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Hydrocarbon reservoirs in the Niagara-Lower Salina Reef Complex in the
Michigan Basin have been extensively studied since the early 1960’s. These
reservoirs host an immense hydrocarbon resource, existing as closely-spaced, highly-
compartmentalized reservoirs that have produced >500 million barrels of oil and 2.9
trillion cubic feet of natural gas. Previous studies depict these “pinnacle reefs” as tall,
symmetrical towers with a random distribution of facies. This study utilizes abundant
core data (32 cores, 20-acre spacing), thin-section petrography, and petrophysical
wire-line logs to reconstruct the geometry, facies distributions, depositional history,
and sequence stratigraphy of the Columbus III Reef Complex within the Southern
Niagaran-Lower Salina Reef Trend. This study indicates that there are three
depositional sequences, which include a lower bioherm complex, the middle Niagaran
reef complex, and the uppermost Lower Salina A-1 Carbonate. These sequences are
highly influenced by relative sea level fluctuations within the Michigan Basin, and
can be correlated to global sea level changes. This new stratigraphic model allows for
better predictability within the Michigan Basin, particularly in reefs without abundant
well control. The high-resolution model also permits more accurate correlations
between the Lower Salina shallow-water carbonate factory and the surrounding inter-

reef and basin center carbonates (A-1 Carbonate).
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CHAPTER I

INTRODUCTION

Purpose of Investigation

Silurian Niagaran Pinnacle Reef oil fields comprise an immense hydrocarbon
resource, existing as highly geologically compartmentalized, closely-spaced reservoirs
within the Michigan Basin. These oil and gas fields have produced over 500 million
barrels of oil and 2.9 trillion cubic feet of natural gas (State of Michigan production
records, 2015). A number of important basic geological relationships in the Silurian reef
succession, related to the origin and geological controls on hydrocarbon reservoir
occurrence and quality, are not yet fully resolved. Of special interest and direct
application to further exploitation of reef reservoirs are high resolution sequence
stratigraphic relationships, interpretation of ancient carbonate and evaporite environments
related to reef complexes, modes and timing of diagenesis, and application of these
relationships to high-resolution static geological models.

The need for additional reservoir characterization data during the initial discovery
period (1960’s) of Niagaran pinnacle reef hydrocarbon reservoirs resulted in the recovery
of hundreds of cores, which include both on reef sections as well as potential pay
intervals within off-reef, flank localities. Due to the wealth of whole cores, petrophysical
core analysis data, and geophysical log suites, high-resolution reservoir characterization
in the context of enhanced oil recovery (EOR) operations is possible in many fields.
Although many reef reservoirs have been produced in the Michigan Basin, only 5% of
the discovered fields have undergone development beyond primary production. With an
average primary recovery of 26% and an average secondary recovery around 12.5%
(Harrison, 2015, personal communication), these reef reservoirs are currently being
targeted for EOR projects with the potential of 180 to 200 million barrels of unrecovered

reserves (Grammer et al., 2008).



Despite the economic importance of pinnacle reef hydrocarbon reservoirs, initial
studies are in conflict regarding stratigraphic models for the reef complexes and related
strata. Detailed stratigraphic and lithofacies studies in core and other subsurface data
were conducted by Gill (1973), Huh (1973), and Budros (1974) and serve as fundamental
references for this study. Since this early work was completed, sequence stratigraphic
principles and depositional models for carbonate systems have evolved (Kerans and
Tinker, 1997) and are especially useful in the understanding of these geologically
complex reefs (Grammer et. al, 2010). The main stratigraphic and sedimentological
controversies in the literature address the complex geometric juxtaposition of two
incompatible sedimentary successions, the Lower Silurian organic reef complexes
(Niagaran/Guelph Formation), and the Upper Silurian non-fossiliferous carbonate, and
evaporite strata (lower Salina Group) that encase the reefs.

The current study represents a detailed stratigraphic and sedimentological
investigation of a typical southern Niagaran pinnacle reef trend reservoir. The primary
objective of this study is to create a more accurate and detailed depositional model for the
Columbus III reef complex in St. Clair Co., Michigan. Additional objectives include (1)
understanding the stratigraphic relationships between on and off-reef strata, (i1)
establishing the precise geometry of the reef complex and the three-dimensional internal
sediment distribution patterns, and (ii1) accurately characterizing the internal facies
stacking architecture in order to better understand the sequence stratigraphic evolution of

the reef complex.

Fundamental Questions

o Can sequence stratigraphic models more effectively constrain and predict
the lateral and vertical facies distribution of the Niagara and Salina

Groups in the Michigan Basin?



o What are the main geological controls on Niagaran pinnacle reef
sediment distribution patterns?

e How did Niagara and Salina sedimentation record changes in both
eustatic sea-level and Michigan Basin subsidence?

o What is the general geometry of the reef and how are sediments spatially

distributed within the reef complex?

Geologic Setting

The Early-Late Silurian Michigan Basin

The Michigan Basin is roughly circular in shape and covers an area of 122,000
square miles (316,000 square kilometers), encompassing large parts of the upper and
lower peninsulas of Michigan and adjacent areas of eastern Wisconsin, northeastern
Illinois, northern Indiana, northwestern Ohio, and western Ontario. It is an intracratonic
depression bounded by persistent, structurally stable areas: the Canadian Shield in
Ontario to the north and northeast; the Findlay Arch in Ohio to the southeast; the
Kankakee Arch in Indiana and Illinois to the southwest; and the Wisconsin Arch in
Wisconsin to the west (Catacosinos et al., 1991; Cohee and Landes, 1958, Fig. 1.1).
Basin subsidence was initiated during the Precambrian and reached maximum rates
during Late Silurian to Middle Devonian (Howell and van der Pluijm, 1999). Rocks of
Silurian age occur throughout most of the basin and account for over 30 percent of the

estimated 108,000 cubic miles of sediment in the basin (Cohee and Landes, 1958).
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Figure 1.1. Detailed regional map of the Michigan Basin showing structural and
basement elements (modified from Catacosinos et al., 1991).

Lithostratigraphic units in the Niagara and the lower Salina Groups (see Fig. 1.2)
are the main focus of this study. The Manistique Group underlying the Niagara Group is
also Niagaran in age (upper Llandoverian-lower Wenlockian). The Niagara Group is
divided into the Gray Niagara (Lockport Dolomite), the Brown Niagara (Guelph
Formation), the A-0 Carbonate (Cain Formation; Gill et. al, 1978), A-1 Evaporite, and the
lower section of the A-1 Carbonate (Ruff Formation; Budros, 1974). The overlying

Salina Group consists, from the base upwards, of the upper section of the A-1 Carbonate
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(Ruff Formation), A-2 Evaporite, A-2 Carbonate, B Evaporite, B Unit, C Unit, D

Evaporite, E Unit, F Evaporite, and G Unit. The upper Salina section is overlain by the

Bass Islands Group, which is lithologically uniform and areally persistent. Disagreement

regarding intra-reef and off-reef stratigraphy and sedimentology has dominated studies of

Silurian pinnacle reef complexes since the onset of reef exploration. The age of the lower

and upper parts of the reef buildups and opposing reef growth models will be thoroughly

assessed and evaluated in this study.
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Figure 1.2. Chronostratigraphy of the Niagaran reefs and their encasing strata, Niagara

and Salina Groups, in the Michigan Basin subsurface as determined in this
study. Numerical ages for Silurian Stages are from Cramer et al. (2011).

5



The beginning of Lower Silurian carbonate deposition in the Michigan Basin
coincided with the initiation of a major transgression of the North American continental
interior platform (Briggs, 1978). This transgression was most likely synchronous with the
rapid growth of the mid-ocean ridge, which reached a maximum during the Wenlockian
deposition of the Lockport-Guelph carbonates (Briggs, 1978). In Michigan, the Niagaran
(Lower Silurian) is represented by the isolation of the central Michigan Basin from the
global ocean by the construction of a continuous belt of organic carbonate banks around
the basin margin (Mesolella, 1974). At this time the basin was located between 20-25°
South latitude (Fig. 1.3). This low-latitude location of the basin provided favorable
environmental conditions for carbonate reef growth until the late Niagaran and the
Cayugan (Mesolella, 1974). At this time reef growth halted and the basin was dominated
by arid conditions (Briggs, 1978). Restriction of the basin resulted in a highly evaporitic
regime and deposition of primarily evaporitic strata of the Salina Group, as well as
restricted carbonate successions (Briggs, 1978). In contrast, during Niagaran deposition,
the Michigan basin was characterized by normal marine salinity and open marine

circulation (Mesolella, 1974).



Middle Silurian 425 Ma

.,.fﬁ'l:*rHALAssm OCEAN :
5 North China
Greenland ) e ? —

Alaska  ; ) Siberia /
L'.t'l.

—

<~ | Q '
Mg Y o/ Malava
d

S i

> d, Avalonia A7 ’
S“RREIC [,
OCEAN" /v

/ IAPETUS OCEAN,

L

Africa

—_— =
— -

Figure 1.3. Silurian global reconstruction from the Scotese PALEOMAP Project
(http://www.scotese.com). Michigan Basin is located between 20-25° south
of the equator in a tropical to sub-tropical environment. General paleo-wind
direction consists of southeasterly trade winds across the Michigan Basin.

At the beginning of the Upper Silurian (Cayugan) conditions in the Michigan
Basin were transitional to intensively evaporative, associated with the gradual withdrawal
of the sea to the central part of the basin. The location of the Michigan Basin had also
shifted north a few degrees, resulting in the transition from humid tropics into the arid
tropical belt. The regression of sea water from the Michigan Basin may have been
triggered by the cessation of active spreading at an ocean ridge system, resulting in
emergence of the North American cratonic interior platforms as sea water slowly returned
to the ocean basins (Briggs, 1978). This relative sea-level fall resulted in the progressive
exposure and demise of the Guelph Formation carbonate banks and pinnacle reefs as well
as the subsequent deposition of gypsum, halite, and potash salts in the basin center due to
almost complete desiccation of the basin (Gill, 1977). Potassium-rich sylvite deposits are

easily identified in wire-line logs by a prominent gamma ray increase due to the natural
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radiation of potassium present in the potash. As documented by Leibold (1992), these

potash salts are underlain by a regressive package of halite and overlain by a

transgressive package of halite, totaling as much as 400 feet (122 m) of evaporites in the

basin center (see Fig. 1.4).
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Figure 1.4. Summary of the composite sequences of the Niagara and lower Salina
Groups in the Michigan Basin from Leibold (1992). The solid lined curve
represents the approximate sea level within the basin, while the dashed line
represents the depth to the basin floor.

The subsequent transgressive deposits (A-1 Carbonate) filled the middle part of
the basin as relative sea-level began to rise and continued to onlap the basin margins.
The first Salina Group Unit to onlap the southern margin of the basin was the A-2
Carbonate (Gill, 1977). The restricted nature of the A-1 Carbonate biota (largely
cyanobacterial with a complete absence of hard parts of any macrofossils) also suggests
that the Salina marine conditions never returned to normal open-marine conditions
prevalent during Niagaran time in the Michigan Basin. The A-2 Carbonate unit is
overlain by the Salina B, D, and F Salts (and several heterolithic units; C Shale, E Unit,
and G Shale), which mark the end of Salina deposition.

Previous studies suggest that subsidence rates differed at the northern and
southern margins of the basin (Budros, 1974; Briggs and Briggs, 1974). Subsidence in the
north was greater as inferred by taller, narrower reef geometry compared to shorter, more
laterally extensive geometry along the southern margin (Ells, 1967). Reef geometry and
carbonate-evaporite unit thicknesses will be discussed later because they are important

for discerning tectonic history as well as diagenetic and reef growth models.

Silurian Pinnacle Reefs

Silurian pinnacle reef complexes are isolated, topographically-high carbonate
buildups and exist in two well-defined belts in the subsurface of the Michigan Basin.
Both reef trends are completely encased by younger salt, anhydrite, and fine-grained
carbonate strata (Fig. 1.5). As defined by Lowenstam (1950), a reef is “the product of the
actively building and sediment-binding biotic constituents, which, because of their
potential wave resistance, have the ability to erect rigid, wave resistant topographic
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structures.” The reefs were deposited on a ramp-like slope that deepened toward the
basin center. They vary in size depending on their location in the basin. The average reef
is about 300 feet (107 m) in height and the tallest reefs exceed 700 feet (210 m). The
northern trend reefs are typically smaller in diameter, but are taller than the broad, shorter
southern trend reefs. In general, the height of reefs increases basinward on both the
northern and southern slopes (Fig. 1.6). To date, over 1,100 reefs have been identified in
the northern and southern trends at depths ranging from 2,200 to 7,000 feet (733 to 2,135

m) in the subsurface (State of Michigan history of Niagaran reef fields).
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Figure 1.5. The generalized depositional environments of the Michigan Basin in the
Silurian during Niagaran deposition, composed of a carbonate platform with
reef bank, carbonate ramp with pinnacle reefs, and a deep basin center.
Modified from Burgess and Benson (1969).
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Figure 1.6. Schematic cross section extending from the shelf edge into the center of the
Michigan Basin during Silurian time. Modified from Burgess and Benson
(1969).

Previous studies (Ells, 1967; Mesolella, 1974) concluded that deposition of
Niagaran rocks occurred in three major depositional environments. The first depositional
environment is a shallow, laterally extensive carbonate bank which extends as a circular
belt around the outermost edge of the Michigan Basin (see Fig. 1.5). These strata occur
in a belt 15 to 20 miles (24-32 km) wide in the north and 50 miles (80 km) wide in the
south. This carbonate bank or barrier reef environment was composed of a variety of
shallow-water carbonate facies including patch reefs, back-reef lagoonal deposits, and
fore-reef mudstone and grainstone deposits (Mesolella, 1974). The second depositional
environment is the gently sloping ramp where the Silurian pinnacle reef complexes
developed. These are commonly referred to as “pinnacle reefs” because their reef flanks
have been observed to slope from 30 to 45 degrees, and therefore have been depicted as
tall, narrow structures. Previous studies have generally depicted Michigan pinnacle reefs

as having symmetrical and random facies distributions. However, I contend here that
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previous characterizations are based on poor well control in an individual field, and that
facies distributions are asymmetrical and predictable. The third depositional setting is the
deep basin center where little to no carbonate sediment accumulated during Niagaran
time. Ells (1967) attributed the various reef geometries observed on the carbonate bank
and pinnacle reef ramp to varying rates of tectonic subsidence, with the greatest rates of
subsidence towards the basin center and slower rates at the basin edges. Subsidence-
controlled reef geometry agrees with basin-centered subsidence model for the Silurian by
Howell and van der Pluijm (1999).

