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During the Late Devonian, the Michigan Basin in the Eastern Interior Seaway was characterized by phases of
well-developed bottom water anoxia, triggering extensive accumulation of organic matter-rich black shales.
Palynological analysis for paleoenvironmental reconstruction and biostratigraphy of the Upper Devonian rocks
has been previously performed in other basins of eastern North America, but it is lacking in the Michigan Basin.
Here, the Upper Devonian Antrim Shale Formation is investigated for biostratigraphic, paleoenvironmental, and
sea level reconstructions, organic matter characterization, and source rock potential. 35 core samples from three
drill holes across the Michigan Basin spanning the Norwood, Paxton, Lachine, and Upper members. Palynological
analysis showed a moderately diverse assemblage of 31 genera represented by 53 species of relatively well-
preserved prasinophyte phycomata and acritarchs, with sparse records of plant spores and freshwater algae.
Based on marker prasinophytes and acritarchs, an age of late Frasnian was assigned to the Norwood and Paxton
members, while an early Famennian age was proposed to the Lachine and Upper members of the Antrim Shale.
Two palynofacies assemblages (PFA) were identified from the variation in the particulate organic matter (POM)
composition, both of which indicate deposition in a distal inner neritic shelf environment, but the PFA-2 took
place in slightly shallower conditions than the PFA-1. Geochemical screening indicated high organic matter
content (up to 25 wt%, avg. 8.5 wt%) and excellent hydrocarbon generating potential of kerogen Type II for the
Norwood, Lachine, and Upper members. Only the Paxton Member was dominated by poor to fair organic richness
(<0.6 wt%) and low hydrocarbon potential with a mixed Type II/III kerogen. Organic petrography indicated that
the dominant organic matter assemblage consists mainly of unicellular marine Tasmanites telalginite and
Leiosphaeridia, followed by solid bitumen of the initial oil type. Thermal maturity, determined from VRo-eq and
Tmax, indicated that all samples are in the oil window, except for some intervals in the Paxton Member.

1. Introduction

Organic matter-rich black to brown shales were broadly deposited
throughout the Mid-continental region of North America from south-
eastern United States to west-central Canada, between the Middle
Devonian and Early Mississippian periods (Fig. 1A, Dellapenna, 1991;
Ettensohn, 1995; Brown and Kenig, 2004; Formolo et al., 2014). Total
organic carbon (TOC) of these sedimentary rocks averages ca. 7 wt% and
can reach as high as 25 wt%, particularly in the Appalachian, Michigan,
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Illinois, Williston, Ardmore, and Anadarko basins (Nunn et al., 1984;
Dellapenna, 1991; Gutschick and Sandberg, 1991; Decker et al., 1992;
Martini et al., 1998; Over, 2002; Swezey, 2008; Wei et al., 2016; Liu
et al., 2019, 2020). Diverse approaches have been employed to deter-
mine the triggering factors of the enhanced organic matter production
and preservation in these sediments, including evaluating organic car-
bon to phosphorous ratio (Ingall et al., 1993), total sulfur to TOC ratio
(Leventhal, 1987), trace metals distribution (Werne et al., 2002; Rimmer
et al., 2004; Rimmer, 2004; Formolo et al., 2014; Ocubalidet et al., 2018;
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Gilleaudeau et al., 2021), mineral composition (Calvert et al., 1996),
and pyrite morphology (Schieber and Baird, 2001). Other studies
include organic biomarkers (Brown and Kenig, 2004; Song et al., 2021),
and stable isotopes of pyrite sulfur (634Spy) and organic carbon (613C0rg,
Formolo et al., 2014). These studies suggested different scenarios for
environmental changes that controlled enhanced accumulation of
organic matter-rich facies. In particular, it remains uncertain if the
Laurentia recurrent epeiric seas were subjected to bottom water euxinia
during the black shale deposition (Algeo et al., 2007).

