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Abstract: The Pennsylvanian Atoka bank carbonates were deposited on the northwest shelf of the Delaware
Basin in Eddy County, New Mexico, forming a stratigraphic trap for natural gas. Brecciation is common in
the core samples of some wells. This paper describes the brecciation in the phylloid algal limestones and discusses
its origin. In the core samples, brecciated dark areas, consisting of irregularly shaped fragments, are seen together
with internal sediment-filled pores, characterized by light gray coloured areas. Detailed examination of the core
samples reveals that the brecciated dark areas correspond to open space areas between phylloid algal colonies, on
the basis of comparison with the well-preserved primary rock texture in the cores. Brecciation is mainly due to the
selective dissolution of phylloid algae that produced phylloid algal moulds, later filled by sandy internal sediments
under subaerial conditions. The subsequent compaction of the limestone caused the rock to break up and formed
a breccia in situ. The sandy internal sediment prevented the moulds from collapse as well as breccia formation
in the pore-filling area, owing to its loose character. Overall, the brecciation process, including the dissolution of
phylloid algae and breakage of the rocks, significantly improved the reservoir quality, whereas the internal sedi-
ment reduced the reservoir quality, for it reduced the porosity.

Key words: Algal bank complex, reservoir, carbonate, Delaware Basin, New Mexico.

Mansucript received 9 August 2022, accepted 11 September 2023

INTRODUCTION
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The term “breccia” refers to a rock, composed of angu-
lar fragments larger than two millimetres, held together by
a cement or matrix (Bates and Jackson, 1984). Brecciation
results from igneous, sedimentary and tectonic processes or
a combination of these (Blount and Moore, 1969; Shukla
and Sharma, 2018; No et al., 2020). A breccia often is ob-
served in carbonate rocks and mostly is attributed to dis-
solution-collapse mechanisms (Clifton, 1967; Blount and
Moore, 1969; Vlahovi¢ et al., 2002; Eliassen and Talbot,
2005; Jaglarz and Rychlinski, 2018; Shukla and Sharma,
2018). This paper describes brecciation in the Pennsylvanian
Atoka bank carbonates in Eddy County, New Mexico, and
discusses its origin and importance for the reservoir proper-
ties of the rocks.

GEOLOGICAL SETTING

The Permian Basin is one of the major hydrocar-
bon producing regions of North America, located in

western Texas and southeastern New Mexico (Keller
et al., 1980). The basin contains three major structur-
al components, from west to east, the Delaware Basin,
the Central Basin Platform and the Midland Basin
(Fig. 1A; Hills, 1979, 1984). The study area is located
on the northwest shelf of the Delaware Basin, in the
southeast part of Eddy County, New Mexico (Fig. IB).
During Pennsylvanian Atoka time, sandy sediments,
derived from the uplift to the northwest in central New
Mexico, were deposited as prograding beaches and
bars on the surrounding shallow shelves (James, 1985).
In contrast, broad carbonates were deposited along the
northwest shelf margin of the Delaware Basin and were
interbedded with marine black shales (Fig. 1B; Adams,
1965; Hills, 1984). The Pennsylvanian Atoka age of the
sediments in the Permian Basin is based on the presence
of fusulinids and conodonts, such as Idiognathodus spec-
imens (Jones, 1953; Krainer et al., 2017; Lucas et al.,
2022). The Atoka carbonates in the study area represent
a stratigraphic trap, from which gas has been produced
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Fig. 1.
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Study area. A. Location of the study area and main structural units of the Permian Basin (adapted from Hills, 1984). B.

Interpretation of the depositional palacogeography of the north Delaware Basin and northwest shelf in southeastern New Mexico during
Pennsylvanian Atoka time (James, 1985). Clastics, charaterized by a prograding system of beaches and bars (yellow), were deposited in a
shallow-marine environment, while an extensive carbonate bank developed along the shelf margin (Hills, 1984; James, 1985).

economically from some of the 11 wells. The initial
production of the wells ranges from non-producing to
3,315 mcfd (million cubic feet of gas per day).

