic, vadose internal sediment deposited in many large voids. Coarse epitaxial cement formed on crinozoans.
Silicification of many shells.

Limestone; biopelwackestone. Peloids, small foraminifers, crinozoans, phylloid algae, fusulinids, and Girvanella
(boring alga) traces. Micritization. Aragonitic shells dissolved and nontectonic fractures formed; both molds and fractures were filled by
calcite cement.

Chert; biowackestone. Siliceous sponge spicules and crinozoan components. Large, slightly ferroan dolomite
porphyroblasts formed during silicification. The dolomite porphyroblasts transect siliceous sponge spicules; ghosts of the spicules are
manifested by engulfment of organic matter. Monocrystalline crinozoan components have been paramorphically dolomitized. Fractures
are filled by slightly ferroan dolomite cement, which is epitaxial on fractured dolomite crystals. Dolomite porphyroblasts range up to
500 microns in diameter.

Limestone; oobiopackstone. Ooids, bryozoans, crinozoans, brachiopods, ostracods, and trilobites. Micritization.
Silicification of many shells.

Limestone; biopelwackestone. Peloids, small foraminifers, bryozoans, phylloid algae, pelecypods, ostracods,
crinozoans, brachiopods, and trilobites. Micritization and micrite envelopes. Aragonitic shells dissolved, hollow micrite envelopes and
nontectonic fractures formed; all voids became filled by calcite cement. Silicification of many shells. Hematite pseudomorphs of pyrite
occur within many silicified fields.

Chert; biowackestone. Siliceous sponge spicules, crinozoans, bryozoans, and pelecypods. Carbonate was converted to
limestone, and aragonitic shells were dissolved. Recrystallization of micrite matrix and filling of molds by calcite cement, followed by
silicification. Some siliceous spicules were replaced by calcite. Dolomite porphyroblasts occur within chert. Postsilicification fractures
were filled by calcite cement.

Limestone; biopelwackestone. Peloids, bryozoans, crinozoans, pelecypods, small foraminifers, and brachiopods.
Micritization and formation of algal-coated grains. Aragonitic shells dissolved; molds were filled by calcite cement. Coarse
recrystallization of matrix.

Limestone; oobiograinstone. Crinozoans, bryozoans, ooids, small foraminifers, fusulinids, and brachiopods.
Micritization. Large aureoles of epitaxial cement on crinozoans. Silicification occurred after cementation because silica extends outward
from shells to replace cement crystals.

Chert; biopelpackstone. Crinozoans, peloids, siliceous sponge spicules, bryozoans, and brachiopods. Calcitization was
followed by silicification. Silica appears to have nucleated on siliceous spicules because silicification is densest where spicules are
concentrated.

Limestone; biopelwackestone. Peloids, bryozoans, brachiopods, crinozoans, pelecypods, and small foraminifers.
Micritization. Aragonitic shells dissolved; molds were filled by calcite cement. Coarse recrystallization of matrix.

Limestone; biopelgrapestone packstone. Peloids, crinozoans, bryozoans, pelecypods, brachiopods, and small
foraminifers. Micritization. Aragonitic shells dissolved and nontectonic fractures formed. Both molds and fractures were filled by
calcite cement.

Chert; biowackestone. Crinozoans, siliceous sponge spicules, and pelecypods. Calcitization and dissolution of aragonitic
shells was followed by silicification. Aragonitic shell molds have been filled by: 1) ferroan dolomite, 2) calcite, and 3) chalcedonite.
Fractures are filled by calcite and zoned crystals of ferroan and nonferroan calcite.

Limestone; biowackestone. Crinozoans, bryozoans, brachiopods, phylloid algae, fusulinids, and ostracods. Aragonitic
shells dissolved; molds were filled by calcite cement. Two generations of fractures are recorded; the first cuts compaction wisps, the
second transects the first and was followed by silicification of shells. All fractures filled by calcite cement.

Limestone; oobiograpestone grainstone. Komia, crinozoans, ooids, and small foraminifers. Micritic, pelletoidal, vadose
internal sediment forms a geopetal fabric in many voids. All voids filled by coarse calcite cement.
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23-4

20-2

19-4b

19-4a

18-0

17-17

14-2

13-35

Chert; biopelwackestone. Peloids, crinozoans, bryozoans, and brachiopods. Calcitization was followed by silicification.
Dolomite porphyroblasts occur within silicified areas. Some crinozoans only partly replaced by silica, while brachiopods and peloids are
completely replaced.

Limestone; biograpestone grainstone. Crinozoans, bryozoans, grapestone grains, small foraminifers, brachiopods, and
pelecypods. Micritization and micrite envelopes. Aragonitic shells dissolved to form molds and hollow micrite envelopes. All primary
and secondary voids later became filled by calcite cement. Poikilotopic epitaxial cement formed on crinozoans. Silicification of many
bioclasts.

Chert; biopelwackestone. Peloids, crinozoans, bryozoans, siliceous spicules, and brachiopods. Nearly all skeletal grains
(except some crinozoans) are completely replaced by silica. Calcitization was followed by silicification; dolomite porphyroblasts occur
within silicified matrix.

Limestone, dolomitic and limy dolostone; biopackstone-wackestone. Crinozoans, brachiopods, echinoids, bryozoans,
ostracods, phylloid algae, and small foraminifers. Both dolomitic limestone and limy dolostone occur in layers. Only micrite matrix was
dolomitized. Aragonitic shells dissolved and molds filled by calcite cement. Silicification of some shells. No porosity preserved.

Limestone; biopelwackestone. Bryozoans, crinozoans, peloids, Tubiphytes, brachiopods, small foraminifers, phylloid
algae, and ostracods. Micritization. Encrustation of large bioclasts by Tubiphytes. Aragonitic shells dissolved; original
matrix was recrystallized. Some shells were partially silicified. All voids were filled by calcite cement.

Chert; oobiopelwackestone. Peloids, crinozoans, bryozoans, ooids, brachiopods, and phylloid algae. Calcitization and
dissolution of aragonitic shells, followed by silicification. Biomolds are filled by length-slow chalcedony. Dolomite porphyroblasts
occur within silicified areas, and many became dedolomitized. First generation fractures were filled by dolomite cement which later
became dedolomitized. Second generation fractures are filled by calcite cement.

Limestone; biopackstone. Crinozoans, brachiopods, bryozoans, and phylloid algae. Aragonitic shells dissolved; molds
filled by calcite cement. Two generations of fractures; the first is filled by calcite cement and the second by dolomite.

Limestone; biograinstone. Bryozoans, crinozoans, small foraminifers, brachiopods, fusulinids, and phylloid algae.
Avragonitic shells dissolved; molds filled by calcite cement. Silicification of some shells.

Chert; oobiopelwackestone. Crinozoans, fusulinids, ooids, peloids, bryozoans, brachiopods, and pelecypods.
Calcitization and dissolution of aragonitic shells, followed by silicification. The only shells which escaped silicification are crinozoan
columnals.

Limestone; biowackestone. Bryozoans, crinozoans, phylloid algae, small foraminifers, and brachiopods. Aragonitic
shells dissolved; molds filled by calcite cement. Silicification of some shells.

Chert, silty; biopackstone. Quartz grains, fusulinids, bryozoans, crinozoans, and siliceous sponge spicules. Calcitization
preceded silicification. Most of calcite matrix and all fusulinids and bryozoans completely replaced, but many crinozoans are only
partially replaced. The silicified matrix contains abundant dolomite porphyroblasts. Original micrite matrix has been recrystallized to
coarse pseudospar in unsilicified areas. Fractures in chert contain dolomite, which occurs as both cement and replacement, and drusy
megaguartz.

Limestone; biopackstone. Fusulinids, crinozoans, phylloid algae, small foraminifers, and brachiopods. Aragonitic shells
dissolved; molds were filled by calcite cement. Silicification of some shells. Exsolved dolomite crystals occur within silicified portions
of crinozoans.