Specific examples of these organic matter rich shales include the
Upper Devonian Antrim Shale Formation in the Michigan Basin (Fig. 1B)
and its age-equivalent units, which are some of the most commercially
viable source rock intervals in North America. Previous studies have
showed that the Antrim Shale Formation is characterized by deposition
of well-preserved, organic carbon-rich, black to brown shale at the top of
the Michigan Basin succession (Nunn et al., 1984; Dellapenna, 1991;
Decker et al., 1992; Martini et al., 1998; McIntosh et al., 2004; Swezey,
2008; Adeyilola et al., 2022). Formolo et al. (2014) indicated that the
boundary between the Paxton and Lachine members of the Antrim Shale
Formation in the Michigan Basin coincides with extensive anoxia of the
Frasnian-Famennian extinction event (i.e., the Kellwasser Crisis). Thus,
the Antrim Shale provides a promising record for better understanding
the Late Devonian paleoenvironmental changes, relative richness and
evenness of marine phytoplankton and organic carbon accumulations,
and their triggering mechanisms in the extensive Eastern Interior
Seaway.

In the last few decades, many palynological studies have investigated
the palynological composition of microphytoplankton assemblages from
the Late Devonian, such as marine prasinophytes, acritarchs, and
terrestrially derived plant spores. They provided a comprehensive
coverage for the strata in the Appalachian Basin (Winslow, 1962;
Wicander, 1975; Jacobson, 1979; Molyneux et al., 1984), the Iowa Basin
(Wicander and Playford, 1985), and the Illinois Basin (Bharadwaj et al.,
1970; Jacobson, 1979; Wicander, 1983; Huysken et al., 1992; Wicander
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and Playford, 2013). However, detailed analysis of palynological
composition and palynofacies on the Devonian Antrim Shale Formation
from the Michigan Basin, are lacking. Such analysis would allow eval-
uating the diversity of microphytoplankton assemblages in this strati-
graphic interval and describing paleoenvironmental conditions in terms
of proximal-distal trends, transgressive-regressive phases, and related
sea level changes, as well as determining characteristics of organic
matter kerogen types (e.g., Powell et al., 1982; Harker et al., 1990;
Tyson, 1993, 1995; Pittet and Gorin, 1997; Mansour et al., 2020a,
2020b, 2020c; Xia et al., 2021).

Palynofacies refers to all particulate organic matter (POM) preserved
in sediments, such as phytoclast woody particles, amorphous organic
matter (AOM), and palynomorphs. However, palynofacies alone cannot
discriminate the hydrocarbon generation potential of organic matter. As
such, an integrated approach of palynofacies analysis along with
geochemical screening and organic petrographic description is highly
recommended for a reliable source rock assessment. Therefore, the
present study focuses on a more detailed characterization of the organic
matter origin and composition for a better understanding of the source
rock intervals and their hydrocarbon potential within the Michigan
Basin. In this context, geochemical analyses of Rock-Eval pyrolysis and
TOC as well as organic petrography characteristics yield a coherent and
precise description of the organic matter quality, quantity, ability to
flow hydrocarbons, and degree of thermal maturity (Peters, 1986; Peters
et al., 1994; Baskin, 1997; Carvajal-Ortiz and Gentzis, 2015, 2018;
Petersen et al., 2020; Mansour et al., 2020a, 2020b; Xia et al., 2021). A
few earlier studies have focused on the Antrim Shale’s organic and
inorganic geochemical characterization, thermal maturity, and isotope
geochemistry (e.g., Dellapenna, 1991; Rullkotter et al., 1992; Curtis,
2002; Brown and Kenig, 2004; Swezey, 2008; East et al., 2012; Formolo
et al.,, 2014), but palynofacies investigations and comparison with
organic geochemical characterization are sparse.

Therefore, this study presents an integrated approach between
various palynological and palynofacies parameters, Rock-Eval pyrolysis
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Fig. 1. A) Regional geology map of the Michigan Basin and some tectonic features (modified from Boothroyd, 2012; Structural arches are from Root and Onasch,
1999). B) Location map of the sampled wells in the Michigan Basin (the numbers indicate drill hole permit numbers).
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analyses, and organic petrography. The main objectives are to (1) assess
the age of deposition of the Norwood, Paxton, Lachine, and Upper
members of the Antrim Shale Formation and reconstruct their paleo-
environmental conditions based on palynofacies analysis, preserved
marine microphytoplankton, and terrestrial palynomorphs, and (2) to
evaluate the organic matter quantity, quality, thermal maturity, and its
potential to generate and flow hydrocarbons.