MATERIALS AND METHODS

Data for the Atoka carbonate bank complex were ob-
tained from 11 gas wells in Eddy County, New Mexico,
and were provided by Santa Fe Energy Resources, Inc. All
wells have petrophysical logs and core samples. The car-
bonate core samples from the 11 wells were etched on a tray,
containing 10% HCI. The etched carbonate cores and core
samples of shale were examined megascopically and with
a binocular stereoscope. Eighty-two thin-sections were pre-
pared from the carbonate core samples. Each thin-section
was stained with a mixture of alizarin red S and potassium
ferricyanide, following the Dickson (1965) method. Thin-
sections were examined under a petrographic microscope.
The depositional textures of the carbonate rocks under the
microscope were classified according to the Dunham (1962)
classification, as modified by Embry and Klovan (1971).

ALGAL BANK COMPLEX

The structure-contour map of the upper surface of the
Atoka carbonates reveals that the carbonates contain several

long biostromes that form a bank complex and have a maxi-
mum thickness of about 21 metres. Eight distinctive lithofa-
cies are defined in the algal bank deposits and surrounding
sediments: (1) crinoidal limestone; (2) nodular shaly lime-
stone; (3) bank margin; (4) algal bank, (5) brecciated lime-
stone; (6) basal bioclastic micritic pile; (7) limy shale; and
(8) black shale (Figs 2—4).

The crinoidal limestone facies is characterized by an
abundance of skeletal grains with predominant crinoidal de-
bris, consisting mainly of grainstone/packstone and minor
wackestone (Figs 3C, 5A). The grain-supported crinoidal
limestones reflect deposition near the wave base on the up-
per and upper front slopes of the bank carbonates (Figs 2, 4;
Wilson, 1975; Jach, 2005). The nodular shaly limestones
are dark greenish gray to black, thinly bedded limestones
with a nodular to wavy-bedded appearance (Fig. 3B). These
are predominantly wackestone/mudstone, including small
numbers of crinoids, brachiopods, pelecypods, bryozoans,
foraminifera, sponge spicules, gastropods and corals. This
facies indicates deposition under normal marine conditions
and a relatively deep-water environment. The nodular shaly
limestone is a transional facies between the crinoidal lime-
stones and upper shales and interfingers with them (Fig. 2).
The bank margin facies is one of the major facies in the
bank complex with the algal bank facies. Both facies have
a gradual transition and almost similar fossil contents.
The bank margin facies is characterized by an abundance of
broken phylloid alga (Archaeolithophyllum; Fig. 5B, D) and
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Fig. 3.
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Selected core photographs of the Atoka bank complex, showing its lithofacies and subfacies. A. Upper shale subfacies, repre-

sented by laminated black shales that overlie the carbonates of the algal bank facies with a sharp contact, Sterling Silver 32-1 well, 4123 m.
B. Nodular shaly limestone, displaying limy nodules (n) and bent shale laminae (arrow), Sterling Silver 34-1 well, 4,175.1 m. C. Crinoidal
limestone, Sterling Silver 33-1, 4,131.5 m. D. Algal bank facies, represented by phylloid algal wackestone, HB State 1 well, 3,839.6 m.
E. Bank margin facies with boundstone fabric (b), which gives a brecciated appearance to the core sample, open space areas (0) between

phylloid algal colonies, Harroun Trust 30-1, 3,667.7 m. F. Algal bank margin facies represented by algal grainstone, arrow indicates marine
isopachous rim cement, Sterling Silver 3-1, 4,188.4 m. G. Brecciated limestone (br; dark area), is means internal sediment, North Pure Gold
8-1 well, 4,074 m. H. A gradual transition from limyshale (Is) to basal bioclastic micritic pile (b), Pure Gold 4-1 well, 4,191.2 m. I. Lower
shale, represented by black-coloured, laminated shales, Sterling Silver 32-1 well, 4,139.8 m.

marine cements (Fig. 5D); it predominantly consists of algal
grainstone and boundstone (Figs 3E, F, 5D). The other fos-
sil constituents are foraminifers (mostly small benthic and
rare fusulinids), brachiopds, pelecypods, gastropods, ostra-
cods, echinodermal plates, and corals. The marine cements
are: (1) abundant isopachous fibrous rim (former aragonite),
surrounding the bioclasts (Fig. 5D), and intraclasts and re-
latively large primary cavity walls between them, and
(2) former high-Mg-calcite rim and microspar-infill in mi-
cropores between the peloids in the matrix. The bank mar-
gin facies indicates deposition just below the wave base at
depths of less than 30 m (Konishi and Wray, 1961; Wray,
1964; Toomey 1980). The algal bank facies basically con-
sists of phylloid algal wackestone (Fig. 3D). Phylloid alga is