Limestone, silty; biopelpackstone. Peloids, brachiopods, small foraminifers, and ostracods are abundantly represented;
very few quartzose silt grains. Intersecting sets of crumbly, nontectonic fractures formed and became filled by calcite cements.

Limestone; biograpestone grainstone. Bryozoans, crinozoans, grapestone grains, phylloid algae, brachiopods, and
trilobites. Micritization, micrite envelopes, and algal-coated grains abundant. Micritic vadose internal sedimentation was followed by
dissolution of aragonitic shells to form molds and hollow micrite envelopes. All voids were filled by calcite cement. Silicification of
many shells.

Dolostone, cherty; biowackestone. Only recognizable bioclasts are crinozoans. Coarse neomorphic dolomitization;
crystal diameters range up to 900 microns. Paramorphic dolomitization of crinozoans. Dolomite is slightly ferroan. Silica occurs
predominantly as cement in intercrystalline voids as length-fast chalcedony and drusy quartz. Silica has replaced some undolomitized
crinozoans. No porosity preserved.

Chert (zebra pattern); biowackestone. Crinozoans, bryozoans, brachiopods, and ostracods. The zebra pattern represents
alternating thin layers of silica and carbonate. The siliceous layers contain many dolomite inclusions, some partially replaced
calcitic fossils, and dedolomite. The carbonate-rich layers consist predominantly of dedolomite and some silicified fossils.
Fractures formed after silicification are filled by calcite cement. Dolomite was first emplaced through these fractures as
replacement of the surrounding chert, and it subsequently became dedolomitized before calcite cement filled the fractures.

Limestone; biopackstone. Phylloid algae, Tubiphytes, bryozoans, and crinozoans. Micritization. Aragonitic shells
dissolved and nontectonic fractures formed; both molds and fractures were filled by calcite cement.

Limestone; biopelpackstone. Crinozoans, bryozoans, peloids, small foraminifers, pelecypods (or phylloid algae?),
brachiopods, and ostracods. Aragonitic shells dissolved and nontectonic fractures formed; both types of voids were filled by calcite
cement.

Limestone; oobiowackestone-packstone. Brachiopods, bryozoans, crinozoans, ooids, ostracods, and trilobites.
Silicification of many fossils.

Limestone; oobiopelpackstone-grainstone. Peloids, ooids, crinozoans, bryozoans, brachiopods, pelecypods, trilobites,
small foraminifers, and ostracods. Micritization. Aragonitic shells dissolved; molds filled by calcite cement. Sample contains a layer of
packstone and a layer of grainstone.

Limestone; biowackestone. Crinozoans and brachiopods. Fine neomorphic dolomitization of matrix was followed by
dedolomitization. Calcitic shells were not dolomitized. Dead oil occurs along compaction wisps and in intercrystalline voids. No
preserved porosity.

Limestone; oobiograpestone grainstone. Ooids, crinozoans, small foraminifers, pelecypods, grapestones, and
brachiopods. Micritization. Aragonitic shells dissolved and nontectonic fractures formed. All voids filled by calcite cement. Crinozoan
components were selectively silicified.
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Sample notation
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Description
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Limestone; oobiograpestone grainstone. Ooids, bryozoans, crinozoans, grapestones, brachiopods, and pelecypods.
Micritization and formation of algal coated grains. Aragonitic shells dissolved and molds filled by calcite cement. Large
aureoles of epitaxial cement were precipitated on crinozoan components; the aureoles poikilotopically enclose neighboring
grains. Silicification of many shells.

Chert; oobiowackestone. Crinozoans, ooids, pelecypods, and brachiopods. Calcitization and dissolution of aragonitic
shells. Silicification. Fractures formed, then filled by calcite cement.

Limestone; oobiopelgrapestone wackestone-packstone. Ooids, bryozoans, crinozoans, brachiopods, small foraminifers,
peloids, grapestones, pelecypods, and trilobites. Micritization. Aragonitic shells dissolved; molds filled by calcite cement.
Silicification of some shells. Sample transects a layer of wackestone and one of packstone.

Limestone; oobiopelgrapestone grainstone. Ooids, crinozoans, grapestones, peloids, bryozoans, brachiopods, and
pelecypods. Micritization and micrite envelopes. Micritic, vadose internal sediment was deposited in primary voids. Aragonitic
shells dissolved and hollow micrite envelopes formed. Pelecypod molds were filled by calcite cement, while hollow micrite
envelopes were filled later by ferroan calcite cement. Silicification of some shells.

Limestone; intrabiopelpackstone-wackestone. Peloids, algal calcispheres, intraclasts, and tiny unrecognizable bioclasts.
This rock may represent an algal stromatolite; it has very thin interlaminations of packstone and wackestone.

Chert, sandy, silty; biopelwackestone. Peloids, quartzose silt grains, crinozoans, bryozoans, siliceous sponge spicules,
and brachiopods. Silica has replaced both matrix and most shells, but some crinozoan components are only partially
replaced. Dolomite porphyroblasts are abundant in chert and many have been dedolomitized. Straight fractures have
formed after silicification; they became filled by ferroan calcite cement, which has replaced silica matrix outward from
the fractures.

Limestone; biopelpackstone. Peloids, crinozoans, and brachiopods. Recrystallization of matrix.

Limestone; oobiograinstone. Crinozoans, brachiopods, bryozoans, ooids, and pelecypods. Micritization and micrite
envelopes. Micritic internal sediment was deposited in many voids and was followed by precipitation of beachrock cement rims
on grains. Aragonitic shells were dissolved, and hollow micrite envelopes were formed. These primary and secondary voids
became filled by meteoric calcite cements.

Limestone, dolomitic; biowackestone. Crinozoans, brachiopods, ostracods, and quartz silt grains. Dolomite rhombs
constitute 30-50%. Recrystallization of calcite matrix followed partial neomorphic dolomitization. Abundant dead oil; forms
film around dolomite rhombs. No porosity preserved.

Siltstone. Large and small brachiopod bioclasts occur within a quartzose siltstone matrix. Siltstone contains
carbonaceous clasts and some dead oil along laminae, and is cemented by ferroan calcite.

Limestone; biopelpackstone. Peloids, crinozoans, and pelecypods. Peloids exhibit a bimodal size distribution (50-90
microns, and 300-800 microns). Aragonitic shells dissolved and nontectonic fractures formed; both were filled by calcite and
pyrite (now oxidized). Pyrite and dead oil are concentrated along a stylolite.

Limestone; oobiograpestone grainstone. Ooids, crinozoans, bryozoans, pelecypods, grapestones, brachiopods, and
ostracods. Ooids all represent superficial coatings on bioclasts and exhibit a bimodal size distribution (50-90 microns, and 300-
900 microns). Micrite envelopes formed on many grains, and thick algal coatings formed on others. Hollow micrite envelopes
were formed. All porosity occluded by blocky, equant meteoric calcite cements.

Limestone, sandy, silty; oobiowackestone. Quartz grains, ooids, bryozoans, crinozoans, and brachiopods. The rock is
mottled and has been subjected to very complex diagenesis. Thick algal coatings formed around many bryozoans, and tiny
pyrite crystals formed within them. Pyrite also formed within the stereome of crinozoan components and in portions of the
matrix; all pyrite became oxidized. Ferroan calcite cement occurs within bryozoan zooecia. Much of the matrix has been
recrystallized to microspar and pseudospar, which is now ferroan calcite; many dolomite rhombs have been replaced by
ferroan calcite. Some clay has been emplaced (by replacement?). Pyrite has also been formed along stylolites and
subsequently oxidized.

Limestone; biograinstone. Ooids, crinozoans, and bryozoans. Micritization and micrite envelopes abundant. Thick algal
coatings formed around many grains. Micritic, vadose internal sediment was deposited in large primary voids to form a
packstone-like fabric. Aragonitic shells dissolved and nontectonic fractures were formed by partial collapse of molds. All
primary and secondary voids were filled by coarse epitaxial (on crinozoans) and drusy calcite cements.
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Appendix 3 Columnar stratigraphic section

Fig. 42 is a graphic summary of the stratigraphy, pe-
trography, and petroleum geology of the Big Hatchet
Peak section. This columnar stratigraphic section is
plotted vertically on the standard exploration scale of 1
inch:100 ft and includes selected data from the main text
and the two previous appendices. Each full page covers a
stratigraphic interval of 1,000 ft plotted from the
youngest unit at the top to the oldest unit at the base. The
pages may be reproduced and spliced together if desired.
A generalized one-page summary is given in fig. 4.