The Silurian pinnacle reef models of Gill (1973) and Huh (1973) were developed
using core materials and petrographic thin sections. These authors, and others (Balogh,
1981; Charbonneau, 1990; Briggs, 1974; Mesollela, 1974), subdivided each reef complex
into three and occasionally four distinct growth stages; the Biohermal Stage, Organic
Reef Stage, Supratidal Island Stage, and Tidal Flat Stage (see Fig. 1.7). The present
study builds on this genetic model using a much higher density of cores and wire-line

logs.
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Figure 1.7. Vertically exaggerated model of the Kalkaska 21 reef complex in the
Northern Pinnacle Reef Trend from Ritter (2008) as modified from Huh
(1973).

The depositional model by Huh (1973) suggests that the portion of the reef
complex that belongs to the Guelph Formation evolved in two stages: 1) the initial
biohermal stage, and 2) a subsequent organic reef stage. The organic reef stage was
followed by a period of subaerial exposure and later capped by the algal stromatolite
stage (Salina Group) atop the reef crest (Huh, 1973). The timing and duration of this
unconformity is a major source of controversy amongst published depositional models
and will be discussed later.

The carbonate mud-rich biohermal strata are inferred to have been deposited
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below storm wave-base in a low energy environment and represent the beginning of the
stabilization period preceding reef growth (Gill, 1973; Huh, 1973). Gill (1973)
subdivided the bioherm into three principle depositional facies: skeletal wackestone,
biohermal core, and skeletal-lithoclastic packstone. These facies are differentiated based
on relative abundance and size of fossil biota in relation to carbonate mud (Dunham,
1962), and the proportions of intraclasts. These biohermal facies always lie
stratigraphically below the organic reef but a gradational transition between the two units
typically occurs (Gill, 1973; Huh, 1973). This transition to organic reef growth is marked
by changes in faunal assemblage, more grain-rich lithofacies and occasional hardgrounds.
The bioherm biota existed in low energy conditions and were transitional to a new
community of organisms adaptable to the high energy and turbulent, wave-influenced
conditions necessary for organic reef growth (Gill, 1973; Huh, 1973).

The organic reef stage described by Gill (1973) and Huh (1973) consists of four
main depositional facies consisting of carbonate sediment components dominated by: (i)
in-place skeletons of reef-builders/framework organisms, (ii) grainy reef detritus, (iii)
skeletal reef dwellers, and (iv) pelletal mudstone. Typically, the contribution of reef
dwellers and reef builders is expressed by the relative amounts of skeletal materials by
the different faunal groups inhabiting the reef environment. The primary framework
building organisms (reef builders) that inhabited the reef core are stomatoporoids,
tabulate corals, bryozoans, and algae. While the organic reef core and bioherm facies can
constitute hundreds of feet of any vertical section in core, it is important to note that on
average less than 30 percent of the reef core is represented by frame-builders in growth
position (Gill, 1973; Huh, 1973). The majority of the growth stage is interstratified with
deposits of coarse-grained skeletal wackestone (reef dwellers), which consist of
fragments of organisms comprising principally crinoids, bryozoans, rugose corals, small
colonial tabulate corals, and brachiopods (Gill, 1973). Shaver (1974) attributed

increasing species diversity, increased organic productivity, and a higher abundance of
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skeletal material near the margin of the Silurian reef outcrops in Northern Indiana
(Wabash Platform) to increased environmental complexity as the reef crest approached
sea level.

Organic reef deposits are capped by caliche, vadose, and shallow peritidal
deposits providing strong evidence of subaerial exposure. These caliche and vadose
deposits exist mostly in the upper 20 to 30 feet (6 to 9 m) of reef core/bioherm
successions. Reef rubble conglomerate is present in successions adjacent to reef core
areas at the base of the reef slope. Huh (1973) identified a distinct internal stratification
of this reef rubble conglomerate in the Kalkaska 21 Reef Complex. He noted that the
lower part of the reef rubble conglomerate is represented by intraclastic rubble shed from
the active reef core during the organic reef growth stage due to turbulent water conditions
and down-slope movement of sediment. In contrast, the upper part of reef rubble-
dominated successions comprises distinct lithoclastic material composed of laminated
caliche crusts eroded from caliche deposits that capped the reef during subaerial exposure
of the reef core (Huh, 1973).

Cyanobacterial stromatolites, lithoclastic breccias, and burrowed, pelletal
mudstones, which formed under peritidal conditions, overlie the exposure surface on the
reef crest and represent the stromatolitic cap stage of the Salina Group (Gill, 1973). The
cyanobacterial stromatolites are indicative of an intertidal to supratidal environment
whereas the burrowed mudstone represents short phases of submergence to shallow
subtidal conditions (Gill, 1973). The flat-pebble lithoclastic breccias are interpreted as
gently reworked, partially lithified cyanobacterial stromatolite mats that were eroded
during exposure. The absence of normal marine organisms and the abundance of
cyanobacterial laminations and fecal pellets are further evidence that marine waters
during Salina deposition were restricted and hypersaline. Evidence for normal marine
conditions during Salina deposition is not observed within the Michigan Basin.

The reef complex growth stages are well documented and are for the most part in
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agreement. One point of contention is the placement and nature of unconformities
between stages. Huh (1973) worked on Northern trend reefs and recognized two
unconformities bounding the supratidal stage with a possible third unconformity in the
middle. This is contradicted by Gill (1973) and others who have developed their reef

growth models based on different reefs located around the basin.

Models for Pinnacle Reef Growth

Three contrasting depositional models for pinnacle reef development are
presented in Mesolella et al. (1975), entitled “reef-evaporite controversy” of the
Michigan Basin. The main point of disagreement is whether the upper parts of pinnacle
reef complexes are Niagaran or Cayugan (Salina) in age. The first model (see Fig. 1.8),
supported by Gill (1975), Briggs (1978), and Balogh (1981), suggests that the entire
pinnacle reef sequence (from the crinoidal bioherm at the base, to the top of the
stromatolitic cap at the crest in the reef crest sections) is of Niagaran age and was
completely deposited prior to the A-1 Evaporite of the Salina Group and the A-1
Carbonate. This model also places the Niagara-Salina contact on the reef complex crest
at the base of the A-2 Evaporite, which directly overlies the stromatolitic cap.
Proponents of this model contend that the observed shallowing-upward faunal succession
in the reef section (crinoidal to coral to cyanobacterial) reflects normal marine salinities.
Normal marine conditions, it is argued, are followed by increasing salinity during late
Niagaran time, which culminated in deposition of the A-1 Evaporite in the center of the
basin and around the reef margins.

The second reef model suggests that there was contemporaneous deposition of
thick anhydrite and halite deposits occurring in deeper interreef areas during pinnacle reef
growth (see Fig. 1.9). The strongest proponent of this model was Jodry (1969) who

suggested that “the reefs never stood more than a few feet or tens of feet above the
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surrounding sediments.” Felber (1964) argued that deposition of the A-1 Anhydrite was
contemporaneous with growth of the upper algal biostrome in the reef (thus implying that
the A-1 unit was deposited in deep water). Biostratigraphic data show that the A-1
Carbonate of the Salina Group is latest Ludlow and Pridoli in age, whereas the coral-
bearing zones of the reefs date as Wenlock or older (Berry and Boucot, 1970). These
data disqualify the second depositional model, but, do not disprove the first or third
models.

The third model is supported by the work of Huh (1973), Sharma (1966),
Mesolella (1975), Sears and Lucia (1979), and Shaver (1974). This model suggests that
there were two or three distinct stratigraphic discontinuity-bounded episodes of carbonate
deposition on the crest of the pinnacle reef complexes (see Fig. 1.10). This model
proposes that during Wenlockian time, a massive stromatoporoid barrier-reef complex
existed along the margins of the basin while stromatoporoid/coral-built, pinnacle reefs
were growing basinward along the shelf. Deposition of the A-1 Evaporite occurred
following a sea level drawdown and the development of exposure surfaces on the reef
core prior to sea-level rise during early Cayugan. Once sea level over-topped the crest of
the exposed Wenlock pinnacle reefs, sedimentation was re-initiated on the reef tops with
restricted marine, evaporite-prone, predominantly algal stromatolite accumulations.
Rejuvenation of reef complex growth is represented by a “tidal flat stage” marking the
end of reef complex growth prior to A-2 Evaporite deposition (Huh, 1973). This model
suggests that the restricted tidal flat carbonate strata in the upper parts of pinnacle reef
complexes are stratigraphically equivalent to the A-1 Carbonate. The major difference
between these models is that the third one accounts for at least one significant phase of
subaerial exposure during the evolution of the entire Niagara- lower Salina reef complex.
This model is also unique in that it describes quasi-contemporaneous deposition in which
two distinct depositional settings; one carbonate-dominated and the other evaporite-

dominated, were nearly contemporaneous but not strictly synchronous (Mesolella, 1974).
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This model allows for the upper parts of the pinnacle reef complexes (including the
stromatolitic cap) to be Cayugan in age, but not necessarily age-equivalent to the

Cayugan evaporites.
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MODEL NO. 1 FOR REEF DEVELOPMENT

STAGE 1 Full development of pinnacle reef during Niagaran
time.
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Figure 1.8. Depositional model 1 for pinnacle reef development (Mesolella, 1974).
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MODEL NO. 2 FOR REEF DEVELOPMENT

STAGE 1| Development of low relief mound during Niagaran
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Figure 1.9. Depositional model 2 for pinnacle reef development (Mesolella, 1974).
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MODEL NO. 3 FOR REEF DEVELOPMENT
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Figure 1.10. Depositional model 3 for pinnacle reef development (Mesolella, 1974).
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Recent studies (Noack, 2008; Ritter, 2008; Wold, 2008; and Qualman, 2009) have
investigated the magnitude and positions of these major unconformities, but no single
model is yet unequivocally confirmed. The current study will attempt to clarify some of
the conflicts between these models using stratigraphic relationships observed in the

Columbus III Field in southeastern Michigan.

Silurian Sea Level

The Silurian is marked by seven 30+ meter, third order eustatic sea-level
fluctuations each occurring over 1-3 million years (Ross and Ross, 1996, see Fig. 1.11).
These third-order scale sea level fluctuations are thought to be superimposed on a large
second-order rise and fall that covered the entire Silurian Period (Ross and Ross, 1996).
The sea level curves created by Ross and Ross (1996) were the result of a combination of
biostratigraphic and lithostratigraphic studies from the Illinois, Appalachian, and
Estonian Basins. Contradicting Silurian sea level curves have been compared to the Ross
and Ross (1996) curve to identify major discrepancies (see Fig. 1.12). The curve
produced by Haq and Shutter (2008) was determined using sequence stratigraphy and
includes 15 eustatic sea level high stands with fluctuations up to 140 meters.
Disagreement with Haq and Shutter’s (2008) methodology of using current offlap break
points to reconstruct relative sea level resulted in the use of Ross and Ross’ (1996)
eustatic curve for comparison in this study.

Although the curve of Ross and Ross (1996) has minor disagreements with the
Haq and Shutter (2008) curve, it is very similar to that of Johnson’s (2010) curve, whose
research strategy placed a premium on biological fabric from carbonate deposits rich in
brachiopods, corals, stromatoporoids, bryozoans, trilobites, and others. The agreement

between the Ross and Ross (1996) curve and the Johnson (2010) curve was justification
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for using these curves for later comparison of Silurian sea level fluctuations interpreted in
this study for the Michigan Basin.

The other two Silurian sea level curves used for comparison were that of Shaver
(1996) and Spengler and Read (2010; see Fig. 1.12). Shaver (1996), who studied the
Silurian reef-outcrops in northern Indiana and western Ohio, also attempted to re-create
relative sea level curves for the Great Lakes Region. Spengler and Read (2010) used a
combination of biostratigraphy and lithostratigraphy to perform a high-resolution
sequence stratigraphic study of the Silurian Wabash Platform, directly southwest of the
Michigan Basin. The Spengler and Read (2010) curve is also in very close agreement to
that of Ross and Ross (1996) and Johnson (2010).

The majority of vertical growth in Michigan Basin pinnacle reefs occurred during
Wenlockian time, a geological time period during which there appears to be one or two,
third order-scale-eustatic sea level changes based on the Ross and Ross (1996) curve (see
Fig. 1.11). The major controversy of the previously described reef growth models is
where these third order sequence boundaries are observed in the reefs and surrounding
strata. This study uses evidence presented in previous studies to resolve the locations and

magnitudes of these boundaries to better identify genetically related packages.

24



T, EUSTACY
g STAGE INCREASING SEA LEVEL
60| DEVONIAN 60m 30 0
X S T '
I PRIDOLIAN I
'.,; l
| 2 [
3 = ?) I
41 9 1
é B [
9 3
Q |
S g |
e
?§’ |
422.9— i — — -l— -
g |
— - -l - -
RIAN |
I
- o ] |
o DIAN |
(%)
4282 —
|
I
NIAN
|
DANIAN I
4437 m—
ORDOVICIAN !
<@== Eustatic Sea Level Highstand

Figure 1.11. Seven 3" order eustatic sea level fluctuations interpreted for the Silurian.
Sea level high stands from the Sheinwoodian to Gorstian are identified with
arrows. Figure from Ritter (2008) as modified from Ross and Ross (1996).

25



lllinois-Appalachian  Global Curve Global Curve Wabash Platform Great Lakes
Basins Haq & Schutter (2008) Johnson (2010) Spengler & Read (2010) Shaver (1996)

Ross & Ross (1996)
High Low High Low High Low High Low High Low

1
<
<
:

Series
Stage

Devonian

2

N

Pridoli

)

= Ludlow L
‘| udfordiart;

[¥%)

2 Gor, &

&

s Wenlock
Homerian

RN VAN
N\ﬂ/\lf\/\/m

Figure 1.12. Compilation of global and regional sea level reconstructions for the middle

to upper Silurian. Data from Ross and Ross (1996), Haq and Schutter
(2008), Johnson (2010), Spengler and Read (2010), and Shaver (1996).