a major fossil constituent, often represented by broad algal
fronds, vase-shaped thalli (Fig. 5C), large blades (Fig. 5B)
and multilayered forms. This facies differs from the bank
margin facies in the abundance of well-preserved algal thal-
li, the absence of the marine isopachous fibrous rim cement,
a reduced number of almost the same fossil components,
and also rare Donezella lenses. The micrite-dominated
algal bank facies indicates deposition in a shallow-marine
environment below the wave base at depths of several to
a few tens of metres in the photic zone (Krainer et al., 2017)
or in a low-energy environment behind the bank-margin
barriers. The diversity of the fossil assamplage in the bank
deposits, including the sessile benthic suspension feeders,
such as bryozoans, brachiopods and echinoderms, indicates
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Fig. 4.

an open-marine shelf environment with normal salinity
(Krainer et al., 2017). The basal bioclastic micritic pile
(Fig. 3H) contains dark greenish gray, shaly, slightly py-
ritic, and stylolitic limestones, which are predominantly
wackestone and packstone with phylloid alga, scattered cri-
noids, small brachiopods and spines, foraminifers, pelecy-
pods, bryozoans, gastropods, indicating a relatively deep,
quiet-water, marine environment. The brecciated limestone
facies (Fig. 3QG) is the subject of this article and is described
and discussed in detail below. The limy shale (Fig. 3H) is
a transitional unit between the lower black laminated shale
and the basal bioclastic micritic pile, and represents green-
ish gray, thinly laminated, glauconitic and pyritic mudstone
(micrite), including fossils, such as echinodern plates, bra-
chiopod fragments, foraminifers, bryozoans and gastropods.
This facies reflects a relatively deep-marine environment and
the initial stage of the bank development. The shale facies
consists of dark gray to black, fissile, thinly laminated, silty
and sandy, slightly calcitic, glauconitic, and pyritic shales,
including chert nodules and rhodoliths. The shale facies is
divided into two subfacies as upper and lower shales, with
regard to their position (Fig. 3A, I). Trilete spores are found in
the upper shales, siliceous sponge spicules in the lower shales,
with rare conodont specimens of the genus Idiognathodus.
The black shales indicate a relatively deep-marine environ-
ment, slow sedimentation and reducing conditions.
Carbonate rocks of the Atoka bank complex have un-
dergone a complex diagenetic history that includes marine,
subaerial, and burial diagenetic modifications. The com-
plexity comes from a wide variety of diagenetic events and
their relative timing. The most important diagenetic events,
affecting reservoir quality, are cementation and dissolution.
While cementation in the Atoka bank complex developed
in all diagenetic environments, dissolution occurred pre-
dominantly in freshwater environments. The effects of ce-
mentation and dissolution on the reservoir were to reduce
and increase porosity, respectively. Dissolution also had
an indirect effect on the brecciation of the Atoka carbonates.
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An idealized individual algal bank, Eddy County, New Mexico, showing distribution of depositional lithofacies.

BRECCIATED LIMESTONE
Description

Brecciation in the Atoka carbonates is typically observed
in the North Pure Gold 8-1well and also in the Pure Gold 4-1
and Sterling Silver 3-1 wells (Fig. 2). In the core samples,
dark and light gray-coloured areas are present (Fig. 3G). The
dark areas display breccia fabric, whereas the light gray are-
as correspond to irregularly shaped, internal sediment-filled
pores. The breccia consists of angular rock fragments with
variable sizes of up to 6 cm, showing in situ formation. The
components of the breccia consist of rare fossil-bearing
wackestone/mudstone and peloidal grainstone. The breccia
levels in the core samples reach a maximum thickness of
6.45 m and usually show a gradual transition to mainly algal
bank and bank margin facies, and also crinoidal limestone.

The sandy internal sediments are mainly composed of
detrital quartz grains 50400 pum in size, muscovite flakes,
altered feldspars (most K-felspar), and fragments of the host
rocks (Figs 3G, SE, F). The pores between the detrital sandy
grains are filled predominantly with detrital clays. Most
of the quartz grains are surrounded by overgrowth silica
cement that has produced sharp corners and edges on the
quartz grains. Later, small amounts of dolomite and dickite
cements were precipitated in the intergranular pores of the
sandy internal sediments.The detrital clay also was replaced
locally by pyrite clusters.