The format is designed to be useful in correlation with
other surface or subsurface sections, in sedimentologic
analyses of depositional and diagenetic features, and in
evaluation of petroleum source and reservoir units. As
with any graphic plot, this one is intended as a supple-
ment to, rather than a replacement of, the written docu-
mentation.

Columns are numbered from left to right for ease of
reference between this explanatory text and the in-
formation plotted on the stratigraphic section. We sug-
gest that the reader follow this text and become familiar
with the information in each vertical column before at-
tempting to follow a particular unit or sample horizon-
tally across the pages.

For basic items in several columns, conventional
methods of plotting are followed. Selected variables that
were observed or interpreted somewhat continuously
over the entire section are plotted as bar graphs. Others
that were determined at discrete positions in units or
samples are plotted in separate columns with one-to-
four-letter mnemonic abbreviations. This system is
considered easier to devise, plot, and comprehend than
those of some geologists in which diverse sets of
intricate graphic symbols are used and commonly
crammed into one column. Also, this mnemonic system
can be adapted more readily for computer processing.

Columns 1-19 on each left page include information
on stratigraphy and depositional features. Columns 20-
34 on each right page include information on di-
agenetic features and petroleum evaluation.

Columns 1-4 indicate the major stratigraphic units in
decreasing order of rank: system, series, formation, and
member. On the right side of column 2, the biostrati-
graphic control is plotted from table 2; it is based mainly
on fusulinid identifications by G. L. Wilde. Columns 5
and 6 show the vertical scale based on cumulative
thickness in meters and feet above the base of the
section. Column 7 shows the plotted thickness of the
lithostratigraphic column units, which form the basic
framework of the section. Details of traverse directions
and thickness measurements of each unit are given in
table 5. Although several offsets were made in the line
of section to follow the locus of best workable expo-
sures, the net horizontal distance covered is less than 0.7
mi, So units appear to be stacked within the same outer-
shelf facies belt.

Column 8 is a generalized plot of the major rock types
that is derived from the field description of litho-
stratigraphic column units in table 4. Each symbol in this
lithologic column is designed to represent a strati-
graphic-interval thickness of 10 ft. Some irregular inter

vals of 5-15 ft are plotted at unit boundaries to keep the
cumulative thickness in this column within 5 ft of that
shown in column 6. Standard graphic symbols are used
for the three basic rock types: limestone, dolostone, and
chert (the latter occurs only within limestone host
rocks). Disconformities are inferred at the bases of the
upper and the lower Horquilla.

Column 9 is a plot of the topographic relief encount-
ered in the line of section. As defined in appendix 1, the
relief is expressed in terms denoting the vertical projec-
tion (sheerness) above the baseline slope of the traverse:
slope (less than 0.3 ft), slight ledge (0.3-1 ft), moderate
ledge (1-3 ft), fairly prominent ledge (3-10 ft), prom-
inent ledge (10-30 ft), and cliff (30-100 ft); no prom-
inent cliffs (over 100 ft) were encountered. For those
intervals in which a range of relief was described, the
maximum is plotted. Column 10 is a plot of the quality
of exposure: covered, if the bedrock is buried by soil,
vegetation, or recent sediment; poor, if the rock type is
discernible; fair, if bedding within the rock type is
discernible; and good, if lamination (or its absence)
within the bedding is discernible. Where a range of ex-
posure was described, the best is plotted. These columns
should be helpful to geologists who wish to follow the
line of section in the field and concentrate on more
detailed studies in better exposed intervals. Both col-
umns are plotted to the nearest 5 ft of section.

Column 11 shows bedding, lamination, and other
primary sedimentary structures that are plotted as near
as possible to their true stratigraphic position within
each unit. Only measurable thicknesses of beds are in-
dicated. Some intervals may contain beds several meters
thick, but they are too poorly exposed to be plotted with
confidence. Where a range of bed thicknesses was
determined, the maximum is plotted. At the base of
each unit, bedding and other features were described as
completely as possible in the first interval, and
generally only changes were described in remaining
intervals. Thus the maximum thickness given at the
base is representative of the other intervals unless a
different value is plotted at a higher position in that
unit. Patterns of upward thinning or thickening,
suggesting aggradation or progradation, are indicated
where obvious in a single exposure; however, a detailed
study of bed thicknesses may uncover many more such
patterns. Nearly all beds appear to have been deposited
with a horizontal attitude; the few beds with initial
inclination are plotted. All exposed beds were observed
to have sharp, planar surfaces, but those with especially
sharp surfaces (and normally with minor erosional
relief) are plotted to indicate significant hiatuses in the
depositional record. Some such diastems are plotted
even if the thicknesses of the beds were not measurable.
A few channels with moderate erosional relief were
observed, and all are plotted. All observed lamination
and imbrication are plotted, but they are described in
considerably more detail in table 4. One possible
indication of a mud-cracked bedding surface is shown
(unit 7). Secondary structures, such as the geometry of
chert nodules, were described but not plotted.

Column 12 indicates the depositional environment as



determined at the base of each unit, and any observed
changes are shown in the intervals above. The shallow-
marine aspect of the carbonate rock types and the biota
and the generally horizontal stratification indicate that
most of the section was deposited in a subtidal
environment.  Associated intervals with trough,
inclined (planar base and top), and current-ripple
laminasets are assumed to be intertidal deposits;
however, no bipolar cross laminasets were observed.
Column 13 shows the determinations of paleocurrent
directions based on the sedimentary structures, with
consideration given to the depositional environment.

Column 14 shows each sample number plotted with a
leader to the stratigraphic position. For each sample, the
cumulative footage above the base of the section, the rock
type, and the purpose for which it was taken are listed in
table 6. Data on samples that were analyzed
petrographically are plotted as near as possible to the
stratigraphic positions of the samples. Columns 15 and 16
indicate the basic rock type and the dominant color of the
fresh, wet rock as described in the field (table 4).

Columns 17, 18, 19, 21, 22, and 30 present informa-
tion based on petrographic analyses, which are de-
scribed more completely in table 7. Column 17 shows
that most of the section is lacking in detrital com-
ponents. Column 18 shows the Dunham class of carbon-
ate texture, indicating grain support (grainstone, pack-
stone) or mud support (wackestone). For a sample in
which two classes were described, the dominant one is
plotted. Column 19 lists the allochem grains in order of
decreasing abundance, as determined for each thin sec-
tion. In some cases a semicolon is placed at the end of
the series, and algal coated grains (described with mi-
critization) or additional fossils seen in the field are
noted. Some environmentally or stratigraphically signif-
icant fossils seen in the field are placed in position
within this column but outside of the sample-data rows.

Column 20, on the right page, is a repeat of the sample
notations (given in column 14). It provides a bridge for the
continuation of the sample-data rows.

Column 21 is an attempt to plot on a stratigraphic
section the essential diagenetic features in their general
order of occurrence. The abbreviations are grouped into
three classes: 1) diagenetic processes, indicated by two
upper-case letters and lower-case subscripts, 2) mineral
composition, indicated by one upper-case letter and
lower-case subscripts, and 3) mineral texture indicated
by only lower-case letters. Combinations are joined by
hyphens; for example, RPm-(Ar)-Do-nm-vc indicates
replacement of the matrix (inferred to be aragonite) by
dolomite with a neomorphic texture consisting of very
coarse crystals. Approximately contemporaneous pro-
cesses, minerals, or textures are separated by commas;
for example, CEm,f-Cc indicates cementation in molds
and fractures by calcite. Succeeding processes are sepa-
rated by semicolons, although some may have occurred
in relatively rapid succession. Some features of silicifi-
cation, RP-Qz, are placed arbitrarily at the end because
their position in the paragenetic sequence was indeter-
minate.