Shein'; )
]

Oil and Gas Significance

Study of the Michigan Basin Silurian reefs and evaporites was launched in the
early 1950’s as hydrocarbon exploration accelerated in southeast Michigan. Initial
exploration led to the discovery of hundreds of reefs in the southern trend by the 1960’s.
In 1961, two of the largest reef discoveries in southeast Michigan (Belle River Mills

Field and Ray Field) were found using gravity techniques which relied on the density
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contrast between the carbonate reefs and their encasing evaporites. Gravity studies were
successful in the southern trend because pinnacle reefs occur at shallow depths (less than
3,500 feet [1,067 m], compared to reefs in the northern trend, all currently at depths
greater than 3,500 feet [1,067 m] below the surface). The evolution of seismic reflection
technology as well as a better understanding of the Michigan Basin further resulted in oil
and gas exploration success in the northern Niagaran Pinnacle Reef trend.

An extensive program of hydrocarbon exploration began in 1967 along the
northern trend of the Michigan Basin and it was a successful petroleum producing area by
1969. Prior to 1969, commercial production of hydrocarbons was limited to one
producing well (the Hamlin pool) in Mason County (Mesolella, 1974). This changed in
1969, with the effective use of seismic reflection techniques, which led to the drilling of
three test wells, all of which produced commercial quantities of petroleum. To date, the
combined northern and southern reefs have produced over 500 million barrels of oil and
2.9 trillion cubic feet of natural gas (State of Michigan production records, 2015).

One major conundrum pertaining to pinnacle reef production is the distribution of
dolomite versus limestone within the reservoirs. Although thorough observations have
been made of reefs composed entirely of dolomite, some entirely of limestone, and others
of inter-bedded dolomite and limestone, the controls on dolomitization are still poorly
understood. Reef reservoirs composed mostly of dolomite have been far more productive
than those composed solely of limestone, and reefs that are inter-bedded limestone and
dolomite produce the majority of hydrocarbons from dolomitic intervals. This is an
important observation when evaluating the distribution and quality of reservoirs in

individual reef complex fields.
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Although the majority of the pinnacle reef fields in the Michigan Basin are
thought to be discovered, there is still great potential for secondary/enhanced oil
recovery. The average primary recovery of reef reservoirs is 26% and the average
secondary recovery is about 12.5% with only about 5% of the fields in basin having
undergone anything past primary recovery (State of Michigan production records, 2015).
It is estimated that as much as 180 to 200 million additional barrels of incremental oil
may be economically recoverable using enhanced oil recovery techniques (State of
Michigan production records, 2015). Due to the compartmentalized nature of these reefs,
they are also currently used for both cyclic gas injection-withdrawal and carbon dioxide
enhanced oil recovery programs. The Columbus III reef field in southeast Michigan is an
example of a gas storage field used in this study. The majority of gas storage fields
currently exist in southeastern Michigan while the CO, EOR programs exist along the

northern trend in Otsego County.

Columbus III Field

The Columbus III Field is located in St. Clair County, Michigan, along the
southern pinnacle reef trend in the Michigan Basin (Fig. 1.13). The field was first
discovered in December, 1968, by Sun Oil Corporation with the completion of the Harold
Winn #1 well (permit #27465). Extensive development drilling followed and the field
has had a total of 114 boreholes (89 vertical and 25 horizontal) completed to date. Initial
estimates of stock tank oil-initially-in-place (STOIIP) for the field ranged from
11,000,000 to 15,000,000 barrels of oil (bbls), but recent volume calculations performed

for the purpose of this study estimate somewhere between 22,000,000 to 27,000,000 bbls.
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To date, the field has produced about 8,500,000 bbls of oil, which is about 31-39% of the

original oil in place estimated in this study.
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After primary production began in 1969, secondary recovery efforts followed in
September, 1974, with the re-injection of gas and water. These enhanced oil recovery
techniques continued until 2004 when the field was converted to gas storage. Prior to this
conversion, the field had only one gas injection well which was injecting relatively small
amounts of gas each year (16,500 cubic feet of gas in 2004). By 2006, the field had 14
gas injections wells and was injecting and withdrawing upwards of 30,000,000 cubic feet
of natural gas per year. Management of a complicated reservoir system such as this has a
strong need for a static earth model, which in-turn can be used for dynamic fluid-flow
modeling.

One of the main reasons that the Columbus III field was an excellent candidate for
geological modeling was the abundance of whole core and geophysical log data. Of the
89 vertical wells drilled (114 total; 25 horizontal), a total of 32 wells recovered whole
core, with conventional, whole core analyses conducted on 29 of those cores. Twenty of
the 32 cores were available for observation at the Michigan Geological Repository for
Research and Education (MGRRE) at Western Michigan University, with all 29 of the
core analyses reports available for use. In terms of cored well position within the reef
complex, 11 wells represent reef crest to reef apron and 9 are located on reef flank
positions. Additionally, 72 of the 114 wells have geophysical logs that were used in the
analysis. Permit files, deviation surveys, and production history data were also used as

ancillary data in this study.
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CHAPTER II

DATA AND METHODS

Core Description and Interpretation

Core material was analyzed and described using a hand-lens and 10X
magnification binocular microscope. Attributes that were recorded include lithology,
dolomite crystal size, pore types and distribution (rock fabric), fossil content, sedimentary
structures, and stratigraphic surfaces. Diagenetic features that were noted include
fracturing, dissolution, oil staining, and salt plugging. Some of this information, such as
dolomite crystal size, was primarily obtained using thin sections. Dilute (5%)
hydrochloric acid (HCI) was used in combination with geophysical log signatures
(discussed later) to discriminate limestone (CaCO3), which reacts more vigorously with
HCI, than dolomite (MgCa(CO3),).

The Dunham (1962) limestone classification scheme was used to classify
depositional textures described in this study. This carbonate classification emphasizes
texture, mud-content, and grain packing, which is typically related to degree of
hydrodynamic activity and the environment of deposition. Depositional facies are
obscured by intense dolomitization in all of the study cores, which resulted in at least
partial destruction of original depositional fabrics and pore types. Where original
depositional textures could not be identified in both hand sample and thin section due to
intense dolomitization, rock types were identified as crystalline dolomites. Depositional
facies descriptions were aided by previous studies of Niagaran reefs in both the northern

and southern trends by Huh (1973), Gill (1973), and Budros (1974).

Conventional Whole Core Analysis

Conventional whole core analysis data was available for the 20 cores examined
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for this study, as well as 9 additional cores that do not reside at MGRRE (see Fig. 2.1).
The full diameter conventional whole core analysis data used for this study are limited to
porosity and horizontal permeability. Data in the report included depth of sample, total
core thickness analyzed, horizontal and vertical permeability, porosity, fluid saturations
(oil and water), bulk density, and grain density. Air permeability was measured in the
laboratory using the Hasseler Sleeve method'. Two horizontal measurements are taken at
90 degrees from each other and are represented as maximum permeability and
permeability 90 degrees from maximum. Porosity was measured in the laboratory using
the helium expansion method”.  The whole core porosity and permeability data were
converted into digital log format, with depth as the y-axis and porosity and permeability
as the x-axis. These log curves were then imported into IHS Petra and Schlumberger
Petrel workstations and used in combination with the other geophysical logs for the

construction of cross-sections.
Geophysical Logs

Wire-line log interpretations were used in combination with core material to
better identify depositional facies within the reef complex where core data were not
available. Depositional facies and diagenetic overprinting (such as salt plugging or
dolomitization) were correlated to wire-line log responses using a 3-D sequence

stratigraphic framework interpreted from the core. Gamma ray (GR) and neutron

'A sample of known length and diameter is encased in an air-tight sleeve in a horizontal position
and is injected with a fluid of known viscosity. The pressure drop across the sample and the flow
rate are measured and permeability is calculated using the Darcy equation (Lucia, 2007; see Eq.

1).
k. AP
Q=4
where Q is rate of flow, k is permeability, u is fluid viscosity, (4P)/L is the potential drop across a
horizontal sample, and A4 is the cross-sectional area of the sample.

? A dried sample is placed in a chamber of known volume and the pressure is measured with and
without the sample, keeping the volume of gas constant (Lucia, 2007). The pressure difference
then indicates the pore volume.
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porosity (SNP) logs were used for the core-to-log correlations. Wire-line logs were also
used for structural and stratigraphic cross-sections.

The gamma ray log was essential for identifying depositional facies and sequence
stratigraphic boundaries in the non-cored wells in this study. The gamma ray log
measures the total combined natural gamma ray radiation of uranium, potassium, and
thorium, which differs from that of the spectral gamma ray measurement. Potassium and
thorium are concentrated in the minerals that constitute insoluble residue in carbonate
rocks, such as windblown silt, silicate rock fragments, and clays. This means that many
carbonate facies can be correlated with current energy because the amount of insoluble
residue is thought to be inversely proportional to current energy, rate of carbonate
production, and siliciclastic input (e.g., carbonate grainstones deposited in high energy
environments typically have low gamma ray signatures).

Because of the relatively low concentrations of radioactive material in most
carbonates and evaporites (with the exception of Sylvite, KCl), the gamma ray log was
displayed on an amplified scale of 0 to 50 API units (conventional display is 0 to 150).
This allows for easier identification of smaller amplitude gamma ray log spikes that could
be correlated from well to well in many cases. For example, a high gamma ray signature
can be observed above the reef crest, which separates two distinct stratigraphic sequences
(see Fig. 2.1). Also, a gradual increase in the gamma ray response can be indicative of a
shallowing upward carbonate succession (see Fig. 2.1). These gamma ray features
cannot be used without reference to core material, but can be very powerful once these

log pattern relationships are integrated with core observations.

33



2: Wi ndwa rd Reef Ta I us PN 27605 *core depth shift down 3 feet

= . Core High
z it ‘ Gamma Ra SNP Core Porosit; i 9
21 P lomeiniae|. Core Photo Y = P R L pemesbiity @) | froq | Remarks
3 —— mD ()0 50|30 -10(30 -10(0.1 1000| Cycles
o) - ]
£ - P
o I
3 A-2 - ]
o | Anhydrite C A \
o = INS |
< | 1 F O] U conformitx |
Laminated E Sequenfce Boundary 2
Peloidal (
Wackestone ! {
Oncolitic ; 7 ¢ 7
2 Lo J =
_§ )f {/<
& { <
U
< ! £l
< f <
s C 40° bedding
7 J
¢ c
44 5
/ Uncopformit
~Sequenice Boé@dary 1 e e
// e collapse features
Stromatolite NS =,
Rubble ~ <
IConglomerate] L/ <=
c S <%
cc 7 <
z s < < @)
QE ) <\' ~ wn
z ~ — &
= =3 5
( 3 2
2

Figure 2.1. Single well cross section template used for well log analysis in this study
with representative core photos. Well logs displayed are gamma ray,
sidewall neutron porosity, core porosity, and core permeability. Perforated,
cored, and salt plugged intervals are labeled. Depositional facies and
lithostratigraphic nomenclature are labeled on the left hand tract. High
frequency shallowing upward cycles are noted with upside-down red
triangles.

The neutron log was available as either neutron count or sidewall neutron
porosity. The neutron log measures the hydrogen ion concentration of the formation by
measuring the capture of neutrons emitted by a neutron source. The hydrogen index of
oil and water is usually assumed to be 1, but, because of its much lower density, gas has a

significantly lower concentration of hydrogen and results in a lower neutron reading than

expected from water or oil for the same porosity (known as the gas effect).
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Sequence Stratigraphy and Stratigraphic Hierarchy

Sequence stratigraphy is a method used to determine chronostratigraphic
relationships in stratigraphic successions by correlating genetically related units based on
interpretations of depositional environments and the location of bounding discontinuities
(Embry, 2009). A sequence stratigraphic model developed using available core provides
a robust architectural framework for reducing uncertainty in the assignment of
depositional facies during the creation of reef growth models of Silurian Michigan reefs.
A robust sequence stratigraphic framework also provides an excellent foundation for and
cross check of facies analysis and the interpretations of depositional history. Correlation
of third and fourth order sequences from the reef crest to their inter-reef strata are
facilitated by the sequence stratigraphic model. A sequence stratigraphic analysis
consists of: 1) the spatial distribution of vertical sedimentary facies stacking patterns, 2)
the recognition and correlation of stratigraphic surfaces that represent changes in
depositional trends in the rock record and 3) the description and interpretation of
resulting, genetic stratigraphic units bounded by those surfaces (Embry, 2009).

The fundamental components of sequence stratigraphy analysis are the
identification of various identifiable surfaces that are bounding units of genetically
related strata (Embry, 2009). These surfaces can exist as either material-based, as
defined on the basis of observable physical characteristics, or time-based surfaces, as
defined by the interpreted change in the direction of shoreline movement from the spatial
distribution of vertical successions of sedimentary facies (e.g., landward or seaward
movement). The material-based surfaces, as defined by Embry (1995, 2001), that are
used for correlation are: 1) subaerial unconformity, 2) regressive surface of marine
erosion, 3) shoreline ravinement, 4) maximum regressive surface, 5) maximum flooding
surface, and 6) slope onlap surface. Each of these surfaces is characterized by a

combination of observable attributes and can be identified in core and correlated to wire-
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line logs in this study. The time-based surfaces (or chronostratigraphic surfaces) are
defined on the basis of a specified event at an exact location, identifying time

synchronous surfaces that punctuate rock successions.

Data Limitations

While core material was abundant in the Columbus III field, there were very few
wells with wire-line logs or cores that were drilled in off-reef positions. This made it
difficult to determine the lateral limits of certain flank depositional facies. The lack of
biostratigraphic age constraints throughout the Niagara and Salina units also made it
difficult to determine sequence magnitude in the basin and correlations outside of the
basin.