Mechanism for brecciation
and its effect on the reservoir

In comparison, brecciated carbonates in the core sam-
ples (Fig. 3G) have a similar appearance to the algal lime-
stones, especially the boundstones in the bank margin facies
(Fig. 3E). This similarity indicates that the brecciation in
the Atoka carbonates is due to diagenetic modification
(leaching) of the algal limestones and subsequent com-
paction. Dissolution of the algal components in the Atoka
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Microfacies of the studied sediments. A. The crinoidal limestone (packstone pk/grainstone, gr) showing crinoidal grains (cr)

with peripheral stylolites (blue arrow), Laguna Salado well, 3,740.2 m. B. Phylloid alga (Phyl — Archaeolithopyllum), showing remains
of polygonal internal structure, Pure Gold 4-1, 4,185.8 m. C. A vase shaped phylloid algal thalli (arrow) in growth position, Pure Gold 4-1,
4,184.2 m. D. An algal grainstone in the bank margin facies, Phyl indicates phylloid alga, arrow shows isopachouus marine rim cement

(former aragonite), be denotes blocky equant calcite cement (freshwater cement), Sterling Silver 3-1 well 4,185.6 m. E, F. Non-marine

internal sediment (arrow) including most quartz (qu) and feldspar (feld) grains filling the Phyl — Archaeolithopyllum algal mould, Im:
micrite (E — under plane-polarized view, F — enlarged view of the frame in E — under polarized light), North Pure Gold 8-1 well, 4,072.7 m.

carbonates produced the phylloid algal mouldic cavities that
were later completely filled with sandy internal sediments
(Figs 3G, 5SE, F), indicating that the bank carbonates were
exposed to subaerial conditions. After filling the mould-
ic pores with the internal sediments, compaction caused
breakage of the rock that produced brecciation in the bank
carbonates. The brecciated dark areas in the core samples

correspond to areas of open space between phylloid algal
colonies (cf. Fig. 3G, E). Although brecciation occurred
after filling in the phylloid algal mouldic pores with inter-
nal sediments, the internal sediments do not show breccia-
tion because of their loose character, but they prevented
the collapse of the mouldic pores. This mechanism differs
significantly from the widely accepted dissolution-collapse
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mechanism, proposed for breccia in evaporite-bearing car-
bonate rocks (Blount and Moore, 1969; Vlahovi¢ et al.,
2002; Eliassen and Talbot, 2005; Jaglarz and Rychlinski,
2018; Shukla and Sharma, 2018).

Phylloid algae are usually too strongly neomorphosed
(Wray, 1977) under meteoric water conditions at a near-sur-
face setting that makes their identification difficult. These
diagenetic processes often involved replacement and recrys-
tallization that changed the original mineralogy and/or fab-
ric of the sediments (Tucker and Bathurst, 1990; Tucker and
Wright, 1990; Tucker, 1991). The susceptibility of phylloid
algae to neomorphism and also dissolution is a function
of their original metastable mineralogy (aragonite or high-
Mg calcite) and the highly porous nature of their original
skeletal microstructure (Corrochano and Vachard, 2014).
In the Atoka carbonates, the phylloid algae are represented
by Archaeolithophyllum (Fig. SA). Its original composition
is controversial and widely suggested to be high-Mg cal-
cite and also aragonite (Corrochano et al., 2013). The per-
vasive dissolution of the phylloid algae in the Atoka car-
bonates may indicate that former aragonite composition for
Archaeolithophyllum is more likely because aragonite has
the tendency to dissolve more easily than calcite in a fresh-
water environment (Tucker and Bathurst, 1990).

The presence of sandy internal sediments required the
transportation of terrigeneous material to the bank complex
areas and later the discharge of vadose fluids, sufficient to
transport this detritus into the host rocks under near-surface
conditions.