Although the number of features plotted make this the
most complex column on the section, the processes
or mineral compositions can be found readily by scanning
for double or single upper-case letters, respectively.
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Diagenetic developments of porosity are indicated by
solution (SL), fracturing (FR), neomorphic dolomitiza-
tion (RP-Do-nm), and dedolomitization (RP-(Do)Cc-
pm), the paramorphic replacement of dolomite by
calcite. Occlusion of porosity is indicated by internal
sedimentation (IS) and cementation (CE). Only partial
occlusion was observed where voids contained microsta-
lactitic, gravitational, calcite cements (CE-Cc-mg).

Column 22 summarizes the petrographic analyses of
the preserved porosity. All primary porosity, such as in-
tergranular voids in grainstones or intrabiotic cavities,
has been occluded. Secondary porosity in limestones,
such as solution molds of aragonitic shells, ooids, por-
phyroblasts, hollow micrite envelopes, or nontectonic
fractures resulting from collapse of the molds, has been
occluded, normally by calcite cement. Secondary poros-
ity in dolostones, such as intercrystalline voids in
neomorphic textures or open space in fractures, is
preserved or has been partially to completely occluded.
The only tertiary porosity was developed by the dissolu-
tion of anhydrite porphyroblasts or nodules, commonly
in dolostones, and normally is preserved or only par-
tially occluded. The semiquantitative estimate of pre-
served porosity based on petrographic observation is
plotted in column 30 alongside other data used in the
evaluation of the reservoir rocks.

Columns 23-28 summarize the evaluations of petro-
leum source rocks. Column 23 shows the preliminary
field estimate, based mainly on the darkness of the rock
color, that was made for each sample submitted for
laboratory analysis. Columns 24, 25, and 26 show deter-
minations by GeoChem Laboratories, Inc. of percent
organic carbon, kerogen types (two most dominant),
and the thermal-alteration index (most significant)
taken directly from table 2.

Columns 27 and 28 are plots of the source quality for
oil and gas, starting with the laboratory analyses and ex-
trapolating with the lightness value (next to last number
in the GSA notation) of the rock colors described in
table 4 (see also column 16). Both columns are plotted
to the nearest 5 ft of section. In this set of samples, and
generally in other sets analyzed in this region, a very
poor source with less than 0.10 percent organic carbon
tends to have a lightness value of 6 or greater, a poor
source with 0.10-0.25 percent has a value of 5 to 4, and
a fair source with 0.25-1.00 percent has a value of 3 to
1. No good source with over 1.00 percent organic carbon
was actually determined in this section, but the best one
with 0.71 percent and a value of 3 (BHP-10-3) was
tentatively rated good. Because no algal or amorphous
kerogens were found, the source quality for oil was
plotted only as poor (value less than 6) or none (6 or
greater). Degraded (partially amorphous) herbaceous
kerogen, the dominant type, may have been a source for
oil, but the thermal-alteration index of 3 or higher in-
dicates a paleotemperature range above 150° C where oil
tends to be altered by cracking processes to gas. Woody
kerogen, in secondary amounts, would have added to the
gas source. The rating of the gas source was based on
the percentage of organic carbon and the rock color.
This procedure was the best that could be devised with
the limited number of samples from this section; it
probably provides only a gross approximation and no
doubt will be revised (or abandoned) with
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additional control, especially with analyses of drill cuttings
from key exploration wells.

Columns 29-33 summarize the evaluations of reser-
voir rocks. Column 29 shows the field evaluation of all
samples submitted for petrographic and plug analyses
and includes some plots outside the sample-data rows
where porosity was observed. Field estimates range
from none (N) where no vuggy porosity was observed,
to poor (P) with a trace of porosity (less than 10 per-
cent), to fair (F) with 10-20 percent, to good (G) with
over 20 percent. In many cases, the estimate of vuggy
porosity based on the fresh surface is at least one grade
less than if based only on the weathered surface (nota-
tions in the form Pv,w). In a few cases, vuggy porosity
was seen only on the weathered surface (Pw,v) and is
regarded as none in the evaluation. No matrix porosity
(Pm) was seen definitely with a hand lens, and none
was indicated with the water-imbibition test made on
each sample.

Column 30 records the observations of porosity noted
in the petrographic descriptions (table 7). The scale of
none, poor, fair, and good generally corresponds to the
same porosity ranges used in the field scale. However,
both matrix porosity and the vuggy type (notations
Pm,v) were recognized in many thin sections (and are
illustrated in the plates of photomicrographs). Matrix
porosity consists normally of secondary intercrystalline
voids in neomorphic dolostones; some of these voids
have been enlarged slightly by solution. Vuggy porosity
consists normally of tertiary molds of dissolved anhy-
drite porphyroblasts. A minor amount of preserved
fracture porosity (Pf) is recorded in two samples (BHP-
65-94 and BHP-46-5).

Columns 31 and 32 list all the measurements of poros

ity (percent) and permeability (millidarcies) made on
samples submitted to Core Laboratories, Inc., and the
results are taken directly from table 3. Because of the
small size of the plugs cut from surface samples, these
measurements generally are only of the matrix porosity
and permeability, both of which are low. However, one
plug cut into a solution channel has a permeability of 42
and (BHP-56-7) and shows that such interconnected
vuggy porosity may constitute a good reservoir.

Column 33 is a summary of the reservoir quality,
analogous to those for source quality (columns 27 and
28), and is based on the field and petrographic estimates
and the few laboratory measurements. Some permeabil-
ity is assumed; however, most intervals with good po-
rosity are rated fair in reservoir quality based on the
conservative assumption that a substantial part of the
porosity may not be interconnected. Nevertheless, sev-
eral significantly thick reservoir units are shown on the
graphic plot, and some occur above or below favorable
source units. A total of 470 net ft of intervals with poor-
to-good reservoir quality is calculated from this column
plotted to the nearest 5 ft of section and compares
favorably with the 484 net ft actually measured in the
field.

Column 34 is a plot of the few shows of hydrocarbons
found in this section. Dead oil (DO) was described in
five thin sections along laminae, compaction wisps,
stylolites, fractures, and in some intercrystalline voids.
Dead oil appears as dark, opaque material, but the
amounts generally are too small to be extracted mega-
scopically for spectrographic analyses. Nevertheless,
these indications of oil in this surface section offer addi-
tional encouragement to exploration for subsurface ob-
jectives.
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Figure 42

(columnar stratigraphic section)
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Explanation of abbreviations ond graphic symbols (by column number):

Column 2 Column Il (continued) Column 16 Column 9 {conflnued)
» = age determinalion Bin = inclined bed ?GYS'?/' = dark brownish gro Gir = Girvanella sp.
no.
> = age indeterminate B =sharpbase of bed col 7 Grp = grapestone grain
olumn
Column 8 C-20= channe! 20cm deepl & \E i Gst = gastropod
b= ication of clast Int = intraclost
E limestone Im |mblr cation | Cb = carbonaceous gralnsL wiseom ey
. = -ri om = 3
(15T ] limestone with chert ey T iaminde,curTenrinple Column I8 )
__1ZO] zebro chert Lhr =laminoe,horizontal Ood= ooid
Gr = groinstone ot ) 4
Lin = laminae,inclined st = ostraco
% dolostone °'. Pk = packstone ;
¢ it Lir = laminoe,irregular Wi “eackastons Pel = peloid
A~ unconform z
Y y Ltr = laminge,trough - Ph! = phylloid algae
Column 9 Lwy= laminae,wavy : Plc = pelecypod
Acg= algal coated grain
cliff Mc = mudcracks : Rug = rugose coral
?rpmmem ledge Acs = algal calcisphere _ A
airly prom. ledge Column |2 Spc = sponge spicule
modarate ladge Arc = Archimedes sp.
slight ledge It =intertidal Tab = tabulate coral
slope Brec = brachiopod
St = subtidal Trl = trilobite
Column 10 Bry = bryozoan
Column I3 Tub= Tubiphytes sp.
?qod exposure Cha = chaetetid coral
air exposure N = paleocurrentto SE
poor exposure Cra = crustose red algae
covered Column is .
Crz = crinozoan
Column |l Ch = chert .
; Ech = echinoid
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FIGURE 42—COLUMNAR STRATIGRAPHIC SECTION OF Biti HATCHET PEAK SECTION.
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Explaonation of abbreviations and graphic symbols {continued)