2. Geologic settings

The Mid-continent region of the USA is characterized by several
giant sedimentary basins, including the Illinois, Michigan, and Appala-
chian basins (Fig. 1A). The Michigan Basin is an ellipsoidal, intra-
cratonic basin, which straddled the Eastern Interior Seaway and was
formed by the successive subsidence and deepening during the Paleozoic
(Dorr and Eschman, 1970; Nunn et al., 1984). The Michigan Basin
(Fig. 1B) is one of the numerous basins associated with low latitude
epeiric seas that covered Laurentia paleocontinent during the Devonian
period (Formolo et al., 2014). It transitioned from a carbonate shelf
depositional environment to a deep basin during the Frasnian because of
the effect of the Taghanic Onlap (Johnson, 1970). This event initiated
the deposition of the Antrim Shale by raising the sea-level progressively,
while the Eastern Interior Seaway subsided at the same time (Gutschick
and Sandberg, 1991).

The Michigan Basin is bordered to the east by the Algonquin Arch, to
the north by the Canadian Shield, to the south by the KanKakee and
Findlay arches and the south Wisconsin lowland. The basin was con-
nected with the adjoining basins to the west through a series of inlets
(Fig. 1A, Gutschick and Sandberg, 1991). The Michigan Basin was
formed in response to foreland compression and isostatic compensation
triggered by the Antler and Acadian orogenies, which controlled the
tectonic history and sedimentary processes of the Devonian to Missis-
sippian siliciclastics (Gutschick and Sandberg, 1991). The Michigan
Basin is bounded in the northern margin by two major fault systems
trending northeast and northwest (Curtis, 2002). These fault systems are
marked by thin calcite coatings (Decker et al., 1992; Martini et al.,
1998), extending tens of meters in surface exposures of the northern
basin margin (Curtis, 2002).

The Michigan Basin was filled with more than 4600 m of sediments,
represented by Paleozoic to Mesozoic marine deposits overlaying the
Precambrian basement rocks (Fig. 2A). During the Late Ordovician to
Late Devonian, the Acadian Orogeny triggered a series of environmental
and tectonic events that led to the deposition of fine clastic and car-
bonate sediments (Quinlan and Beaumont, 1984). At that time, fine
siliciclastic sediments started to accumulate in the Appalachian Basin as
opposed to enhanced carbonate production in the Michigan Basin,
revealing that the active subsidence of the Appalachian Basin might
have trapped siliciclastic material from entering the Michigan Basin
(Swezey, 2008). During the Late Devonian, fine siliciclastic accumula-
tion extended beyond the Appalachian into the Michigan Basin, thus,
fostering the carbonate production collapse and accumulation of the
organic-rich Antrim Shale Formation (Fig. 2B, Swezey, 2008). Despite
the thick stratigraphic succession of the Antrim Shale Formation across
the Michigan Basin, it is laterally absent in the extreme northern and
southern margins due to significant truncation by erosion (Dellapenna,
1991). Regionally, the Antrim Shale Formation is stratigraphically
equivalent to other black shales deposition in the Eastern Interior
Seaway (Chattanooga Shale in the Appalachian Basin, the Bakken Shale
in the Williston Basin, and the New Albany Shale in the Illinois Basin,
Dellapenna, 1991).

The Antrim Shale Formation is composed of finely laminated to
massive, silty, organic-rich and also quartz-rich, black to brown shales
and gray calcareous shales (Fig. 2B). The strata of the Michigan Basin
dip towards the basin depocenter (Matthews, 1993; Mclntosh et al.,
2004). The Antrim Shale Formation includes, from oldest to youngest,
the Norwood, Paxton, Lachine, and Upper members (Fig. 2B, Gutschick

Marine and Petroleum Geology 140 (2022) 105683

Age Lithostratigraph
(Ma) Chronost, Northwest i Southeastﬂ
Lower bl
350, o|Mississip Coldwater Dllal\:[ Sorbry S
Bedford Shale Berea Sandstone|
Ellsworth Shale | Upper Member
F
Upper Lachine Member
Devonian Antrim
Shale
Paxton Member
Norwood Member
385.3] Traverse Formation (undivided)
Traverse
Traverse Limestone Group
Middle Bell Shale
Devonian Dundee Limestone
Lucas Formation Detroit
397.5 Amherstburg Formation River
""IL. Devonian| Bois Blanc Fm. J Sylvania Sandstone | Group
South
Lithostr. fI=] Dfn':;h 48772 | Lithostr.
Upper
. 509 »
Lachine 60134 | Lithostr. 512 »] Upper
515 »f Member
519 »
Upper
Paxton Member
Lachine
Norwood 540 »|
542 »
545 »
Lachine
Paxton
557 »|
564 »| gl Norwood|
Paxton 569 »l
Legend
-Black shale
f:f::: Light grey shale
Dark grey shale
Norwood - o
Scale bar=10m