The Pennsylvanian phylloid algal banks form reser-
voir rocks on the northwest shelf of the Delaware Basin.
Reservoir quality is controlled by many factors (Longman,
1981). Subaerial conditions during bank evolution, due to
a fall in relative sea level, indicate interruption in the bank
development. Under subaerial conditions, pervasive disso-
lution generated secondary mouldic porosity that increased
the overall porosity and reservoir quality, whereas internal
sediment in the mouldic pores decreased the porosity and
reservoir quality. Later, brecciation in the carbonates gen-
erated new secondary pores (Moore, 1989), increasing the
overall porosity and permeabilty of the reservoir rocks.

CONCLUSION

The Pennsylvanian Atoka bank carbonates, which form
a stratigraphic trap for natural gas, were deposited on the
northwest shelf of the Delaware Basin, in Eddy County,
New Mexico. The phylloid alga, Archaelithopyllum, is the
main fossil component of the bank complex and indicates
deposition in a shallow-marine environment at depths of
less than 30 m. The brecciation in the carbonates is due to
the selective dissolution of phylloid algae and compaction.
The dissolution of phylloid algae produced phylloid algal
moulds, which were later filled with sandy internal sediment
under subaerial conditions. Consequently, the rock was sub-
jected to compaction that caused the breakage of the rock,
producing a breccia texture. Overall, the dissolution and brec-
ciation processes increased the reservoir quality, as opposed
to the internal sediment, which reduced the pore volume.

351

Acknowledgments

This article is an updated version of a very small part of the au-
thor’s PhD thesis (Eren, 1993). Therefore, the author is thankful to
the Santa Fe Energy Company, which supplied the thesis problem and
made the necessary materials avaible. Thanks also go to Dr Tadeusz
Peryt and an anonymous reviewer for their constructive comments.

REFERENCES

Adams, J. E., 1965. Stratigraphic-tectonic development of
Delaware Basin. Bulletin of the American Association of
Petroleum Geologists, 49: 2140-2148.

Bates, R. L. & Jackson, J. A. (eds), 1984. Dictionary of Geological
Terms. 3rd ed. Anchor Press, New York, 571 pp.

Blount, D. N. & Moore, C. H., 1969. Depositional and non-depo-
sitional carbonate breccias, Chiantla Quadrangle, Guatemala.
Geological Society of America Bulletin, 80: 429-442.

Clifton, H. E., 1967. Solution-collapse and cavity filling in the
Windsor Group, Nova Scotia, Canada. Geological Society of
America Bulletin, 78: 819—832.

Corrochano, D. & Vachard, D., 2014. Remarks on the corti-
cal structure of late Paleozoic “phylloid algae”. Journal of
Paleontology, 88: 1019-1030.

Corrochano, D., Vachard, D. & Armenteros, 1., 2013. New insights
on the red alga Archaeolithophyllum and its preservation
from the Pennsylvanian of the Cantabrian Zone (NW Spain).
Facies, 59: 949-967.

Dickson, J. A. D., 1965. A modified technique for carbonates in
thin section. Nature, 205: 587.

Dunham, R. J., 1962. Classification of carbonate rocks according
to depositional texture. In: Ham, W. E. (ed.), Classification
of Carbonate Rocks. American Association of Petroleum
Geologists, Memoir, 1: 108—121.

Eliassen, A. & Talbot, M. R., 2005. Solution-collapse breccias of
the Minkinfjellet and Wordiekammen Formations, Central
Spitsbergen, Svalbard: a large gypsum palacokarst system.
Sedimentology, 52: 775-794.

Embry, A. F. & Klovan, J. E., 1971. A late Devonian reef tract on
northeastern Banks Island NWT. Canadian Petroleum Geology,
19: 730-781.

Eren, M., 1993. Petrophysical Study of Atoka Carbonate Bank
Complex Eddy County, New Mexico. Unpublished PhD
Thesis, Texas Tech University, Lubbock, Texas, US, 261 pp.

Hills, J. M., 1979. Delaware Basin sedimentation, tectonism and hy-
drocarbon generation In: Sullivan, N. M. (ed.), Guadalupian
Delaware Mountain Group of west Texas and southeast
New Mexico. Symposium and Field Conference Guidebook.
Permian Basin Section, Society of Economic Paleontologists
and Mineralogists Publication, 79-18: 1.

Hills, J. M., 1984. Sedimentation, tectonism, and hydrocarbon gen-
eration in Delaware Basin, west Texas and southeastern New
Mexico. Bulletin of the American Association of Petroleum
Geologists, 68: 250-267.