A common problem faced when performing core-log correlations is shifting the
core depth to match log depth. Typically the depths scribed on the core boxes are poorly
labeled or there is a problem with depths scribed on the core slabs being different from
those of the original depth markings. Gamma ray log signatures and core analyses depths
(core analysis sample numbers) were the best methods for accurately matching core and

log depths.
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CHAPTER III
FACIES ANALYSIS

Reef Complex Type Sections

Due to the complex nature of carbonate deposition, depositional facies reflect a
combination of biological factors, hydraulic regime, sea-water chemistry, and authigenic
processes. Both the spatial and temporal distribution of facies that exist within a Silurian
Pinnacle Reef Complex are affected by these major controls. Furthermore, autogenic
controls on sediment production and accumulation in the carbonate factory are
determined by the rates of subsidence, position of sea level, and depth of the euphotic
zone (James et al., 2010). These autogenic controls are recorded in the sediments and
help in better understanding the history of both Silurian Pinnacle Reef growth and the
Michigan Basin as a whole. Creating a facies model for these ancient, biologically
constructed structures is a challenge because reef growth was governed as much by
interactions within the evolving biosphere as by universal physical and chemical laws
(James and Wood, 2010).

This study aims to establish the importance of the prevailing wind direction and
its major influence on the depositional profile and reef complex morphology. As noted
earlier, the general paleo-wind direction during the Silurian consisted of southeasterly
trade winds across the Michigan Basin, as the Basin was rotated roughly 45 degrees
clockwise and located between 20-25° south of the Equator. These prevailing winds
resulted in asymmetrical facies deposition on the reef complex (see Fig. 3.2), an
observation that has not been accurately portrayed by previous depositional studies due to

a lack of core coverage.
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Figure 3.1. A map of the Columbus III field with numbers corresponding to Niagara
Complex facies locations. This map is a synoptic time slice of the
depositional facies distribution during reef complex growth in the Niagaran,
prior to Salina deposition. The green polygon outlines the horizontal extent
of reef complex core facies, the blue polygon the extent of the reef apron,
the purple polygon the extent of the windward reef talus, and the gray
polygon the extent of reef flank facies. The A to A’ cross section line
represents the cross section in Figure 3.2.
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Figure 3.2. A true to scale (upper) and 3 to 1 vertically exaggerated (lower) stratigraphic
cross-section of the Columbus III reef complex. The cross section is hung
on the Gray Niagaran surface, which best represents the paleo-sea-floor
during Niagaran time. Facies thicknesses were used from six wells, one at
each type section location (1: 27533, 2: 27558, 3: 27465, 4: 27516, 5:
27539, 6: 27851; refer to Figure 3.1 field map for locations).

The main focus of this chapter is the identification of different depositional facies,
their stacking patterns, and spatial distributions. In this study, the reef complex was
described in 7 distinct major facies types (or type sections), representing sediment
accumulation in different positions of the reef complex during Niagaran reef complex
growth as a result of the paleo-wind direction and depositional environment (see Fig.
3.1). These facies types will be discussed in general in the paragraph below and then in
detail in the following sections. It is important to recognize that the topographic structure,
which formed during the Niagara reef complex growth, also controlled subsequent
depositional patterns of the overlying Salina units.  Therefore, distinct lateral
distributions of Salina facies are also observed based on the paleo-topographic structure
of the underlying Niagara complex. Aside from the three-dimensional sediment
distribution patterns, these type section locations also exhibit distinctly different internal
facies stacking architecture.

The reef core itself, consisting of wave-resistant binding reef constituents, exists
in a narrow corridor (less than 1,500 feet or 460 m thick), which strikes roughly north to
south (see Fig. 3.1, highlighted by green). The reef apron, which consists of carbonate
mud and detrital carbonate scree shed mostly on the leeward side of the carbonate reef
factory, has a greater areal extent than the reef itself. In the immediate windward
direction of the reef core complex exists a very thin (less than 200 feet or 61 m thick) unit
referred to as the windward reef talus. Laterally encompassing the reef complex in all
directions are windward and leeward flank deposits, which thin in the inter-reef direction.

A systematic approach was used by analyzing cores at each type section locality to
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further examine the depositional facies, stacking patterns, and their spatial distributions.
Depositional facies were determined based on similar depositional environments as well
as contemporaneous deposition. Within each depositional facies (e.g. Reef Core),
lithofacies were determined based on the Dunham (1962) classification scheme which
emphasizes texture, mud-content, and grain packing (e.g. skeletal wackestone or

coral/stromatoporoid boundstone).

Type Section 3: Reef Core Complex

The reef core complex represents the thickest accumulations of carbonate within
the basin. The average thickness of the reef complex within the Columbus III field is 400
feet (122 m) from the top of the Gray Niagaran to the base of the A-2 Anhydrite (see Fig.
3.3). The reef complexes are composed of a variety of bounding and baffling fauna,
including crinoids, bryozoans, brachiopods, tabulate corals, rugose corals, and

stromatoporoids.
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Figure 3.4. A single well cross-section of the 27572 well which illustrates the stack of
facies for a reef core complex location within the Niagara-lower Salina reef
complex. Displayed on the cross-section is lithostratigraphic nomenclature,
depositional facies, core photos, wire-line logs (gamma ray, neutron count),
core porosity and permeability data, and oil stained (green), salt plugged
(blue), and cored (gray) intervals. Also noted are interpreted 3" order
sequence boundaries, smaller-scale unconformities, and shallowing upward
cycles. Core depths were shifted down 6 feet (2 meters) to match wire-line
log depths.

The base of the Reef Core Complex type section begins with the Gray Niagaran
depositional facies (see Fig. 3.4). The Gray Niagaran is laterally extensive throughout
the Michigan Basin and underlies all 7 reef complex type sections. The 27572 core did
not penetrate the Gray Niagaran, and therefore was identified in logs from nearby wells
due to its distinctive higher gamma ray signature compared to that of the overlying
bioherm. Directly overlying the bioherm is the bioherm cap, followed by the reef core.
The last depositional facies that belongs to the lithostratigraphic unit of the Brown
Niagaran is the stromatolitic cap. A third-order sequence boundary separates the Brown
Niagaran sediments from the overlying A-1 Carbonate sediments at this locality and will
be further discussed in the reef growth model in the next chapter. The main focus of this
chapter is the identification of different depositional facies, their stacking patterns, and
spatial distributions.

Overlying the stromatolitic cap is the cyanobacterial mat facies of the A-I
Carbonate, which are separated by an unconformity, interpreted to be a third-order
sequence boundary. These cyanobacterial mats are overlain by the thrombolitic
bindstone facies, which are also separated by an unconformity, but of unknown
magnitude. The thrombolitic bindstone gradationally transitions into the overlying
laminated peloidal wackestone. The cored interval (as marked gray on the depth track,
Fig. 3.4) ends in the laminated peloidal wackestone, but using the wire-line log data it is
observed that it is overlain by the A-2 Anhydrite.  Characteristics and initial

interpretations of each depositional facies are as follows.
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Bioherm

General Description: The bioherm is defined by two main lithofacies, a crinoidal
mudstone and a skeletal wackestone. The two lithofacies interfinger throughout the
vertical section with an increasing amount of skeletal wackestone towards the upper half
of the bioherm. The contact between the underlying Gray Niagaran and the bioherm is
observable by the transition from a light gray color to dark gray to brown. This contact
also marks a gradual change in the faunal assemblage. The contact between the bioherm
and the overlying bioherm cap is sharp, and marked by the absence of fossils, as well as
the presence of a purely crystalline dolomite. The bioherm ranges from 83 to 175 feet
(25 to 53 m) in thickness where it directly underlies the reef core complex throughout the
Columbus III field.

The crinoidal mudstone consists predominately of a microcrystalline dolomite
matrix which has a mottled gray and white appearance with crinoid ossicles scattered
throughout.  Stromatactis textures are abundant and this facies is predominately
composed of dolomite. The crinoid fragments range from 0.2 to 10 mm in diameter and
are present in varying abundances throughout this facies. Crinoid fragments do not show
any preferred orientation.

The skeletal wackestone is mostly composed of crinoids and bryozoans with rare
occurrences of tabulate corals (Favosites sp. and Halysites sp.), rugose corals, and tabular
stromatoporoids at the top. The matrix is composed of brown to gray dolomicrite with
stromatactis textures throughout. Branching bryozoa are generally found in colonies, or
thickets, and are typically found alongside crinoids and pentamerid brachiopods. The
presence of tabular stomatoporoids and tabulate corals is sporadic and restricted to the
upper half of the bioherm. They may be in growth position but do not interlock to form a
rigid framework. Colonial rugose corals have also been identified but are sparse (see

Plate 1, Fig.1).
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Preliminary Interpretation: The main characteristics of the bioherm are its
mottled appearance and abundance of a microcrystalline dolomite matrix. The
abundance of stromatactis textures is evidence for synsedimentary lithification, which is a
common attribute for reefs of all ages. Even in biohermal mounds that are mostly mud, a
surprising amount of void space produces internal cavity systems (James and Wood,
2010). The inner surfaces of these cavities are preferentially coated with automicrite
(microcrystalline carbonate that is produced in sifu), which can be an important
cementing agent, ultimately resulting in the stromatactis texture. The cavities can also be
filled with fine-grained sediment composed of bioclastic silt and mud that trickles into
holes from above or skeletons that fall from the walls and ceilings after death (James and
Wood, 2010). Overall, the entire bioherm package is interpreted as a deep water mud
mound, originally composed of lime-mud, synsedimentary cements, automicrite, and
internal cavities (stromatactis). Although the skeletal wackestone lithofacies consists of
sparse tabulate corals and stomatoporoids, compared to the overlying reef core it is not as
wave-resistant. The abundance of crinoids is further evidence for a deeper water
environment, as crinoids clustered around the lower parts and peripheries of reefs (Wood,
1999). The biohermal mound is interpreted to have initiated below storm-weather wave-
base (SWB; 60 feet or 18 m below sea-level) and grew above SWB but below fair-
weather wave-base (FWB, 30 feet or 9 m below sea-level). The gradual increase in
frame-building organisms towards the upper half of the bioherm is evidence for gradual

growth into higher-energy (i.e. shallower water) conditions.

Bioherm Cap

General Description: The bioherm cap facies is described as a crystalline

dolomite, and ranges from 3 to 10 feet (1 to 3 m) in thickness. This facies is composed
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entirely of brown dolomite rhombs (as identified in thin section), with the main pore type
being intercrystalline. This depositional facies is easily differentiated from the bioherm
by the absence of fossils, stromatactis, and cements. The contact between the bioherm
cap and the overlying reef core is sharp, and is marked by the abundance of wave-
resistant fauna, such as stromatoporoids and tabulate corals.

Preliminary Interpretation: Because this facies only consists of dolomite rhombs
with very few depositional textures preserved, interpretations of depositional
environments are difficult to make on lithology alone. Therefore, it is important to use
the stratigraphic position of this facies, between a deeper water biohermal mound and a
shallower water reef boundstone, to produce the interpretation. In order for a reef to
initiate, it needs a firm substrate on which to encrust (James and Wood, 2010). This
means that in order to transition from the muddy substrate of the bioherm mound, there
either had to be a rise in sea-level and creation of a hardground, or fall in sea-level and
exposure of the bioherm crest. This exposure would likely have resulted in erosion,
possible karsitification, and deposition of eroded carbonate debris in topographic lows
within the bioherm mound and around the peripheries. Either a small unconformity, or
drowning and creation of a hardground, would result in the sharp transition that is
observed between the underlying bioherm to the overlying bioherm cap. No unequivocal
evidence supports either model of sea level rise or fall, therefore this needs further
investigation. This problem could potentially be resolved by looking at a reef complex
that has not undergone intense dolomitization, where the depositional fabric of the

bioherm cap was preserved.

Reef Core

General Description: The reef core is composed of two main lithofacies, the

coral/stromatoporoid boundstone and skeletal wackestone. Similar to the underlying
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bioherm, these two lithofacies interfinger throughout the vertical section and occur in
varying thicknesses. Although organic reefs are thought to be mainly composed of
frame-building organisms, the coral/stromatoporoid boundstone facies comprises less
than 30% of the entire reef core, while the reef core itself comprises less than 50% of the
entire Niagara Reef Complex. The skeletal wackestone facies is prevalent throughout the
reef core and therefore the reef core is identified by its faunal assemblage rather than
texture alone. The contact between the reef core and the overlying stromatolitic cap is
gradational and marked by the appearance of stromatolitic cyanobacterial mats directly
overlying spherical stromatoporoids of the reef boundstone. The reef core ranges from
151 to 264 feet (46 to 80 m) in thickness where it is not overlain by the proximal reef
apron facies.

The coral/stromatoporoid boundstone lithofacies consists of the major frame-
building organisms such as tabulate corals and stomatoporoids. The two main types of
tabulate corals are Favosites sp. and Halysites sp., which exist as both well preserved
complete fossils or as coral fragments. The stomatoporoids range in morphologies from
massive (spherical or hemispherical) to encrusting. Due to the intense dolomitization of
all reef core facies, the internal structures of the encrusting stromatoporoids are very
difficult to identify. They are most commonly observed as homogenous masses with
only faint traces of internal laminations (see Plate 2, Fig. 1). However, the massive
(spherical) stromatoporoid morphologies are well-preserved and occur at the top of the
reef core section (see Plate 2, Fig. 2). These are characterized by their relatively smooth
and peripheral outline with spherical internal laminations. The structures of tabulate
corals are more easily identified and more commonly used for determining the
coral/stromatoporoid boundstone lithofacies. Salt plugging is prevalent throughout this
facies and commonly occurs in the intraskeletal pore space of the tabulate corals.
Synsedimentary cements are also abundant throughout the reef boundstone lithofacies

and range from dark brown to light tan in color. Cements are difficult to differentiate
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from encrusting stromatoporoids due to the obliteration of their internal structure by
diagenesis.

The skeletal wackestone lithofacies comprises the majority of the reef core and is
mostly composed of a lower energy, intra-reef faunal assemblage, including bryozoans,
brachiopods, crinoids, and rugose corals, which are mostly observed as skeletal fragments
but occasionally as whole fossils. The skeletal lithoclast abundance varies from 25-50%,
characterizing these as skeletal wackestone to packstone. The remaining 50-75% is
composed of a microcrystalline dolomite matrix. While very similar to the skeletal
wackestone lithofacies described within the bioherm, the main difference is how it
interfingers with the coral/stromatoporoid boundstone lithofacies. It also lacks the
stromatactis texture which is prevalent throughout the bioherm. Rarely, lithoclasts occur
in conglomerate intervals within the reef core as sub-rounded to angular clasts, ranging

from 0.5 to 2 cm in diameter (see Plate 1, Fig. 3).