Fig. 2. A) Middle Devonian to Lower Mississippian regional lithostratigraphic
chart of the Michigan Basin (modified after Swezey, 2008). B) Lithostrati-
graphic succession of the Antrim Shale Formation in three drill holes sampled in
the Michigan Basin. The 60,134 drill hole represents the basin depocenter,
whereas the 44,266 and 48,772 drill holes represent the basin margins relative
to north and south directions, respectively. Blue triangles (to the left) define
samples that were analyzed for geochemistry only, whereas pink triangles
signify samples that were processed for both palynology and organic
geochemistry analyses in the three drill holes. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)

and Sandberg, 1991). The Norwood Member consists of laminated
organic matter-rich black shales with minor intercalation of fossiliferous
limestone. Quartz content is usually high in this member and reaches up
to 50% with plentiful pyrite nodules and calcareous concretions (Del-
lapenna, 1991). It is overlain by the Paxton Member, which is composed
of massive, organic matter-lean, light gray calcareous shale (Gutschick,
1987; Dellapena, 1991; Martini et al., 1998). The Lachine and the
overlying Paxton members are separated by a sharp erosional surface,
which corresponds to the extinction event of the late Frasnian (Formolo
et al., 2014). The Lachine Member consists of fine lamina composed of
quartz and organic-rich brown to black shales. The topmost Upper
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Member is an organic-rich unit of black shale, which laterally changes
into the Ellsworth Shale in the eastern and central parts of the Michigan
Basin (Gutschick and Sandberg, 1991).

3. Materials and methods
3.1. Palynological screening and palynofacies analysis

A total of 18 core samples were collected through the Antrim Shale
Formation from three drill holes in the Michigan Basin (Permit Numbers
44,266, 60,134, and 48,772, Fig. 1B). Hole 60,134 is the deepest one,
which was drilled in the basin depocenter, in contrast to the other two
marginal drill holes (Fig. 2B). The distances of transect between holes
44,266, 60,134, and 48,772 are 117, 134, and 242 km, respectively. The
thickness of the Antrim Formation in holes 44,266, 60,134, and 48,772
is 112.5, 169.8, and 65.2 m, respectively. Each member of the Upper,
Lachine and Paxton is represented by four samples, except for the Nor-
wood Member, which is represented by 6 samples. Approximately 10 g
of each rock sample was crushed into small debris (1-5 mm) and
chemically treated using concentrated HCI (34%) and HF (70%) acids
following the standard preparation techniques of Wood et al. (1996).
The organic residue was sieved in a nylon mesh of 15 pm, followed by
permanent mounting on glass slides using Canada Balsam. Chemical
treatment using either oxidative nitric acid or alkalis were avoided due
to its negative impact on particulate organic matter (POM) composition.
Palynological processing of the samples was carried out at the Geology
Department, Minia University, Egypt. Two slides were prepared for each
sample and examined using a Nikon Eclipse 80i/49 microscope and a
ProgRes© SpeedXT"® 5 digital camera at the Institute of Paleontology,
University of Vienna.

An approximate count of 500 particles of POM, including AOM,
opaque and translucent phytoclasts, and palynomorphs, was performed
on each sample (Table 1). Stratigraphic variation in the POM composi-
tion presents a good opportunity to discriminate between different
palynofacies assemblages based on cluster analysis using the Ward’s
method in the statistical PAST program (Hammer et al., 2001). Addi-
tionally, we used the AOM-Phytoclasts-Palynomorphs (APP) ternary
plot of Tyson (1993) to tie the cluster analysis to palynofacies results.
Also, this ternary diagram is used herein to indicate visual character-
ization of kerogen composition and types, to reconstruct proximal-distal
trends of relative sea level, and to predict changes in terrestrial/riverine

Table 1
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input (e.g., Pittet and Gorin, 1997; Mansour et al., 2020a, 2020b).