Column 21 Column 21 (continued) Column 21 {confinued) Column 23
: s i m = microquarfz =
I)Process: 1St mt?:gg::s‘d;menwﬂon ac A gholceqcronicquonz ’gz 00f
m% = micritljotion = G= good
. 7 E progueing CE  =cementation Py = pyrite
micrite envelopes CEb = winin rio'_loﬂc ¢l = cloy Column 25
. cavities
RX = recrystallization CEg = w u intergronular H= herbaceous
R%m £ "? matrix voids 0il = dead oil W= woody
ms = fo microspar CEx = w u intercrystalling ;
RXps = n fo pseudospar voids 3)Mineral texture: Column 27,28,33
RXsr = v producing m = u w molds
syniaxial rims Sggm = uw w shell molds RX-Cc-ms = microspar ?opd
. CEom= w » ooid molds - ps =pseud srqr air
RP = replocement CEpm= n w porphyroblast - sr = syntoxialrims poor
RPm = u of matrix s none
RPg = u u grains CEhe = o G‘o(i ow micrite Do - nm = neomorphic
RPsh = * w shells envelopes - f=fine Column 29,30
b= nmn gorphyroblosu CEf = u u fractures - m=medium
ce =  w cement 85.1 = w u stylolites - C=coarse N =none
RPpk = poikilotopic °E = n-,epvzx?ol = V=very P = poor
- . CEpk = v, poikilotopic -e=axtremely F = fair
gL = solution CErm = w, with replacement - pm = paramorphic G = good
SLsh = u of shells of matrix - pb = porphyroblastic _
Log = v v ooids Pm =poor matrix porosity
Lpb = w w porphyroblasts 2)Mineral composition: CE-Cc - br = beachrock | Py = w  vuggy "
SLhe= » g_lr.odvcmg hollow : -mg= mlcrrtqlochhc, Pf = v fracture «
_ crite envelopes ¢ = calcite ravitational
SLv = producing vug c¢f = w , ferroan -dr = yugky Pv,w = poor vquy porosity,
Skeh = o« v sol.channels Cen = v nonferroan -be = blocky,equant enhanced onweathered
Stst = w u stylolites Ccz = w ,zoned surface ;
- i (Pwyv)= poor vugqy porosity,
CP = compaction Ro. = dolomife Column 22 confined to weathered
CPw = u prod, wisps Dof = w,Terroan 3 : surface
on = n  nonferroan = primar
FE s frociurl%g Doz = " : zoned P 4 Column 34
n = u,non ctonic S = secondory
FRt = w, tectonic An = anhydrite R DO = dead oil
IS = infernal sedimentation Ar = oraogonite . Y
Igv = v invadose covities
ISvm = o u by micrite z = sluor?z
ISvg = » = w grains I g = megoquartz
: Petroleum source Reservoir )
X Petrographic analysis evalyction evalyation &
=3 . ol - -
[ . a e
Sx o IZ138 le [elS|E2E 2/Z|ES S
Ceas » . @ > clo Oisloagla =|0|® 5= -~
©32E Diogenetic features zx|sleclel= |5]3|20/2.8|2|25ex| 2
L D (in general order of occurrence) % |ole2|o|2%|2| % |8 geo| = TRs=| 2
sr"g @ = | g|o= ;23 —_— 8;“:*“3’5:“’3 2
nEo a8 |z|odxlac|5 ol S@es|s|sEra|n
20 21 22 |23|24|25(26|27{28|29 | 30 (31|32(33 |34
Toppeokl MZ; RXm, RP-Qr-pb,CEb-Ccf-be; FRn; CEf-Cc! N N
78-42 |MZ; SLah;FRn;CEm,f=Cc; RPsh -0z N N
78-4 |MZ;SLsh; FRn; CEm,f-Cc; RPah-0Qz N N
T7-41 |MZ,MZe; SLah,he; CE-Ccn, Cof N N
TT7T-22 |MZ,MZe,SLsh,he;FRn;CE-Cc N N
76-8 |MZ MZe;SLsh he;CE~Cc, RXm P-FlO.24IH W3 N N
76-3 |MZ;SLah;FRn;ISvm; CE-Cc; AXm N N
75-7 [ MZ;SLah;FRn,CE-Cc;RPsh-Qz N N
75-1 | MZ,MZe;SLuh he; FRn;CE-Ce N N
74-54 | MZ,SLah; FRn; CEm,f-Cc; RP-An-pb; SLpb,CEpm -Do (Pwy) (N
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) 121345 3080 7 8 9 |10 1 12113] 14 |I5 16 17118 19
Y
: B-gg - T74-35|Ls | 5YR4/| Gr | 8ry,Pal, Tud, For,00d, Plc; Fus
B 74 -
> =2 i (- = B-30 St _-74-0| Ls .'mu;n Pk |Crz,Bry,Ple,Tud, Ost,Trl, For;Fus
o TZX 73-2[Ch | 5YR2/ Wk | Spc,Crz, Pal
o nhg B-i57 StV | \73-i|Le| sYR372 Wr | Cra,Bry,Pal,Pic,Bre,081,Tub, For; Spe
172
» 2,900 B-100 _|St 72-2{ Ls | SYRAAN Wk | Fus,Crz,Pic,Tub,Ost, For
17
o 3 g4 71-2| Ls | SYRA/I Wk |Bry,Tub,Phi,Crz,Bre,081;Fus
5
«i5 d70
2|a 2,800—- s 70-3| D8 | 5YR6/I Wk [Cez
E |5 ] t 69-85| Ls | 5YRS/1 Wh | Tub,Phi,00d,Crz,Bre;Acg
o 2 4 B-30
g ] B-50
—{ 69
(= : ‘ B-25 L ~69-24] Ls | SYR4/\ Wk | Pel Fus,Crz, Bry,Tub,For, Bre, Pic
§ _~69-14| Ch | SYR4/1 Wk | Spec,Crz
o B-25 St 69-3|Ls | 5YR4/I Wk | Tub,Bry,Phi Crz, Fus,For,Ost
2,700 —
B
-
Ly “:68‘ "~88-70| Ls | S5YRS/ Wh | Tub,Crz,08t Phi, Pel,Bre,For; Acg, Fus
31 5
@ -
- 2,600— B-35 St —68-4|Ls | 5YR3/I Wk | Tub,PhiCrz,Fus,Pel,For,0st 00d; Acy
3 7 7
N 7
R AT 4
7] I—~&7-14{ Ds | SYR7/1 wk |Crz
o i
— _‘67
3 e 2,500 ~67-68| Ds | SYR7/I Wk [Crz
| o -
ol ® -
x .
-1 L~6T7-22) Da | SYRT/} Wk [Crz
= L~ 67-10{ Ds | 5YRS/I Wk [Crz
St
> 166 |_~66-9) Ls | 5YRS /1 Wh [Fus Tub,Crz, For, Phi, Bre, Ot
B-100 ISt 2
" 2,400 |—-65-94| Ds | SYR7/1 Wk [Crz
o -
= 1 ]
o - |
,.>‘: +465]|
= ] I—65-22} Da| SYR7/1 Wh |Crx
= A B-100 |[St
= ‘ 65-2| Os | SYRT/I Wk g:‘z
% > g'z’sooj 64 B-400 |St 64-1| Ls| SYRT/1 Wk |[PhI,Crz,Fus,Bry,Ple,Tub,00d
c 163 | &
o ] P-200: |5¢ 63-2( Ds | SYR7/1 Wk |Crx
a -1 Phi
] Phi
] Phi
b ‘ Bh|
152 §-30 Phl
22004 | Phi
1 ] PhI
> 1 . B-200 [St —62-5| Ls | SYRW/I Wk |Crz,Bry,Fus,Bre,PhI,Plc, For,Trl,Tub
161 P71 B-20 [st
b T 61-2| La| SYRS/I Wk | Pel,Ph!,Crz,Fus,For,Bre Tub
160 58 B B-50A |St 60-2| Ls| SYRE/I Pk |Crz,Bry,Fus,Bre,For
ji? - ?P 89-2| Ch| SYRE/| Wk | Crz Spc,Bry,Bre
158 T 1 -20 St 89| Ls| SYRE/) Wi | Pel Crz,08t,Brc,For,Bry,Tub
? 2,100 ~~58-1| Ls| SYRE/| Wk | Crz Ph)Tub, Bry, Plc,Brc, 08t For;Fus
2 - |
=3 - |
(2]
: 57 —57-25| Ls Fus
— 8'50 St L~57-10} Ls | 5YR5/I Pk |Crz,ForTub,Bry Pel Ost Bre,Ech;Fus
4 ‘ B-30 L-56-92| Ds| SYRT/I Wk | Crz
4 56
- |