Jach, R., 2005. Storm-dominated deposition of the Lower Jurassic
crinoidal limestones in the Krizna unit, Western Tatra
Mountains, Poland. Facies, 50: 561-572.

Jaglarz, P. & Rychlinski, T., 2018. Solution-collapse breccias in
the upper Olencekian-Ladinian succession, Tatra Mts, Poland.
Annales Societatis Geologorum Poloniae, 88: 303-319.



352

James, A. D., 1985. Producing characteristics and depositional
environments of Lower Pennsylvanian reservoirs, Parkway-
Empire South area, Eddy County, New Mexico. Bulletin
of the American Association of Petroleum Geologists, 69:
1043-1063.

Jones, T. S., 1953. Stratigraphy of the Permian Basin of West Texas.
West Texas Geological Society, Midland, 63 pp.

Keller, G. R., Hills, J. M. & Djeddi, R., 1980. A regional geo-
logical and geophysical study of the Delaware Basin, New
Mexico and West Texas. In: Dickerson, P. W., Hoffer, J. M.
& Callender, J. F. (eds), New Mexico Geological Society
Guidebook, 31" Field Conference, Trans-Pecos Region. New
Mexico Geological Society, Socorro, pp. 105-111.

Konishi, K. & Wray, J. L., 1961. Eugonophyllum, a new
Pennsylvanian and Permian algal genus. Journal of Paleon-
tology, 35: 659-666.

Krainer, K., Vachard, D., Lucas, S. G. & Emst, A., 2017.
Microfacies and sedimentary petrography of Pennsylvanian
limestones and sandstones of the Cerros de Amado area, east
of Socorro (New Mexico, USA). New Mexico Museum of
Natural History and Science Bulletin, 77: 159-198.

Longman, M, W., 1981. Carbonate diagenesis as a control on strati-
graphic traps. American Association of Petroleum Geologists,
Education Course Note Series, 21: 1-159.

Lucas, S. G., Krainer, K., Vachard, D. & Barrick, J. E., 2022.
Pennsylvanian section at Bishop Cap. New Mexico Museum
of Natural History & Science Bulletin, 89: 1-77.

Moore, C. H., 1989. Carbonate diagenesis and porosity. Develo-
pments in Sedimentology, 46. Elsevier, Amsterdam, 338 pp.

MUHSIN EREN

No, S. G., Park, M. E., Yoo, B. C. & Lee, S. H., 2020. Genesis
of carbonate breccia containing invisible gold in Taebaeksan
Basin, South Korea. Minerals, 10: 1087.

Shukla, M. K. & Sharma, A., 2018. A brief review on breccia:
it’s contrasting origin and diagnostic signatures. Solid Earth
Sciences, 3: 50-59.

Toomey, D. F., 1980. History of a Late carboniferous phylloid al-
gal bank complex in northeastern New Mexico. Lethaia, 13:
249-267.

Tucker, M. E., 1991. Sedimentary Petrology. Blackwell, Oxford,
260 pp.

Tucker, M. E. & Bathurst, R. G. C., 1990. Carbonate Diagenesis.
Blackwell, Oxford, 312 pp.

Tucker, M. E. & Wright, V. P., 1990. Carbonate Sedimentology.
Blackwell, Oxford, 482 pp.

Vlahovi¢, ., Tisljar, J., Fuéek, L., Ostri¢, N., Prtoljan, B., Velié,
1. & Maticec, D., 2002. The origin and importance of the
dolomite-limestone breccia between the Lower and Upper
Cretaceous deposits of the Adriatic Carbonate Platform:
An example from Cicarija Mt. (Istria, Croatia). Geologia
Croatica, 55: 45-55.

Wilson, J. L., 1975. Carbonate Facies in Geologic History.
Springer, Berlin, 471 pp.

Wray, J. L., 1964. Archaeolithophyllum an abundant calcareous
alga in limestones of the Lansing Group (Pennsylvanian),
southeastern Kansas. Kansas Geological Survey, Bulletin,
170: 1-13.

Wray, J. L., 1977. Calcareous Algae. Elsevier, Amsterdam,
185 pp.


https://hrcak.srce.hr/index.php?show=toc&id_broj=389

	_Hlk108352450
	_Hlk107758368
	_Hlk77779927
	_Hlk77780396
	_Hlk77892644

	Przycisk 6: 