Preliminary Interpretation: The reef core facies is characterized by a mixed
assemblage of organisms with numerous lithologic transitions between the
coral/stromatoporoid boundstone and skeletal wackestone. Moore and Wade (2013)
separate framework reefs into four elements: 1) the framework organism, including
encrusting, attached, massive, and branching metazoans; 2) internal sediment, filling
primary growth voids and bioeroded cavities; 3) the bioeroders, which break down reef
elements by boring, rasping, or grazing; and 4) abiotic or microbial induced cement,
which results in early lithification of reef sediments. These four elements combine to
produce the different rock fabrics observed from different microenvironments at any
given time in the formation of the reef. While reef-building organisms were growing
upward into the wave-agitated zone, slightly deeper-water organisms were thriving
between the ridges of dense coral and stromatoporoid growth. These intra-reef ridges or

pockets accumulated skeletal sands and lithoclasts of reef material (see Plate 1, Fig. 3).
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Also, cavities formed beneath laminar and convex massive stromatoporoids, from which
cryptic crinoid, bryozoan, and brachiopod biotas are observed. Although slight variations
in water-depth had a major impact on the different sub-facies within the reef core, these
reef complexes are undoubtedly “organic reefs” as defined by Lowenstam (1950), as they
had the ability to erect rigid, wave-resistant, topographic structures by a combination of
frame-building, sediment retention, and binding processes. It is important to note that
frame-building organisms do not comprise the bulk of the reef core, they are simply the
frame that holds the reef complex together that traps detrital and chemically precipitated
sediments. This is also seen in other reefs in the rock record (Wood, 1999).

Evidence for the reef core facies to be deposited in a shallow water environment
is reflected by the abundance of wave-resistant organisms such as stromatoporoids
throughout the section. Because the combined height of the reef core and the underlying
bioherm reaches thicknesses of 400 feet (122 m), it was necessary to have a relative sea-
level rise during the construction of these reef cores. The effects of eustatic sea-level and

basin-centered subsidence will be later discussed.
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Plate 1. PN 27572 - Reef Core Complex Rock Types:

Fig. 1. Bioherm — skeletal wackestone. Gray and white mottled appearance.
Stromatactis textures towards the top with salt plugged rugose corals near
the base. Crinoid ossicles throughout within a microcrystalline dolomite
matrix.

Fig. 2. Bioherm cap — crystalline dolomite. Composed entirely of dolomite
rhombs with intercrystalline porosity. Brown coloring due to oil staining.

Fig. 3. Reef core — skeletal wackestone. Intraclastic conglomerate with sub-
rounded to angular clasts up to 2 cm in size.

Fig. 4. Reef core — skeletal wackestone. Skeletal wackestone with crinoid
ossicles, salt plugged pentamerid brachiopods, and synsedimentary cements
within a microcrystalline dolomite matrix.

Stromatolitic Cap

General Description: The Stromatolitic cap, which directly overlies the reef core
in this type location, is mostly composed of a hemispheroid stromatolitic bindstone and a
skeletal wackestone lithofacies. Stromatolites can make up between 40-80% of this
depositional facies, with the remaining rock being composed of skeletal wackestone. The
amount of stromatolites per volume of rock increases upward towards the unconformable
contact with the cyanobacterial mats of the A-1 Carbonate. This facies also represents
the last appearance of reef core organisms in the vertical section. The contact between
the stromatolitic cap and overlying laminar cyanobacterial mats is sharp and is associated
with extensive karsting. These karsted surfaces were places where white, crinkly-

laminated stromatolites belonging to the cyanobacterial mat facies encrusted along
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fractures in various non-planar orientations (see Plate 2. Fig. 4). The underlying
stromatolites belonging to the stromatolitic cap are also ripped up directly below the
contact. The stromatolitic cap ranges from 28 to 37 feet (9 to 11 m) in thickness where it
directly overlies the reef core.

The hemispheroid stromatolitic bindstone consists of dark brown, laterally-linked
hemispheroid stromatolites (see Plate 2. Fig.3). It is easily distinguished from the
overlying cyanobacterial mat facies (white in color) by its dark brown color. It also has
fewer clasts of broken algal fragments. These laterally-linked hemispheroid stromatolites
have domes ranging from 2 c¢m in diameter to 1 cm in height. The hemispheroids are
often separated by flat lying laminations of up to 5 cm in length.

The skeletal wackestone consists of bioclastic fragments mostly composed of
organisms found in the underlying reef core such as tabulate corals, stromatoporoids, and
brachiopods. This lithofacies is very similar to that of the skeletal wackestone belonging
to the reef core depositional facies. The amount of skeletal fragments ranges from 20-
40%, with brachiopods the most commonly identified fossil. Synsedimentary cements
are common and are similar in appearance, and therefore difficult to differentiate from
flat-lying stromatolites.

Preliminary Interpretation: The stromatolitic cap marks a transition to shallower
water depths from the underlying reef core. This appears to be a gradational transition
because organisms that were prevalent in the underlying reef core are still found scattered
throughout this facies. The increasing amount of laterally-linked hemispheroid
stromatolites towards the top of this facies is interpreted as a shallowing upward
sequence and an overall shift from early to late highstand. During deposition of this
stromatolitic facies, which in some places is over 30 feet (9 m) thick, relative sea level
continued to rise, however at a slower rate, in order to account for 30 feet (9 m) of
intertidal deposition. Stromatolitic cap deposition is ultimately ceased by subaerial

exposure and a third-order sea-level fall, which is recorded by wvugs and fractures,

53



interpreted as karst features, spans tens of feet down from the exposure contact.

Cyanobacterial Mats

General Description: The cyanobacterial mats consists of two lithofacies, the
crinkly stromatolitic bindstone and the stromatolitic conglomerate. Although both units
are composed of stromatolites, very distinct differences are evident and important. The
first main difference is the white to gray color of the cyanobacterial mats versus the dark
brown of the underlying stromatolitic cap. A second major difference is the lack of a
micritic matrix in the cyanobacterial mats. The final, and most important difference is
the morphology of the stromatolites. The stromatolitic cap microbial structures are
laterally-linked hemispheroids, while the cyanobacterial mats are thin and crinkly
laminated. The contact between the cyanobacterial mats and the overlying thrombolitic
bindstone is sharp (see Plate 3, Fig. 2) and a distinct change in textures as well as color
from white to brown is observed. The cyanobacterial mats range from 6 to 10 feet (2 to 3
m) in thickness.

The crinkly stromatolitic bindstone lithofacies is almost completely composed of
thin, crinkly laminated cyanobacterial stromatolites and associated fragments. The
stromatolites have a distinct white to gray color and are almost completely devoid of a
micritic matrix. The laminae that make up this lithofacies are very thin (mm- to sub-mm-
scale) and appear to be in growth position.

The stromatolitic conglomerate consists entirely of broken fragments of the
crinkly stromatolitic bindstone. The cyanobacterial mat fragments are elongated pebbles
that range from silt size to small cobbles and exhibit no apparent sorting. The pebbles are
often loosely packed within a darker gray micritic matrix.

Preliminary Interpretation: The cyanobacterial mats are interpreted to belong to a

slightly shallower, more restricted depositional environment to that of the underlying
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stromatolitic cap. While they both are composed of cyanobacterial mats, the
cyanobacterial mats appear to belong to a higher-energy, storm-influenced environment
due to the abundance of the stromatolitic conglomerate lithofacies composed of
cyanobacterial mat pebbles, and therefore ranges from intertidal to supratidal. The whiter
color of this facies is most likely the result of prolonged subaerial oxidation. The absence
of any organisms that belong to the underlying reef core is evidence for more restricted
marine waters compared to the more normal marine waters of the underlying Niagara
units. This could be a result in a shift in the climatic regime, or simply an increased
restriction of the Michigan Basin from the normal marine ocean waters. Huh (1973)
argued that the crinkly laminations observed here were the result of the cyanobacterial
mats which trapped sediment. More specifically, laminae were formed during cyclic
growth of cyanobacterial mats and sediment influx. The complete disappearance of any
reef core fauna in this facies is also evidence for a larger (3" order) sequence

stratigraphic boundary between the cyanobacterial mats the underlying stromatolitic cap.
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Plate 2. PN 27572 - Reef Core Complex Rock Types:

Fig. 1. Reef core — coral/stromatoporoid boundstone. Favosites sp. coral with
overlying synsedimentary cements and potential encrusting
stromatoporoids. Salt plugging occurs in vugs and fractures throughout the
reef core facies.

Fig. 2. Stromatolitic cap - Reef core contact. Contact at the top of the reef core
facies with spherical stromatoporoids (coral/stromatoporoid boundstone) at
the bottom, directly overlain by the skeletal wackestone of the stromatolitic
cap.

Fig. 3. Stromatolitic cap — hemispheroid stromatolitic bindstone. Laterally-
linked hemispheroid stromatolites.

Fig. 4. Cyanobacterial mats — Stromatolitic cap contact (sequence boundary
1). Contact between underlying brown, laterally-linked hemispheroid
stromatolites (hemispheroid stromatolitic bindstone) and overlying white to
gray, thin, crinkly laminated cyanobacterial stromatolites of the A-1
Carbonate (crinkly stromatolitic bindstone). The overlying white
stromatolites are growing vertically along fractures between the underlying
brown stromatolites.

Thrombolitic Bindstone

General Description: The thrombolitic bindstone facies exhibits different
thrombolitic textures that vary from ribbon-like mesoclots (see Plate 3, Fig. 4) to
irregular patchy mesoclots (see Plate 3, Fig. 3). The thrombolites have a mottled
appearance with darker brown micrite and lighter tan sparry cement. The thrombolitic
bindstone ranges from 20 to 34 feet (6 to 10 m) in thickness. This facies is easily
differentiated from stromatolites of previously described facies, which have stratified

internal fabrics, because of the thrombolites clotted internal fabric. It is also easily
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differentiated from the underlying cyanobacterial mat facies by a distinct color contrast
(white to brown), and is separated by a sharp, unconformable contact (see Plate 3, Fig. 2).

Preliminary Interpretation: The thrombolitic bindstone facies is interpreted to be
deposited in a subtidal setting. Thrombolites are thought to be biogenic, with mesoclots
derived from the calcification of microbial colonies in sediments (Kennard and James,
1986). Similar to that of stromatolites, thrombolites are also believed to exist in areas of
environmental stress such as active tidal currents, low nutrients, or high salinities (James
and Wood, 2010). This interpretation supports the hypothesis that marine waters were
more restricted at the beginning of the underlying cyanobacterial mats deposition and
during thrombolitic bindstone deposition. The internal fabrics of thrombolites are
controlled by environmental changes, and therefore can aid interpretations. A facies
distribution model of various types of thrombolites by Tang et al. (2013) places all
thrombolitic types in the upper to lower subtidal zone, with stromatolites formed in the
intertidal zone. The types of thrombolites observed here, with patchy and ribbon-like

mesoclots, likely grew in the upper subtidal zone.
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Plate 3. PN 27572 - Reef Core Complex Rock Types:

Fig. 1. Cyanobacterial mats — crinkly stromatolitic bindstone (bottom) and
stromatolitic conglomerate (top). White to gray, thin, crinkly-laminated
cyanobacterial stromatolites. Conglomerate of elongated pebbles composed
exclusively of stromatolite fragments.

Fig. 2. Thrombolitic bindstone — Cyanobacterial mats contact
(unconformity). Sharp contact between underlying white cyanobacterial
mats (crinkly stromatolitic bindstone) and overlying brown thrombolitic
texture (thrombolitic bindstone).

Fig. 3. Thrombolitic bindstone — thrombolitic bindstone. Mottled mudstone
interpreted as a cyanobacterial boundstone (thrombolite). Irregular patchy
mesoclots of darker brown micrite with a lighter tan sparry matrix.

Fig. 4. Thrombolitic bindstone — thrombolitic bindstone. Thrombolitic texture
with darker micritic ribbon-like mesoclots and less light tan matrix.

Laminated Peloidal Wackestone

General Description: The laminated peloidal wackestone facies exhibits well-
developed laminations of peloids and pellets, which comprise up to 40% of the
wackestone. Peloids are spherical or elliptical in shape and are encased in a brown,
microcrystalline dolomite matrix. Thin laminations are wavy and parallel, and range
from 1 to 3 mm in thickness and are most likely cyanobacterial mats. Randomly
scattered anhydrite laths occur, cross-cutting horizontal laminations. This unit ranges
from 8 to 15 feet (2 to 5 m) in thickness where it directly overlies the reef core complex
and 1s composed almost entirely of dolomite.

Preliminary Interpretation: The grains that comprise up to 40% of the laminated
peloidal wackestone are interpreted as fecal pellets and are evidence for an intertidal

environment (Huh, 1973). The abundance of peloid grains indicates organisms living in
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this subtidal environment, but marks the last evidence for significant biogenic carbonate

deposition before the deposition of the overlying A-2 Evaporite unit.

Plate 4
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Plate 4. PN 27572 - Reef Core Complex Rock Types:

Fig. 1. Laminated peloidal wackestone — Thrombolitic bindstone contact.
Mottled thrombolitic mosaic texture with vertically arranged mesoclots
growing along a vertical fracture at the contact between the laminated
peloidal wackestone and thrombolitic bindstone facies. The fracture is
larger than the core photograph which does not capture the entire contact.

Fig. 2. Laminated peloidal wackestone. Well-developed laminations of peloidal
grains which comprise up to 40% of the wackestone. Peloids are spherical
or elliptical in shape and exist within a brown, microcrystalline dolomite
matrix. Randomly scattered anhydrite laths occur, cross-cutting horizontal
laminations.
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Reef Core Complex Wire-Line Log Signatures

Although wire-line log data are sparse for the 27572 well, as well as the majority
of the cored wells, distinct log signatures can be observed in the gamma ray log alone.
The bases of the wire-line logs are in the bioherm, and therefore the gamma ray spike that
is used to identify the top of the Gray Niagaran is not observed (see Fig. 3.4). The
gamma ray intensities in the bioherm are intermediate and slightly higher than in the
overlying clay-free organic reef rocks, but lower than the underlying argillaceous
substrate of the Gray Niagaran. Within the bioherm, the neutron count log gradually
decreases (porosity increases) upward and plateaus in the overlying bioherm cap. This
high porosity interval in the bioherm cap also corresponds to the highest core
permeability values, with some values greater than 10 mD (shaded in pink; see Fig. 3.4).
This interval is also marked by oil staining, with the top of the oil staining capped by the
base of salt plugging, which occurs at the base of the reef core and continues up through
the top of the stromatolitic cap. It is observed that salt plugging plays a major role in
reservoir quality throughout this field and almost always transitions into oil staining
below. The reef core facies has very low gamma ray intensities with little variation from
bottom to top. A slight gamma ray increase occurs near the top of the reef core as it
transitions into the more clay-rich stromatolitic cap facies. The high gamma ray signature
of the laminated peloidal wackestone at the top of the core is observed in all reef core

complex locations and most likely represents a shift in climatic regime (discussed later).