2,000
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20 21 22 [23[24 25|26 |27|28| 29 | 30 (31|32 |33 |34
T4-35 |MZ,MZe;SLsh,co,he;FRn;CE-Cc N N
74-0 [MZ,SLsh;FRn;CE~Cc;RXm N N
73-2 |RPm-Qm, Do-pb;Rp(Crz)-0g N N
73-1 |SLsnh; FRn;CE-Cc; RXm;RP-Qz-pb N N
72-2 |SLsh,CEm-Cc;RXm N N
Ti-2 WSLlh;CEm-Cc P-FIOM HW 3 N N
Pv,w
Pv,w
Pv,w
Py,w
70-% |RPm-Do-am-ve,pm(Crz) S Pvw |Gm |27 (007
69-85 [MZ ,MZe;SLan,00,he; CEm-Cc N N
( Pwy)
69-24 |SLsh;FRn; CE-~Co ,RXm;RPsh-Qz N N
69-14 RPm-Om.Do-pb;RPlh-Oc.Oq;FRgCE.(-Cc N N
69-3 (SLsh FRn,CE-Cc;RXm N N
68-70 |MZ,MZe ;SLsh he ;CE-Cc N IN
68-4 (MZ;RPm-Do-pb,RPsh-Do,SLsh;CE-Cec,D0 P-FIO.S3[H W3 N N
|67~114 [RPm-Do-am-~c,pm{Crz);RP-An-pb;SLpb;CEpm-Cc-mg ST Pv Fmy
Py
Pv
Pv
Pv
67-68 (RPm-Do-nm-c,pm(Crz)}; RP-An-pb;SLpb,CEpm-Cc-mg ST Fv Fmy (27012
Fuw
Fv:\-
Fv,w
87-22 |RPm-Do~nm-ve,pm(Crz}; RP=An~pb;SLpb,CEpm=~Ce-mg;RPce~Do~pm sT Fv,w |Gmy |11 |0.16
67-10 |RPm-Do-nm~m, pm(Crz); RP-An-pb;SLpb ST :v,n Fmyv
v
N
66-9 |RP-Do-pb;SLah;CEm-Co P |0.38|HW(3 N
N
65-94 ([RPm-Do-nm=-vc,pm{Crz);RP-An-pb;SLpd; FR;CE-Cc-mg ST Pv  [Gmy,f14.41046
Py
Fv,w
Fv,w
Fv,w
Fy,w
Fv,w
65-22 |RPm-Do-nm-c, pm(Crz);RP-An-pb;SLpb; CE~Cc—mg ST Fyw |Gmy (400,03
65-2 |[RPm-Do-nm-m,pm(Crz) $ Py |Fm
64 -1 SLsh;CE~Cec Do; RXm; RP-Qz-pb ,RP-An-pb;SLpd; CEm, rm-Do;RP-Do-pb N N
Fyv
Fv‘,-
63-2 |RPm<Do-nm-ve;CEx~Cc RP-An-pb;CEpm~Do,Cc~mg ST Fvw |Gmy |5 jO.18
N
82-5 |SLsh;FRn,CE~-Cc,RP-Qz-pb;RXm ;SLst ,CEst-Do-nm;0il i N N 0o
61-2 [MZMZe;SLsh, he;FRn; CE-Cc; RP-An-pb; SLpb; CEpm-Cec l N N
60-2 |MZ;RPsh-Qz N N
59-2 |RPm-Qm,Do~-pb;RPsh-0g,0c;FR,CEf-Ce N N
59-1 |RXm N N
58 -1 |SLsh;CEam-Cc;RX;RP-Qz-pb N N
57—10 |MZ;RXsr(Crz),RPsh-Qz;FR;CEf-Ce :“ :
56 -92 |RP-Do-nm-c,pm{Crz);RP-An-pb;SLpb ST Pv,w |Fmy (1.1 0.05
Py,w
Pv,w
Pv,w
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11213145 7 I 12 14 (15 16 18 19
2,080
-
o 1 56 |
o 57 |
= ] 8-100 St 56 -7| D& | 5YR4/| Wk [Crz
1585
% 55-3/Ch | SYRE/) Wk | Crz, Fus,Bry,Spc
> '900': g-50 St L 35-2|Ls | SYRS/ Px | Pel,For,Crz,Grp, Fus,Bre,Ost,Bry
c -
'g ] -54-96| Ls | IORS/6 ~ | Pal, small biociosts
5 tl
o —
& 154
= -
1,800
-
= 54-4/Ch| 5YRS/1 Wk |Bry,Crz,081,Brc,For; Fus
> ] 8-50 St va SYR3/| Wk :.l.Tub,Fn.ary.Cn.Brc.Oﬂ.Phl
us
P 453 B-50 5YR4/1 Wk | Crz,Bry,Tub, Brc,Ost,Phi For; Fua
1
- N Y Fus
[T 3 <452 a B8-50 S5YR4/1 wh B:y,c".Spc,avc.ou'.F“
a h B S5YR4/| Wk |Bry,Crz Plc,Tub,00t,Brc;Fus,Rug
- = | 700 Sl | 2 SYR4/I Wk | Pel,Bry,Pic,For,Crz, Ph1,084; Acg
1
] 50 gvvl::’//l' z: g::,(:u,Tub,Pcl,PM,For Bre; Fus
" B SYRT/I wk |Crz,Trl
| 5YRT/1 Wk |Crz
o = SYRT/) Wk |Cr2
o 7 49 5\'.7/' Wk |Crz
0 il -50 SYRT/I Wk [Crz
il SYRT/I Wk [Crz
| 600 148 _E'“)oxl"‘b SYR7/| Wk |Crz
» o B-20° 5YR4/) Pk | Crz,For,Bry,Pel,Brc,00d,Fus,Trl, Pic;Phl
o 47 S5YRS/I Wk |Pel,Crz, Tub,Bry Phi Brc Out, Trl
g SYR6/1 Wk |Spe,Crz Bry
7 B-50 SYRG/I Wk | Crz,Bry,Tub,Phi,Bre
=R - SYRE/! Wx |Crz, Bry,Tub,Brc,Phl Plc,Ost;Tad
e 148 g 8 5YR7/I wh [Crz : '
=l N o 7] 5YRG/I Wh ;;l,Tni,Fer,Pm.Oﬂ
= N !
s i l,500—-: PhI
F~y el 145] 0‘55-1‘; t| 5YR6/I Wk :cl,Tub.For,va.Phl,Plc.Cu,Oﬂ;Fn
| - L ] us
4 R B . B St 45-2/Ls | sYR4/ Pk |PhI,Grp,Crz,Int, Fus,For,Ont
2l = X - 45-1{0s | SYRSE/!) Wk |Crz;Faov,Cha
B 144 S.SS St 44-2|Ls | 5YRE/) Pk |Bry,Crz,Tub,Phi, Bre, 08t
_— 43-7|Ls | SYRS/1 Ph |Crz,Bry,Bre¢,Plc, For
‘43 B-30,Lir’| It 42-14|Ch| SYRS/ Ph [Crz,Bry,Bre
> Jda2 &0 4 42-12|{Ls | SYR4/1 P |Pel Crz,Bry, For,Brc,Pic,Tub; Fus
& 1,400— Rug
€ i
?} :1 4|
~4i- F P
P-: - 8-30 st 41-20iLs | SYR3/ Gr |Grp,For,Bry,Tub,Plc,Brc,Ost
g. 40 B-50 5 40-1{Ls | SYR4/I Gr | 0od,Pe1,8rp,Crz,Bry, Pic, For,Bre;Fus,Tob
® 139 39-4| Ch| SYRE/| Gr |Kom,Crz;Fus
Cpy 8 . g'gg St 39-1|Ls| SYRG/I Gr |Kom,Ocd,Bry,Crz, Fus,Brc
<+ (1,300 -
i 98 8-30
2 B8-50 st 38-3|Ls | 5YR6/ Gr |Crz,Kom,Bry,Fus
» s 8-30 /~38-0|Ls | 3YRE/I Gr |Crz,Bry,Fus
E 3 -
o 4 37
1,200 B St 37-0|Ls | SYRS/ Pk | Ood,Pel,Crz,Bry, PhI,For, Plc, Bre,084
|
Jos ]
a3 36-4/Ch| 5YRS/) Wh | Crz, Fus Bry
N . 50 [St] Klie2|is|svrsn Ph | Crz,Bry, Fus,For
7] 35 |_~35-10/ Ch | SYR3/I Wk |Crz,Bry,S5pc;Fus
] B-30 St _-38-1|Ls| SYR4/) Wk | Crz,Bry, Phi,For,Brc
. a'loo
Bl B-30 .L
B 1,100 B-30 St —~—34-8/Ls | 5YR4/1 Gr |Crz,Bry,Pel,For,Brc;Fus
B-10 35-7|Ch| SYR4/| Wk | Crz,Fus, Bre
» 133 B-15 St 33-6/Le| SYRS/ Gr |Crz,Fus, Bry,Bre,For, 0t
{32 B350
j B-5QV | St —32-2| Ls | SYR3/ Wk | Pel,For,Crz,Ph|, Fus,Gir
31 —31-I15| Ch| BYR3 /i Wk | Spe,Crz
1 B-30 S1 ~~31-10| Ls| SYR3/I Pk | Ood,Bry,Crz,Brc,081,Trl;Fus,Rug
30 '_B:IOO St _~30-0{ Ls| SYR4/| wk Pol.Fov,hry,Pil,'PIc.d".éu.!ve.Tn;Flu