3.2. TOC and Rock-Eval pyrolysis

Total organic carbon (TOC) and Rock-Eval pyrolysis analyses were
conducted at the Advanced Technology Center, Core Laboratories in
Houston, USA. A total of 35 core samples from the above three wells of
the Michigan Basin, including samples processed for palynology, were
powdered and assessed for their organic matter and hydrocarbon qual-
ity, quantity, and thermal maturity (Table 2). All samples were analyzed
without solvent extraction. An aliquot of 60 mg of each sample was
analyzed by a Rock-Eval® 6 Turbo instrument using one of the IFP Rock-
Eval methods®, the Shale Play® method (Romero-Sarmiento et al.,
2014; Carvajal-Ortiz and Gentzis, 2018). The advantage of this method
is the reliable characterization of source rock intervals of unconven-
tional systems such as fractured, tight, and hybrid shale plays. The initial
temperature used to apply this method is 100 °C + 50 °C (Romer-
o-Sarmiento et al., 2015); however, we used a slightly lower tempera-
ture regime of 80 °C to capture any thermo-vaporizable light
hydrocarbons remaining in the samples (Carvajal-Ortiz and Gentzis,
2018). The pyrolysis temperature of 80 °C was immediately increased to
200 °C at 25 °C/min. The oven was held isothermal for 3 min at 200 °C
to achieve the thermal extraction of the lightest hydrocarbon fraction
(Sh0). From 200 °C, the oven temperature increased to 350 °C at a rate
of 25 °C/min, staying isothermal at that temperature for 3 min. This was
done to achieve thermal extraction of the medium/heavy hydrocarbon
fraction or Shl. The last temperature step consisted of a temperature
ramp from 350 °C to 650 °C at 25 °C/min to achieve thermal cracking of
the NSO compounds or kerogen fraction, Sh2. The Sh0 and Sh1 fractions
are equivalent to the S; (free or sorbed hydrocarbons) of the
Basic/Bulk-Rock method and Sh2 is equivalent to the Sy (thermally
cracked hydrocarbons indicative of the remaining potential of the
organic matter) of the Basic/Bulk-Rock method.

The amounts of CO and CO, from thermal decomposition (S3) and
oxidation (S4) of the organic matter were also obtained. Hydrocarbons
and both CO; and CO were simultaneously detected via a flame ioni-
zation detector (FID for hydrocarbons) and infrared cells (IR cells for
CO5 and CO). All analytical measurements were carried out three times
for each sample to check the quality and uniformity of aliquots and to
assess analytical precision. Thus, the analytical error for the hydrocar-
bon pyrolysis parameters (i.e., S+S3) was better than + 0.5 mg HC/g

Particulate organic matter (POM) composition and palynomorphs content of the Antrim Shale samples from the Michigan Basin. Abbreviations; Palynom. = paly-
nomorphs; Transl. = translucent; Equidi. = equidimensional; Opq:Trs = opaque:translucent.

Well name  Member Sample depth (m)  Total particulate organic matter (POM, 100%) Total palynomorphs composition (100%) Opq:Trs ratio
AOM  Palynom. Phytoclasts Achritarchs ~ Prasinophytes ~ Spores ~ FWA
Total  Transl.  Opaques
Lath  Equidi.
44,266 Lachine 434 87.6 1.7 10.7 2.8 2.8 5.2 36.2 57.5 2.4 3.86 2.9
Paxton 440 90.7 0.7 8.5 2.4 3.2 3 40.3 56.3 2.8 0.57 2.6
Norwood 450 79 1 20 16.4 0.8 2.8 42.4 51.2 6.4 0 0.2
457 88.2 1.7 10 4 2.5 3.5 38.4 52.4 8.1 1.08 1.5
60,134 Upper 982 75.2 20.6 4.2 1.2 1 2 18.6 75.6 0.98 4.89 2.5
985 88.6 1.6 9.8 5.2 1.6 3 41 56.2 2.8 0 0.9
Lachine 999 60.1 3.4 36.5 6.2 8 22.4 27.2 72.8 0 0 4.9
1009 70.8 1.4 27.8 4.6 5.2 18.1 29.6 70.4 0 0 5.1
Paxton 1030 45.2 2 52.8 2 2.4 48.4 31.1 68.9 0 0 25.4
1033 51 7.1 41.9 185 3.4 20 45.8 49.8 3.5 0.99 1.3
Norwood 1043 72.2 0 27.8 9.8 5.2 12.8 73.7 21.1 5.3 0 1.8
1046 51 2 47 36 3.8 7.2 59.3 37.1 3.6 0 0.3
1052 59.6 0 40.4 18.4 4.4 17.6 37.3 54.5 0 3.83 1.2
48,772 Upper 509 86.7 1.4 12 5.4 2.7 3.9 33.9 54.7 11.5 0 1.2
515 81.9 1.6 16.5 6.8 4.8 5 34.5 56.1 9.5 0 1.4
Lachine 542 94.5 1 4.5 0.8 2 1.8 32.3 56.1 11.6 0 4.8
Paxton 557 58.3 6.3 35.3 13.7 9.7 11.9 53.1 43.1 3.8 0 1.6
Norwood 569 88.8 2 9.2 6.2 2.2 0.8 49.7 47.2 3.1 0 0.5