Type Section 4: Leeward Proximal Reef Apron

Type section 4 is represented by a similar stack of facies as the Reef Core
Complex, with the addition of the proximal reef apron facies. This type section location
lies directly leeward from the previously described Reef Core Complex type section (see

Fig. 3.5), and therefore has a very similar internal facies architecture. The main
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difference is that in the Reef Core Complex location, the reef core and bioherm facies are
a combined 330 feet (101 m) thick. In this type section, the reef core and bioherm facies
are only 197 feet (60 m) thick and the overlying proximal reef apron is 128 feet (39 m)
thick (refer to Fig. 3.6). Thus, both type sections are almost identical thicknesses, but
are composed of a different stack of depositional facies. The leeward proximal reef
apron contains a debris slope (scree) composed of broken and rolled fragments of
lithified reef material, intermixed with detrital carbonate shed from the active carbonate
factory in the reef core. This reef apron material was transported via waves and currents

and re-deposited in the leeward direction.
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Figure 3.6. A single well cross-section of the 27516 well which illustrates the stack of
facies for a leeward proximal reef apron location within the Niagara-lower
Salina reef complex. Core depths were shifted down 6 feet to match wire-
line log depths.

The base of the Leeward Proximal Reef Apron type section begins with the Gray
Niagaran, which is directly overlain by the bioherm (see Fig. 3.6). The bioherm and
overlying reef core consist of the same lithofacies described in the Reef Core Complex
type section. However, the reef core facies is less than 60 feet (18 m) thick in this
location and the overlying proximal reef apron is 128 feet (39 m) thick. The proximal
reef apron is then overlain by the same facies succession as observed at the top of the
Reef Core Complex type section: stromatolitic cap, cyanobacterial mats, and thrombolitic
bindstone. Although the cored interval ends at the top of the thrombolitic bindstone
facies, it is observed in wire-line logs that it is directly overlain by the laminated peloidal
wackestone facies (high gamma ray signature), which is capped by the A-2 Anhydrite.
Therefore, the only depositional facies that differs from the Reef Core Complex in this
locality is that of the proximal reef apron, which is characterized by the following

observations.

Proximal Reef Apron

General Description: The proximal reef apron is composed of two main
lithofacies: skeletal mudstone and skeletal wackestone. The only difference between
these lithofacies is the relative proportions of skeletal grains to mud. The skeletal
mudstone has minor skeletal fragments, and is most identifiable by its abundance of drusy
calcite spar cement lining vuggy porosity. The skeletal wackestone fauna consists of
tabulate corals, brachiopods, bryozoans, and crinoids. Most fossils are not intact and
appear to have been transported. The proximal reef apron is differentiated from the
underlying reef core facies by the decrease in abundance of both reef bounding and reef
dwelling organisms. The proximal reef apron is completely devoid of stromatoporoids.
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It also is distinguishable by characteristic calcite cements which are prominent in the
skeletal mudstone lithofacies. The proximal reef apron transitions into the overlying
stromatolitic cap by the first occurrence of hemispheroidal stromatolites at a similar
stratigraphic position as was observed for the stromatolitic cap atop the Reef Core
Complex type section locality. The proximal reef apron ranges from 94 to 127 feet (29 to
39 m) in thickness in the leeward proximal reef apron location.

Preliminary Interpretation: The proximal reef apron facies is interpreted to be a
product of the upwind, carbonate factory in the reef core. While reef communities are
demonstrably wave-resistant, boreholes in modern reef complexes have shown that
original framework can be almost completely obliterated, with between 40-90% of the
entire volume consisting of rubble, sediment, and voids (Hubbard et al., 1990). The
absence of stromatoporoids in the reef apron, which are the major frame-building
organisms of the reef core, indicates that few if any wave-resistant structures existed in
the proximal reef apron location. However, the presence of other reef core debris, such
as tabulate corals and brachiopods, are evidence that the reef core was nearby. The
vertical transition from reef core to proximal reef apron is interpreted to have resulted
from progradation of the apron over the reef core.

Due to the lack of binding, wave-resistant organisms in growth position
throughout the proximal reef apron facies, the interpreted water depth for this facies
ranges from 30 feet (9 m), where it lies directly next to the Reef Core Complex crest, to
150 feet (46 m), where grains and skeletal clasts tens of meters from the reef core crest
were deposited in calmer, deeper water environments. This range of water depths is
interpreted from the present day thickness observed in core of the proximal reef apron
facies at various locations throughout the Columbus III complex. This lateral transition
away from the Reef Core Complex in the leeward direction marks the gradational facies

transition from proximal to distal reef apron facies.
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Plate 5. PN 27516 — Leeward Proximal Reef Apron Rock Types:

Fig. 1. Proximal reef apron — skeletal wackestone. A skeletal wackestone with
fragments of disarticulated brachiopods, bryozoans, and Halysites sp.
corals.

Fig. 2. Proximal reef apron — skeletal mudstone. Microcrystalline dolomite with
vugs lined with drusy calcite spar cements.

Fig. 3. Stromatolitic cap — skeletal wackestone. Skeletal fragments within a
microcrystalline dolomite matrix with cements. Vuggy porosity composed
of moldic pores is present.

Fig. 4. Stromatolitic cap — hemispheroid stromatolitic bindstone. Steeply
inclined hemispheroid stromatolite much larger than the core piece itself.
Internal laminations are less than 1 mm thick.

Leeward Proximal Reef Apron Wire-Line Log Signatures

The wire-line logs for this type section began near the base of the bioherm (see
Fig. 19). The gamma ray log response is relatively low throughout the bioherm and into
the overlying reef core, where it gradually increases to about 20 API units in the middle
of the reef core. There are horizontal stringers of permeability that range from 10 to 50
mD throughout the top of the bioherm and into the reef core, but salt plugging is
pervasive from the top of the stromatolitic cap to the base of the cored interval in the
bioherm. This core was completely devoid of oil staining throughout. The proximal reef
apron has a very low gamma ray log signature through the entire section, identical to that
of the nearby reef core, but increases from 0 to 20 API units within the stromatolitic cap.
The gamma ray decreases slightly at the transition to the overlying cyanobacterial mats,
increases slightly throughout the thrombolitic bindstone, and reaches its maximum of 45

API units within the laminated peloidal wackestone facies. The neutron count log shows
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highest porosities to exist in the bioherm and reef core facies, and lower porosities in the

proximal reef apron and overlying facies.

Type Section 5: Leeward Distal Reef Apron

Type section 5 is represented by a similar stack of facies observed in the Leeward
Proximal Reef Apron, with the omission of the reef core facies. There also exists a
slightly different stack of facies atop the cyanobacterial mat facies in the A-1 Carbonate,
which is more representative of A-1 Carbonate facies observed in the flank locations of
the reef complex. Because this type section is located further in the leeward direction of
the Reef Core Complex than type section 4 (see Fig. 3.7), the distal reef apron facies is
interpreted to be deposited contemporaneous with the growth of the reef core complex
and proximal reef apron, but the reef building organisms never existed in this location.
The distal reef apron facies in this type section are very similar to proximal reef apron
facies of type section 4, with evidence for deeper water and further transport of material
from the Reef Core Complex. The distal reef apron directly overlies the bioherm toe and

is 87 feet (27 m) thick.
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line log depths.

The base of the Leeward Distal Reef Apron type section begins with the Gray

Niagaran, which is directly overlain by the bioherm toe (see Fig. 3.8). The bioherm,
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which is over 100 feet (30 m) thick in the windward direction of type section 4, is not
present in this location. The reef core is also not present in this location, which gives
horizontal control for the spatial distribution of both the organic bioherm and reef core
facies in the leeward direction. The bioherm toe is interpreted to be contemporaneous
with the deposition of the bioherm cap, as they have similar thicknesses and textures
(massively bedded crystalline dolomites). The overlying distal reef apron facies is
composed of the same lithofacies as in type section 4, with the lithofacies alternating
between skeletal mudstone to skeletal wackestone. Minor tabulate corals are present but
typically not intact, nor in growth position. There is no evidence of stromatoporoids,
fewer tabulate corals than observed in type section 4, with the majority of fossil
fragments consisting of bryozoans and crinoids (see Plate 6, Fig. 1). The top of the distal
reef apron in this core is capped by a 5 foot (2 m) interval of massive halite, which exists
in the stromatolitic cap facies and is interpreted to be a salt-filled karst surface. This
massive salt is directly overlain by stromatolitic cap facies, which are unconformably
overlain by the (white) cyanobacterial mat facies of the A-1 Carbonate (see Fig. 3.8).

The cyanobacterial mat facies are very thick (44 feet or 13 m) in this locality and
are unconformably overlain by the first rabbit ear anhydrite (REA1). These two facies
are separated by a sharp erosional contact, which is lined with orange terra rossa. (see
Plate 7, Figure 3). Terra rossa is a red clay soil which is produced by the weathering of
limestone, under oxidizing conditions while the soils are above the water table. Iron
oxide forms in the clay, resulting in the reddish-orange color (Kerans and Tinker, 1997).
This stratigraphic surface is important for environmental interpretations and will be
further discussed in the reef growth model. Directly overlying the REA1 facies is a thin
interval of thinly-laminated mudstone (poker-chips), which is overlain by the second
rabbit ear anhydrite (REA2). The REA2 facies is overlain by the upper A-1 poker chip
and upper A-1 mudstone facies. These depositional facies, their associated lithofacies,

and preliminary interpretations will be further discussed for the type section 1 location of
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Plate 6. PN 27539 - Leeward Distal Reef Apron Rock Types:

Fig. 1. Distal reef apron — skeletal wackestone. Disarticulated bryozoan fossils
within a microcrystalline dolomite matrix.

Fig. 2. Salt-filled karst — A massively bedded halite interval with very small
carbonate lenses.

Fig. 3. Stromatolitic cap — hemispheroid stromatolitic bindstone and skeletal
wackestone. Laterally-linked hemispheroid stromatolites (bottom left) with
a skeletal wackestone consisting of very fine skeletal debris in a
microcrystalline dolomite matrix (top right).

Fig. 4. Cyanobacterial mats — crinkly stromatolitic bindstone and stromatolitic
conglomerate. White to gray, thin, crinkly-laminated cyanobacterial
stromatolites. Conglomerate of elongated pebbles composed exclusively of
stromatolite fragments.

75



Plate 7

e

core depth: 3056’ log depth: 3058’
Cyanobacterial Mats

s 2K
o"
£

core dth: 3026’ log depth:302’
Upper A-1 Poker Chip

76

core depth: 3041’ log depth: 3043’
Cyanobacterial Mats - REA1 Contact
Unconformity

core dph: 3005’ log depth: 3007’
Upper A-1 Mudstone



Plate 7. PN 27539 - Leeward Distal Reef Apron Rock Types:

Fig. 1. Cyanobacterial mats — stromatolitic conglomerate. Conglomerate of
thin, elongated pebbles composed exclusively of stromatolite fragments in a
gray lime-mud matrix.

Fig. 2. Cyanobacterial mats — Rabbit ear anhydrite 1 contact (unconformity).
Sharp contact between underlying crinkly-laminated stromatolites and
overlying nodular anhydrite with orange terra rossa lining the contact.

Fig. 3. Upper A-1 poker chip — thinly-laminated mudstone. Thin carbonate
mudstone laminations with carbonaceous films.

Fig. 4. Upper A-1 mudstone — Massively bedded, gray mudstone. Mottled
texture between gray and brown intervals.

Leeward Distal Reef Apron Wire-Line Log Signatures

This well is most interesting due to its inverted relationship between salt plugging
and oil staining in comparison to the previously described localities. In all type section 3
and 4 locations where salt plugging is present, the salt plugged interval ranges from the
top of the stromatolitic cap down into the reef core and typically into the bioherm.
Where the salt plugging terminates, downward, oil staining is prevalent. However, in this
type section location, the oil stained interval occurs above the stromatolitic cap and salt
plugged interval of the distal reef apron (see Fig. 3.8). Structurally, this is near the same
sub-sea elevation where oil staining is observed in the bioherm and reef core of type
sections 3 and 4, but not in the same depositional facies. This is good evidence that oil
migration in the reef complex was partially controlled by a combination of salt plugging,
structure, and depositional facies.

The wire-line logs for this type section began in the Gray Niagaran, which

exhibits a higher gamma ray log intensity than the overlying bioherm toe and distal reef
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apron. The gamma ray log signature for the distal reef apron is low and generally
increases upward into the stromatolitic cap, with the highest gamma ray intensities in the
overlying cyanobacterial mats. The cyanobacterial mats are overlain by a lower gamma
ray signature in the rabbit ear anhydrites, with higher gamma ray log signatures in the
overlying upper A-1 poker chip and upper A-1 mudstone facies. The highest neutron
count intervals (lowest porosity) exist in the salt-filled karst interval within the
stromatolitic Cap, as well as the rabbit ear anhydrites interval. These evaporite intervals

also contain low gamma ray log intensities.

Type Section 2: Windward Reef Talus

Type section 2 is represented by a distinctly different stack of facies than those
previously described. This type section is located very close to the Reef Core Complex
in the proximal windward direction, and exhibits internal stratification within the reef
talus deposits (see Fig. 3.10). The horizontal extent of this type section’s spatial
distribution is very limited (less than 250 ft or 76 m) which is illustrated in Figure 3.9.
Because of this type sections’ close proximity to the Reef Core Complex and the
conglomeratic nature of each facies in the vertical section, the windward reef talus is
interpreted to be the result of sediments being transported short distances down steep

gradients in the windward direction.
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The base of the Windward Reef Talus type section begins in the Gray Niagaran,
which is directly overlain by the bioherm toe (see Fig. 3.10). The reef rubble
conglomerate facies directly overlies the bioherm toe and is discussed below. Overlying
the reef rubble conglomerate is the stromatolite rubble conglomerate, which consists of
lithoclasts of distinctly different provenance. The stromatolite rubble conglomerate is
unconformably overlain by the cyanobacterial mat facies of the A-1 Carbonate, which are
steeply inclined at angles up to 40 degrees. The upper 25 feet (8§ m) of the stromatolite
rubble conglomerate is heavily karsted, further evidence to support a third-order sequence
boundary at this contact. Atop the cyanobacterial mats is a facies very similar called the
oncolitic packstone, which contains rounded oncolites of cyanobacterial mat clasts. At
this location almost every facies is conglomeratic and appears to have been transported

short distances.