1,000
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20 21 22 24 2526 30 [3113233
Pv,w
Pv,
Pv,w
Py,w
56-T7 |RPm-Do-nm-c,pm(Crz) s Pv,w [Pm |4.9/42
N
N
N
55-3 |RPm-Qm,Do-pb; RPsh~-Qg,0¢c,RP(Do)pb-Ce N N
58 -2 |MZ;RXm;RPah-0z;FR;CEf-Cc N N
54-96 [ISym,g;RP-Do-nm;RP-An-pb;SLpb;CE~Cc;RP(Do)-Cec;RP-Py—-pb N N
I:Q-Q RPm-Qm, Do~pb ; CEb~Do;RPsh-Qg,Qc; RP(Do)-Cc; FR; CEf-Cc N N
4-2 |SLsh;FRn ;SLvg,ch;CE-Cc-be,mg;RXm;RPsh-Qx IN N
53~1 |SLsh;FRn;CE-Cc;RXm;RP—Qz -pb;RP-An-pb;SLpb;CEpm-Do N N
2-3 |RPm-Qm,Do-pb;CEb-Do;RPsh-0g,0c;RP(Do)-Cc;FR;FR;CEf-Co N N
2-2 |MZ ,MZa;SLah he;CEm~Cec;RX RPsh~Qz 0.15 [HW |3 N N
81 -2 |MZ,SLash;FRn;CE-Ce N N
-1 MZ MZe;SLah he; FRn;RXm; CE-Cc N N
49-45 |RP- Do-nm-ve,pm(Cn) RP-An-pb;SLpb ST Py Gmy
49-30 |RP-Do-nm=-ec,pm(Crz):RP-An-pb;SLpb,CEpm-Ce-mg ST Py |Gmw
49-19 RP'Do-nm-ve.pm(Cu’ sRP-An- ph,SLpb LCEpm-Cec-mg sT Pv Fmy |24)078
49~ [4 |RP-Do-nm-ve,pm(Crz);RP-An-pb;SLpb CEpm~Cc-mg ST Gv,w |Gmy |29/006
49- 9 |RP-Do-am-vc,pm (Crz),RP=An-pb , SLpb, CEx ~Cc ~be ST Gv,w [Gmy |1.9]0.09
49- 4 |RP- Do-nm-n.m(Cn)lRP-An-pb SLpb CEpm-Cc-mg ST Py Gmy [5.5(0.31
49~ | RP-Do-nm-c,mlCu);RP-Aa—pb WSLpd FRISm ;RP-Do,CEpm~Do,CEpm~Cc;RP=Do ST Py Gm v
98 ~2b |RP-Do-nm-vc, pm(Crz);FRICEr -Ce s N Pm
48~ 20 |MZ,MZe;SLah he;FRn;CE-Cc N N
48-1 |MZ,SLsh;FRn;CE-Cc;RXps;RP~Qz;SLvy;FR;CE-CciSLar N N
47-2 |RP-Qz,Do-pb;FR;CEf-Cc N N
47~ | |SLsh vg;CE-Cc;FR;FR,CEf-Co;RPsh-Qz N N
146 —|7 |SLahvg,ch;CE-Cc;RXm;FR{FR;CEf-Cc;RP-An-pb;SLpb,CEpm-Cc N N
46-8 |RP-Do-nm-ve,pm{Crz); FR;CEf-Ce-mg s N |Pmt B
46-1 |SLah;FRm, CE-CesRXM:RE-02-pb; R P-An-pb;SLpb,CEPm, rm-Bo NN
4517 |MZ,SLan;CEam~Ce-be;RXm,sr; RP-An-pb,SLpb; CEpm-Do N N
45-2 |MZ,MZe,SLah,he;CEm=Cc,Qz,RXm; RPsh-Q1-pb N N
45~1 |RP-Do-am-m, EIMC':) RP-An ph RPob Ce¢,SLpb,CEm~Do,FR;CEf-Do; FR;CEI-CJ N N
44-2 |MZ;SLsh FR;CE-Cc;R N N
43-7 |MZ;RPm-Do;SLsh; RPlh Do-pm CEb-Cc; CE-Do; RP-Qx N N
42-14 [RPm~Qm,Do-pb; RPsh~Qc, Qg ; RP-Oo-pm(Crz) N N
42-12 [MZ;SLsh ;FRn;CE-Cc;RXm;CEm, f-Do N N
4| =20 [MZ,MZe;SLsh,he;FRn; CE-Cc; RP-An-pb; RPpb-Qz;SLpb 0.24/H |3 N N
40-1 |MZ,MZe;SLuh he; CE-Cc;RP-Q2,FRn; ISfm; CEt-Ce N N
39-4 |RPsh-Qz,Do-pm;CEg-Qg-dr; FR;CEf,rm-Do N N
39~ 1 |CEg,ep~Ce;SLst N N
38-% |MZ;CEg,ep~CciRPah-Qz N N
38-0 |CEep~Cc,RP-Do-pm(Crz);RPsh-Qz;CEg-Cc Q2 N N
37-0 [MZ;MZe;SLsh,00,he;CE-Cc;RP-Qz-pb N N
36-4 |RPm-Om ,Do-pb,RPsh-Qc;CEb-Do,0c; RP-Do-pm{Crz) N N
36-2 [MZ RPsh-Qx FR;CEb,t-Ccf; FR; CEf-Cc N N
35-10 [RP(Ar)=Cec;RP-Qz,Do-po,pm(Crz);FR;CEf-Do,Co~mgRPce-Do-pm N N
35-1 |MZ,SLsh;FRn;CEcc;RPah-Qz N N
34-6 |MZ,MZe 1Sym| CEap-Cec;FR;CEf~Cc;RPsh-Q N
33-7 RP(M) c;CEb-Do; RP(‘DO) -Ce;RP- lso—pm(Crx)Ox FR;CEf-Ce N N
33-6 |MZ;SLvg; 1Svm ; CEep-Ce;RPsh-0z NN
32-2 i”l SLsh;FRn,CE~C N N
31-15 [RP-Qz,Dof~ pb.pm(Cn) FR;CEf-Dot N N
31-10 [MZ ;RPsh-Qz 0.23 n-v13 NN
30-0 uz.nznsun.n.;m;ca-w; RPsh-Q1;RP-Py N N