Reef Rubble Conglomerate

General Description: The reef rubble conglomerate consists of two main
lithofacies: coarse lithoclastic conglomerate and skeletal lithoclastic conglomerate.
These two lithofacies were also identified by Huh (1973) in the Northern Niagaran Reef
Trend. The coarse lithoclastic conglomerate is always below the skeletal lithoclastic
conglomerate, which is overlain by the stromatolite rubble conglomerate facies. In this
well, the coarse lithoclastic conglomerate is only 10 feet (3 m) thick, whereas the
overlying skeletal lithoclastic conglomerate is 102 feet (31 m) thick. The main
difference between the two lithofacies is the presence of large tabulate corals in the
skeletal lithoclast conglomerate.

The coarse lithoclastic conglomerate is composed of large clasts which range in
size from 1 to 5 cm in length and 1 to 3 cm in width, and are a darker gray color

compared to the surrounding light gray microcrystalline dolomite matrix (see Plate 8, Fig.
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1). The large clasts are angular to sub rounded and contain crinoid ossicles within. Large
vugs are present throughout this lithofacies, which exist as similar shapes and sizes as the
clasts and are always filled with halite.

The skeletal lithoclastic conglomerate lithofacies is characterized by its
abundance of tabulate corals, brachiopods, and crinoids. Favosites sp. corals (intraclasts)
are observed scattered throughout this lithofacies and exist alongside lithoclasts of
varying sizes (see Plate 8, Fig. 4). Moldic pores are common and are rarely filled with
halite. Salt plugging is mostly present near the bottom 20 feet (6 m) of this lithofacies and
occurs in intervals as large as 5 inches (13 c¢cm) in thickness (see Plate 8, Fig 3.).

Preliminary Interpretation: The internal stratification of the reef rubble
conglomerate coincides with the internal stack of facies observed in the nearby Reef Core
Complex. The lower coarse lithoclastic conglomerate contains crinoids that belong to
the lower reef core and upper bioherm facies. The mottled texture, consisting of light
gray microcrystalline dolomite with dark gray lithoclasts, also corresponds to the mottled
appearance of the bioherm. The overlying skeletal lithoclastic conglomerate contains
tabulate corals and brachiopods, which correlate to the middle and upper reef core facies.
This succession of lithoclast types supports an interpretation that reef rubble
conglomerate deposition was contemporaneous with both the bioherm and the reef core.
Well locations show that the talus slope is located less than 250 feet (76 m) from a Reef
Core Complex type section in the windward direction, suggesting short transport
distances of the large reef core lithoclasts. Because the reef core is interpreted to have
existed above FWB, large storm events would likely result in the destruction and
transport of reefal material. The slope of the reef complex is much steeper on the
windward versus the leeward side because there is no reef apron on the windward side.
Also, the package of conglomerate containing reef-building organisms in the windward
direction of the Reef Core Complex is much thinner than the leeward reef apron.

Therefore the talus facies would have been deposited in a deeper water environment
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compared to the syndepositional reef core facies.

Stromatolite Rubble Conglomerate

General Description: The stromatolite rubble conglomerate is composed of a
stromatolitic lithoclast conglomerate. This lithofacies has been identified in both
Northern and Southern Trend Reefs (Huh, 1973; Gill, 1973). This conglomerate is
different than the reef rubble because the clasts are almost completely composed of
stromatolites. The clasts are poorly sorted with no preferred orientation. The original
internal laminations of the stromatolites are easily observed (see Plate 9, Figs. 1 and 2).
The stromatolite rubble conglomerate directly overlies the reef rubble conglomerate in
this location and is 39 feet (12 m) thick.

Preliminary Interpretation: Due to the stromatolitic composition of the
stromatolite rubble conglomerate, it is interpreted to have been deposited
contemporaneously with the stromatolitic cap facies observed in the Reef Core Complex
location. Similar to that of the underlying reef rubble conglomerate, this facies is
interpreted to be a deeper water deposit rather than the intertidal environment of the
stromatolitic cap in the Reef Core Complex location. It was most likely formed by storm
events and higher wave energy breaking off pieces of semi-lithified stromatolites at the
crest of the reef complex and depositing them in the windward direction as they traveled

down the steep windward flanks short distances (less than 250 feet or 76 m).
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Plate 8. PN 27605 — Windward Reef Talus Rock Types:

Fig. 1. Reef rubble conglomerate — coarse lithoclastic conglomerate. Light gray
microcrystalline dolomite matrix with dark gray, large, angular crinoidal
wackestone lithoclasts and salt filled vugs.

Fig. 2. Reef rubble conglomerate — skeletal lithoclastic conglomerate. Favosites
sp. corals and disarticulated brachiopods in a microcrystalline dolomite
matrix. Large touching vugs present throughout.

Fig. 3. Reef rubble conglomerate. Anhydrite-filled vug 3 inches (8 cm) wide
and 5 inches (13 cm) tall.

Fig. 4. Reef rubble conglomerate — skeletal lithoclastic conglomerate. Favosites
sp. corals and abundance of touching, moldic pores.
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Plate 9. PN 27605 — Windward Reef Talus Rock Types:

Fig. 1. Stromatolite rubble conglomerate — stromatolitic lithoclastic
conglomerate. Fragments of stromatolitic bindstone. Brown color due to
oil staining.

Fig. 2. Stromatolite rubble conglomerate — stromatolitic lithoclastic
conglomerate. Fragments of stromatolitic bindstone. Brown color due to oil
staining.

Fig. 3. Cyanobacterial mats — stromatolitic bindstone. Inclined beds composed
of thinly-laminated crinkly stromatolites and small peloidal grains.

Fig. 4. Cyanobacterial mats — stromatolitic bindstone. Inclined beds (up to 40
degrees) composed of alternating cyanobacterial mat laminations and
stylolites.

Windward Reef Talus Wire-Line Log Signatures

The wire-line logs for this type section begin in the Gray Niagaran, represented by
the high gamma ray log signature below the bioherm toe (see Fig. 3.10). The overlying
reef rubble conglomerate exhibits relatively low gamma ray log intensities, similar to that
of the reef core facies, which are interpreted to be the provenance of this conglomerate.
Salt plugged intervals are present near the base of the reef rubble conglomerate and
exhibit lower gamma ray log signatures with lower neutron porosity values. The upper
80 feet (24 m) of the reef rubble conglomerate is devoid of salt plugging and exhibits
very good reservoir quality and oil staining. The major pore types present are touching
vugs. The stromatolite rubble conglomerate exhibits much higher gamma ray log
intensities than the underlying reef rubble conglomerate, which is similar to the higher
gamma ray signature of the stromatolitic cap facies in the Reef Core Complex location.
This stromatolite rubble conglomerate also exhibits the best reservoir quality, with

porosity reaching 30% and permeabilities over 1000 mD. This is most likely a product of
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the intense karsting observed at the top of this facies, which likely formed during a third-
order sea-level drawdown and subsequent exposure. This interval is heavily oil stained.
The other three wells that belong to this type section location in the Columbus 111
field also have very similar petrophysical properties within the reef rubble and
stromatolite conglomerates and are considered the best conventional reservoirs within the
entire reef complex. The overlying cyanobacterial mat facies in this location has a
gradational increase in gamma ray log response and also reaches permeability values
upward of 100 mD. The cyanobacterial mat facies is composed almost entirely of
intercrystalline porosity with little to no wvugs, very different than the underlying
conglomerate facies. = Conventional whole core analysis data shows that the
cyanobacterial mats interval was gas filled. The overlying oncolitic packstone and
laminated peloidal wackestone facies all have significantly higher gamma ray log
signatures than the underlying rocks, as well as much poorer reservoir quality. The A-2
Anhydrite overlies the laminated peloidal wackestone and is easily identified by its

relatively low gamma ray log intensities.

Type Section 1: Windward Flank

Type section 1 is represented by a completely different stack of facies from any of
the type sections previously described. However, this type section location is still greatly
influenced by the processes that created the nearby Reef Core Complex, as well as
subsequent deposition of the A-1 Carbonate. This type section is critical to a sequence
stratigraphic interpretation of the reef complex because this location contains facies
which were deposited during hiatus in deposition and erosion in other locations on the
reef complex. Some depositional facies, such as the bioherm toe and distal reef rubble
are very similar to those observed in the Windward Reef Talus location. However, the

stacking pattern that follows, beginning with the deposition of the A-1 Anhydrite, is quite
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different and therefore difficult to correlate to stratigraphic surfaces observed in the Reef
Core Complex location. The cored interval for this type section spans 151 feet (46 m) of
interbedded carbonate and anhydrite interpreted to have been deposited quasi-
contemporaneously with depositional facies previously described in other reef complex

locations.
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Type section 1 is represented by a stacking pattern most similar to that of the
previously described Windward Reef Talus type section. However, the distal reef rubble
in this location is much thinner (18 feet or 5 m) and the distinct internal stratification
identified in the Windward Reef Talus location is not easily observed (see Fig. 3.12).
The distal reef rubble is directly overlain by the A-0 Carbonate, which is only 4 feet (1
m) thick at this location, and gradationally transitions into the A-1 Anhydrite. The A-1
Anhydrite is unconformably overlain by the A-1 Carbonate lithostratigraphic unit

composed of various lithofacies, which will be described in more detail below.

Distal Reef Rubble

General Description: The distal reef rubble is composed of a skeletal lithoclastic
conglomerate. The lithoclasts are much smaller (1 mm to 1 cm in diameter) than the
lithoclasts observed in the more proximal, Windward Reef Talus type section. No
tabulate corals or stromatolite fragments are present. Vugs are prevalent and range in
size from 1 mm to 2 cm in diameter. Most large vugs are filled with anhydrite cements.
Light brown calcite cements are common and are destructive of the original rock fabric.
The entire distal reef rubble is composed of dolomite with anhydrite cements throughout,
making it difficult to identify original depositional textures. The distal reef rubble in the
Windward Flank position ranges from 15 to 20 feet (5 to 6 m) in thickness.

Preliminary Interpretation: The Windward Flank location varies from 750 to
1500 feet (229 to 457 m) away from the Reef Core Complex location in the windward
direction. As a result, the distal reef rubble at this location is composed of mostly smaller
skeletal lithoclasts than the more proximal Windward Reef Talus location. The unit is
also much thinner with an absence of large tabulate corals or stromatolite fragments as
further evidence of the more distal location relative to the reef core. The rubble is

interpreted to have been deposited in a slightly deeper water setting than the windward
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talus reef rubble, as well as contemporaneous with the deposition of the bioherm, reef
core, and stromatolitic cap. Because the bioherm is absent in this location, the bioherm
toe is interpreted to be a product of eroding semi-lithified skeletal clasts from the nearby
bioherm. This distal reef rubble is also interpreted to wedge out within a short distance
away from the reef complex (1,500 feet or 457 m) in the windward direction and pass
laterally into the “Regional Brown Niagaran” depositional facies (as described by
Porcher, 1985). The distal reef rubble facies and the overlying A-0 Carbonate represent
the most distal, reef complex-related carbonate deposition in the windward direction

during Niagaran time.

A-0 Carbonate

General Description: The A-0 Carbonate is a laminated crystalline dolomite,
most notable for its inclined laminations. The A-0 Carbonate directly overlies the distal
reef rubble and gradationally transitions into the overlying A-1 Anhydrite. Original
depositional textures are difficult to identify in this facies as it is composed almost
entirely of dolomite rhombs. Laminations are thicker near the base (2-10 mm) and thin
towards the contact with the overlying A-1 Anhydrite (less than 2 mm; see Plate 16, Fig.
1). These laminations are also inclined at angles up to 20 degrees and are often separated
by jagged stylolites. The majority of pore types are separate vugs (see Plate 10, Fig. 4).

Preliminary Interpretation: Previous studies (Huh, 1973; Gill, 1973) have
interpreted the undulating laminations of the A-0 Carbonate to be algal in origin, and
therefore be indicative of a shallow, intertidal environment. These studies have also
interpreted the A-O0 Carbonate to unconformably overlie the distal reef rubble, placing it
at the beginning of a transgressive systems tract, prior to the deposition of the A-1
Anhydrite. This interpretation implies that the transition from the A-0 Carbonate to the

A-1 Anhydrite is merely a result of a gradual increase in salinity while remaining in a
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shallow water environment (Huh, 1973).

While laminations are evident, the binding textures previously observed in the
cyanobacterial mat facies are not present. Furthermore, when this facies is evaluated in
the context of the underlying and overlying facies and the nature of their contacts, an
alternative hypothesis may better fit the textures observed within this thin carbonate unit.
Both contacts between the underlying distal reef rubble and overlying A-1 Anhydrite are
gradational. As the distal reef rubble marks the end of sea level rise and deposition of the
stromatolitic cap increasingly lower on the reef flank, the A-O Carbonate is most likely
the result of lithoclastic grain flows as a drop in sea level exposed the reef. As the reef
complex was more extensively exposed, erosion would have continued and the further
distance from the Reef Core Complex at this flank position would have resulted in the
cyclic deposition of grain flows, interrupted by quiet periods of little to no deposition. As
sea level dropped due to increasing restriction of normal marine water input and
evaporation in the basin, salinities would have continued to increase near the base of the
reef complex.. This important event would have resulted in inclined beds, composed of
grain flows of the A-0 Carbonate, gradationally transitioning into the laminated sulfate
deposition of the A-1 Anhydrite (see Plate 11, Figs. 1 and 2). The textures observed at
the base of the A-1 Anhydrite facies are indicative of deeper water environments, which
further disputes the interpretation of the A-0 Carbonate being an intertidal transgressive
deposit.  This interpretation suggests that the A-O Carbonate is a low stand deposit
transitional from the deepest water environments at its base (gradational contact with the
underlying distal reef rubble) to intermediate depths upwards to the overlying contact

with the A-1 Anhydrite.
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Plate 10. PN 27669 — Windward Flank Rock Types:

Fig. 1. Gray Niagaran — skeletal mudstone. Light to dark gray mottled
appearance with small amounts of crinoid ossicles.