cvered by Quaternary deposits

124
11213|4|5 7 8 9 (10 I 12 13| 14 |I15]| 16 17]18 |
1,0b0 2
O 129 29-3/ Ch| SYR3/ Wk |Spc,Crz,Bry,Plc
o 1 B-15 St 29-2 Ls | SYR4/I Wk | Pel,Bry,Crz,Plc,For,Bre;Acg
" 7281 | -30 St —28-5 Ls| SYRG/! Gr |Crz,Bry,00d,For,Fus,Brc
— Ta
p
- 7
3= 8-50
900 B8-20,Lhr,Ler 27-3| on | syR3/ Pu | Crz,Pel,S
\Pel,Spc,Bry, Bre
c 1 8-20’ St =272 Us | 5 ¥ 3/ Wk | Pal.Bry,Bre.Crz,Ple, For
ED 126 | B8-50 St 26-0| Ls | 5YRS/! Pk |Pei,Crz,Bry,Pic,Bre, For;Fus
® 2 i L
- al
£ =
- ry
- : y
a J2s T2
800 —
7] X 25-4, Ch | SYR3 /1 Wi |Crz,Spc,Plc;Fus
5 ) B-10 St 1 75-3| La | sYRSA Wk [ Crz,Bey,Bre,Phi,Fus,08t
:24 B-50 St 24-1| Ls | SYRA/) Gr |Kom,Crz,00d,For;Rug,Tab, Fus
123 [ 111
£ 700__‘ 3 1a] g-30 St 23-4| Ch | 5YRE/I Wy | Pel,Crz,Bry,Brc
122 39Lhr
St 22-1| Ls | SYR3/\ Gr | Crz,Bry,Grp,For,Bre,Plo;Fus
1¢2l _50 St 21-3| cn| sYR2/1 Wk |Pel,Crz,Bry,5pc, Bro
7 Lo 21-2| Le | SYR3/1 Pk |Crz,Bre,Ech,Bry,Ost,Phi, For
8« 120 o B-50 St |_—20-2| Ls |SYR&/) Wk |8ry,Crz,Pei, Tub Bre,For, Phi, Ost; Fus
~ 119 —191— - 19-4bf Ch | SYR4/I Wk | Pel,Crz,Bry,00d,8re, Phi
n o 8-30 St us-::l Ls [SYR4/| Px | Crz,Brc,Bry,Phl;Fus
5 St
118
- §38 |4
cl o ] | - ] 18-Cf Ls | SYR3/ Gr | Bry,Crz,For,Bre,Fus,Phi
% = 117 | _—17-17} ¢h| N3 Wy | Crz,Fus,Oo0d,Pel,Bry,Bre,Plec
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20 21 22 24 (25|26 |27/28| 29 | 30 |31{32|33 |34

29-3% |[RP{Ar)-Cc;SLsh;RXm;CEm-Cc;RP-Qz ,De-pb;FR;CEf-Ce N N

29-2 |MZ;SLsh;CEm-Cc;RXps N N

28-5 |MZ ,CEep-Cc;RPsh,ce-Qz N N

27-3 |RP(Ar)-Cc;RP-Qz N N

27-2 |MZ;SLash,CEm-Cc;RXps N N

26-0 |MZ;SLsh,FRn;CE-Cc N N

25-4 |RP(Ar)~CcySLsh;CEam-Dof,Cc,Qc;RP-Qz ;FR;CEf-Ce,z N N

25-3 |SLeh;CEm-Co,CPw;FR;FR;RPsh-Qz;CEf-Ce N N

24~1 m,9iCE~Cc N

23=4 |RP(Ar)-Cc;RP-Qz,Do-pb N N

221 |MZ;MZe;SLah he;CE-Cc;CEap,pk-Cc;RP3h-Qz N N

21-3 |RP(Ar)-Cc;RP-Qz,D0-pb N N

21 -2 [RPm-Do;SLah;CEm~-Cc; RPsh~Cx 0.3 |[HW|3+ N N

20~2 |MZ;SLsh;RXm;RPsh-Qz;CE-Ce N N

19-4b [RP(Ar)-Cc;SLeh;RP-Qz,D0~pb; FR;CEf ~Do |RP(Do)~Ce;FR{CEf~Ce N N

19—4a sun,c:-c:;rn;cu-cnrn;ch- 0 N N

18~0 [SLsh;CE~Cec;RPah~Qz N

I7-17 |RP(Ar)=Ce;SLah;RP-Qx N

IT-4 |SLah;CE-Cc;RPsn-Q2 N N

16=10 |RP(Ar)-Cc;RP~-Qz,Do~pb;RXps;FR;CEf, tm-Do,0¢ N N

I16~4 |SLsh;CE-Co;RPsh-Qz,Do-pd N N

15-2 |FRn;FRn CE~Cec OB4[H W2+ N N

14=3 |MZ,MZe;ISym;SLeh,he;CE-Cc; RPsh-0z N N

14~2 |RP-Dof-nm-c,pm(Crz);CE-Qc,Qz-dr;RPsh-Qx N N

13-35 |[RP-Qz;FR;CEl,rm-Do-pb;RP(Do)-Cec;CEf-Cc N N

13-2% [MZ;SLsh;FRn; CE-Cc N N

I3-«7 |SLsh;FRn{CE~Ce N N

I2=1 |RPsh-Qx N N

Il=1 |MZ;SLsh;CE-Cec N N

10-3 [RPm-Do-n-f,RP(Do)-Cc;CPw-0Oll O.71|H W[ 3+ N N 00
8~6 |MZ;SLah; FRn;CE-Co;RPsh-Qz N N

8=5 [MZ;SLah;CEm, ep,pk-Cc;RPsh-Qz N N

8—-1b |RP{Ar}-Co;SLan;RP-Q1;FR;CEf-Cc N N

B ~lo [MZ;SLsh;CE~Co;RPsh-Qz N N

7 -23% [MZ,MZe;1Sym;SLah, he;CEsm-Ccn;CERe-Ccf; RPsh-0Oz N N

=¥ | = 0.12(H,w|4- N N

6 ~Ib |[RP~0z2,00-pb;RP{D0)-Cc;FRY ;CEf,rm-Cof N N

6~la |[RXm N N

5 -0 |MZ,MZe;/Sm;CEbr-Cc;SLah, he;CE-Cc N N

4 -13 [RXm;RPm-Do~nm;0il N N [+]e}
4 -12 |0il(lomince);CE ~Ccf N N 00
3 -2 |SLah;FRn;CE-Cc,Py;SLst-Py, Ol N N Do
2-1 |MZeySLhe;CE-Cc-ba N N

2~-0 |CEb,rm-Py,Ccf;RXma,pa;RPm-Ccf ;RP(Do=-pb)=Cel;RP-CI N N

1 =0 |MZ,MZe;ISvm;SLeh;FRn;CE-Coc-dr;CEep-Cc N N
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