Fig. 2. Bioherm toe — crystalline dolomite. Composed entirely of dolomite
rhombs with intercrystalline porosity and wispy stylolites.

Fig. 3. Reef rubble conglomerate — skeletal lithoclastic conglomerate. Fine-
grained skeletal clasts with abundance of salt-filled vugs. Light brown
calcite cement throughout.

Fig. 4. A-0 Carbonate — crystalline dolomite. Steeply inclined beds composed of
dolomite rhombs with abundance of small vugs and jagged stylolites.

A-1 Anhydrite

General Description: The A-1 Anhydrite is composed of a variety of different
anhydrite fabrics which commonly transition from one fabric to another throughout the
facies. The anhydrite fabrics observed have a pale gray color with a bluish hue. The
very base of the A-1 Anhydrite is thinly laminated with dolomitic carbonate grains and
anhydrite laminae (mm-scale laminites). Thin dolomicrite laminae and anhydrite are
highly contorted. The anhydrite laminations are composed of tightly packed coalescing
nodules (see Plate 11, Fig. 3). This basal section is the gradational transition with the
underlying A-0 Carbonate.

The middle section of the A-1 Anhydrite contains a lower abundance of
dolomicrite laminae and the anhydrite exists as a distorted mosaic fabric. The upper
section of the A-1 Anhydrite consists of a crystalline dolomite composed of subrounded
dolomite grains with both anhydrite laths and small nodular fabrics (see Plate 12, Fig. 1).
The upper contact with the overlying lower A-1 poker chip facies is sharp, marked by
thin, dark carbonate layers (see Plate 12, Fig. 2). The bottom 6 inches (15 cm) of the
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overlying A-1 poker chip facies has small anhydrite crystals (less than .5 mm) throughout
the dolomicrite matrix, as identified in thin section.

Preliminary Interpretation: The A-1 Anhydrite facies is interpreted to be an
overall shallowing upward package from the gradational basal contact with the
underlying A-0 Carbonate to the sharp contact with the overlying A-1 Carbonate. The
lowermost anhydrite-dolomicrite laminations are thin (1-2 mm) and flat, and are
representative of deeper water sulfate laminites compared to the more irregular
laminations of shallow-water laminites (Kendall, 2010). While deeper water laminar
sulfates often accumulate as pelagic rain (cumulate deposits), it is also possible that these
thin, planar laminites represent evaporite turbidites which occur on basin slopes (Kendall,
2010). These thin, planar laminites grade into highly contorted dolomicrite and anhydrite
layers. The highly contorted laminations are thus interpreted to be slightly shallower than
the underlying flat laminites, but are still indicative of bottom-grown gypsum crystal
crusts. Kendall (2010) shows very similar sluggy to flaser-like anhydrite deposits with
well-preserved pseudomorphs of gypsum crusts in the Castile Evaporite of the Delaware
Basin. This suggests that the basal section of the A-1 Anhydrite is a deep water sulfate
deposit formed as bottom-growth gypsum crusts, rather than as sabkha deposits.

These deeper water gypsum-dolomicrite deposits grade into shallower water
gypsum deposits, represented by anhydrite with distorted nodular-mosaic fabrics. This
middle section of the A-1 Anhydrite is also interpreted to be a shallow-water (subtidal)
gypsum deposit as opposed to a sabkha setting. Kendall (2010) states that various
‘nodular’ anhydrites constitute part of basin-wide, millennial cycles, either forming 1)
tops of incomplete cycles, or ii) transitions between laminated anhydrite below and halite
above. Their position indicates the gypsum precursors formed when bottom basin brines
were at the stage just prior to halite net accumulation (Kendall, 2010). This is an ideal
analog for the A-1 Anhydrite as it marks the transition between thinly laminated

anhydrite below, as well as the top of an incomplete cycle which culminates in the lateral
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deposition of halite (A-1 Evaporite) in the basin center as sea-level continued to fall.
Other examples of these restricted basin shallow-water gypsum deposits have been
recorded in the Zechstein of northern Europe (Kendall, 2010).

The upper section of the A-1 Anhydrite consists of a crystalline dolomite that
contains an abundance of anhydrite laths and small nodular fabrics. The anhydrite
observed in this section is interpreted to be both displacive and intra-sediment
precipitates. Both of these anhydrite textures are indicative of a sabkha environment,
completing the shallowing upward sequence of the A-1 Anhydrite facies. The full
shallowing upward sequence consists of: 1) the basal section characterized by deeper
water (tens of meters) thin laminites, 2) the middle section characterized by shallower
water (less than 10 meters) bottom-grown crusts, and 3) the upper section characterized
by subaerial sabkha environments. The top of the A-1 Anhydrite is bounded by a
transgressive flood back surface, which marks the transition to the overlying A-1

Carbonate facies (see Plate 12, Fig. 2).
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Plate 11. PN 27669 — Windward Flank Rock Types:

Fig. 1. A-0 Carbonate — crystalline dolomite. Steeply inclined beds composed of
dolomite rhombs transitioning from thicker (base) to thinner (top)
laminations.

Fig. 2. A-1 Anhydrite — A-0 Carbonate contact. Gradational transition from the
steeply inclined crystalline dolomite beds of the A-O Carbonate to the
thinly-laminated A-1 Anhydrite.

Fig. 3. A-1 Anhydrite — Dolomicrite and anhydrite laminae with tightly packed
coalescing nodules; highly contorted laminae.

Fig. 4. A-1 Anhydrite — Nodular-mosaic anhydrite fabric at the base; dolomicrite
with very small anhydrite nodules at the top.

Lower A-1 Poker Chip

General Description: The lower A-1 poker chip is composed of a thinly-
laminated mudstone. This lithofacies consists of brown to gray carbonate mudstone
laminae alternating with dark brown to black carbonaceous films. Parting typically
occurs along the laminations, which has been termed “poker-chip” parting in Michigan.
These shaley, carbonaceous laminations are planar and are less than Imm in thickness.
The carbonaceous streaks have small scale undulations with random spacing. Typically
the carbonaceous films are so densely packed that they overlie one another without any
intervening carbonate sediment. Thin, cm-scale beds of tan carbonate mudstone with an
abundance of scattered carbonaceous mat chips exhibit graded bedding, with a higher
abundance of chips towards the base of the interval (see Plate 12, Fig. 3).

Preliminary Interpretation: The thinly-laminated mudstone lithofacies is
characterized by its thin, alternating laminations of carbonate mudstone and
carbonaceous films. Previous studies (Gill, 1973; Huh, 1973) have interpreted the
carbonaceous films to be remains of planar cyanobacterial stromatolitic mats. Gill (1973)
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ruled out the possibility that these planar films could be subtidal deposits based on work
by Bathurst (1971), who proposed that grazing and burrowing organisms digested and
left no trace of subtidal mats in Berry Island, Bahamas. Therefore, Gill (1973)
interpreted these cyanobacterial mats to form in the intertidal zone of a hot, arid tidal flat
environment similar to the present Persian Gulf. However, more recent studies have
shown that planar microbial films, laminae, and stromatolites produced by photosynthetic
microbes can form anywhere in the photic zone, including tranquil lagoon settings (Pratt,
2010). These deeper water, planar microbial laminae can be explained as either the
onset of elevated salinity or elevated temperature while remaining submerged (Pratt and
Haidl, 2008). Famous examples of these tranquil, restricted subtidal, microbially
laminated carbonates include the Late Jurassic Solnhofen Limestone of southern
Germany, as well as the Early Silurian of the Eramosa Formation of southern Ontario
(Pratt, 2010).

Another study by Elrick and Snider (2002) showed similar sedimentological
features of deep-water cyclic deposits observed in the Middle Cambrian Marjun
Formation of Nevada and Utah. Petrographic evidence in this study indicated that the
thin carbonaceous films were precipitated in sifu from the activity of benthic microbial
communities which thrived in a deep-water, below storm wave-base setting. These
benthic microbial communities thrived during periods of decreased input of fine detrital
carbonate transported from nearby shallow-water carbonate factories, and struggled
during periods of increased detrital carbonate input as sea-level fell and the carbonate
factory prograded (Elrick and Snider, 2002). This same cyclicity is observed in the poker
chip facies throughout the A-1 Carbonate as the thickness between microbial films varies
throughout the thinly-laminated mudstone, as well as throughout the overlying micro-
laminated mudstone lithofacies. Therefore, the depositional environment of the more
densely packed the carbonaceous films, is interpreted to be further away from the up-

slope carbonate factory, which actively sheds detrital carbonate downslope.
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Further evidence that supports a subtidal environment of deposition for the thinly
laminated mudstone lithofacies is the presence of graded deposits, interpreted as storm or
gravity induced turbidites. These turbidite deposits (see Plate 12, Fig. 3) are
characterized by thicker beds (1 to 3 inches, or 3 to 8 cm) of tan dolomite with an
abundance of scattered black mat chips throughout. The dolomite grains appear to be
peloidal in origin, however dolomitization has resulted in the lack of conclusive evidence.
Whether peloids or not, these carbonate grains were most likely derived from a nearby
carbonate factory, upslope on the reef complex where shallower water environments
existed. The black mat chips are most likely ripped up from underlying microbial
laminations, and are most dense near the base of the bed. Therefore, these beds are
interpreted to be the result of single storm events, which resulted in the grading of rip-up
mat chips in a grain flow of detrital carbonate grains derived from a nearby, shallower
water location on the complex. These turbidite deposits also only exist in flank locations
proximal to the reef complex (less than 1,500 feet, 457 m), while only thinly-laminated
poker-chips are observed in more basinal and inter-reef locations. Also, in basin center
cores, the entire A-1 Carbonate unit exists as thinly-laminated poker chips, bounded by

the A-1 Evaporite (halite) below and the A-2 Evaporite (halite) above.

Lower A-1 Packstone

General Description: The lower A-1 packstone ranges from 6 to 16 feet (2 to 5
m) in thickness, and is a crystalline dolomite composed of tan dolomite rhombs. This
facies has the best porosity and permeability of the A-1 Carbonate unit, with
intercrystalline porosity being the dominant pore type. The dolomite rhombs range from
30 to 50 microns in diameter (as identified in thin section). Stylolites are present and oil

staining occurs throughout this interval (see Fig. 3.12).
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Preliminary Interpretation: Due to intense dolomitization it is very difficult to
identify the original depositional texture of this facies. The carbonate grains present are
most likely the result of grain shedding from a nearby upslope carbonate factory in a
peritidal environment. Although this facies is a crystalline dolomite, the term packstone
has been assigned as an attempt to interpret the original depositional rock type prior to
dolomitization. Further observations would be necessary in other fields where this facies
has not been dolomitized to identify the true depositional rock fabric. The occurrence of
a peloidal wackestone, as observed in the upslope reef core complex position, is evidence
that soft-bodied benthos existed in subtidal environments during the deposition of the A-1
Carbonate, which could have resulted in abundant peloidal grains shed downslope. In
any case, this facies is interpreted to be subtidal and the result of carbonate grain

production and down slope transport.
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Plate 12. PN 27669 — Windward Flank Rock Types:

Fig. 1. A-1 Anhydrite — crystalline dolomite. Subrounded dolomite grains with
an abundance of anhydrite laths throughout.

Fig. 2. Lower A-1 poker chip — A-1 Anhydrite contact (transgressive surface).
Sharp contact marked by dark, thin carbonate layers which separates the
underlying A-1 Anhydrite and the overlying lower A-1 poker chip facies.

Fig. 3. Lower A-1 poker chips — thinly-laminated carbonaceous mudstone. Thin
carbonate mudstone laminations with carbonaceous films. Turbidite bed
deposit in middle with graded bedding.

Fig. 4. Lower A-1 packstone — crystalline dolomite. Tan, massively bedded
crystalline dolomite composed of dolomite rhombs with stylolites and oil
staining.

Middle and Upper A-1 Poker Chips

General Description: The middle and upper A-1 poker chips are composed of a
thinly-laminated carbonaceous mudstone, as well as a micro-laminated mudstone. The
thinly-laminated carbonaceous mudstone 1s very similar to that described in the lower A-
1 poker chip facies, with slight variations in color and laminae thickness. There are also
no turbidite deposits observed in these facies. The micro-laminated mudstone is
composed of microcrystalline dolomite and has less abundant carbonaceous seams than
the thinly-laminated carbonaceous mudstone. Carbonaceous mat chips occur, scattered
throughout the mudstone. Little to no porosity exists in the micro-laminated mudstone,
as the microcrystalline dolomite crystals are very tightly packed. The main
differentiating factor between the two lithofacies is the presence of alternating
carbonaceous films in the thinly-laminated carbonaceous mudstone, which is also usually

accompanied by poker-chip parting.  The micro-laminated mudstone is massively
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bedded with little to no carbonaceous material.

Preliminary Interpretation: The thinly-laminated carbonaceous mudstone within
this depositional facies is interpreted to be an identical deposit to that of the lower A-1
poker chip facies. Rather than intertidal to supratidal cyanobacterial mats, these thinly-
laminated carbonaceous mudstones are believed to be deeper water, planar microbial
films which formed at deeper depths due to benthic microbial communities thriving in
elevated temperatures during this time in the Michigan Basin. The micro-laminated
mudstone lithofacies is most likely deposited in a subtidal environment, but is interpreted
to be a shallower water environment than the thinly-laminated carbonaceous mudstone.
As a small relative sea-level fall or slow-down of sea-level rise would have resulted in
the progradation of the carbonate factory down the slope of the reef complex, this would
increase the detrital carbonate input in the flank location. The presence of carbonaceous
mat chips possibly represents incipient microbial film formation that never coalesced into
continuous mat surfaces. Possible explanations for these discontinuous carbonaceous
films could be: 1) an increase in mat grazing and burrowing organisms during this time,
or 2) unfavorable conditions for continuous microbial mat growth, such as less sunlight.
A third explanation could simply be an increase in detrital carb<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>