A. Mansour et al.

Marine and Petroleum Geology 140 (2022) 105683

Table 2
TOC and Rock-Eval pyrolysis parameters of the Antrim Shale samples measured using the IFP Shale Play method.
Well ID Member Depth  TOC Sho Shl OIL Sh2 S3 Tmax  Vro- HI OI PI OSlIs
Eq
(m) wt% mg mg mg mg HC/ mg °C % Sh2x100/ $3x100/ 0il/(0il OILx100/
HC/g HC/g  HC/g g co2/g TOC TOC + Sh2) TOC
44,266 Lachine 420 5.14 0.94 2.16 3.1 24.59 0.16 435 478.4 3.1 0.11 60.3
422 7.4 1.38 2.74 4.12 33.42 0.09 432 451.6 1.2 0.11 55.7
434 11.03 2.73 4.33 7.06 55.6 1.24 434 0.71 504.1 11.2 0.11 64.0
Paxton 440 0.48 0.05 0.23 0.28 1.16 0.17 438 0.8 241.7 35.4 0.19 58.3
448 0.84 0.12 0.82 0.94 3.23 0.2 434 384.5 23.8 0.23 111.9
Norwood 450 25.07 2.23 9.79 12.02 116.47 0.86 448 0.74 464.6 3.4 0.09 47.9
452 14.85 3.08 5.95 9.03 86.74 0.24 437 584.1 1.6 0.09 60.8
457 10.65 2.03 4.03 6.06 63.77 0.23 443 0.75 598.8 2.2 0.09 56.9
60,134 Upper 979 1.82 0.34 1.76 2.1 5.61 0.15 441 308.2 8.2 0.27 115.4
982 2.29 0.55 2.07 2.62 7.16 0.58 443 0.73 312.7 25.3 0.27 114.4
985 3.12 0.51 2.69 3.2 11.53 0.14 443 0.75 369.6 4.5 0.22 102.6
988 3.22 0.89 2.93 3.82 11.73 0.15 442 364.3 4.7 0.25 118.6
Lachine 999 7.42 2.59 4.38 6.97 26.74 0.01 439 360.4 0.1 0.21 93.9
1009 8.83 2.69 3.81 6.5 36.83 0.09 441 0.77 417.1 1.0 0.15 73.6
1012 8.76 2.67 3.94 6.61 31.43 0.09 438 358.8 1.0 0.17 75.5
1018 9 2.13 3.23 5.36 51.31 0.12 445 0.74 570.1 1.3 0.09 59.6
Paxton 1024 0.58 0.15 0.97 1.12 1.91 0.04 426 329.3 6.9 0.37 193.1
1028 0.59 0.13 0.73 0.86 1.55 0.15 428 262.7 25.4 0.36 145.8
1030 0.23 0.07 0.26 0.33 0.6 0.18 426 0.82 260.9 78.3 0.35 143.5
1033 1.5 0.42 1.89 2.31 5.36 0.23 435 0.74 357.3 15.3 0.30 154.0
Norwood 1040 14.15 3.76 4.53 8.29 69.11 0.25 439 0.81 488.4 1.8 0.11 58.6
1043 10.8 2.92 4.09 7.01 44.48 0.61 442 0.78 411.9 5.6 0.14 64.9
1046 1.88 0.34 2.19 2.53 6.89 0.18 432 366.5 9.6 0.27 134.6
1049 12 3.49 4.6 8.09 39.54 0 443 0.82 329.5 0.0 0.17 67.4
1052 7.49 2.1 3.44 5.54 23.78 0.76 442 317.5 10.1 0.19 74.0
48,772 Upper 509 7.86 1.55 2.8 4.35 34.66 0.05 432 441.0 0.6 0.11 55.3
512 5.51 1.17 1.88 3.05 21.52 0.17 431 390.6 3.1 0.12 55.4
515 4.56 0.89 1.79 2.68 18.24 0.03 434 0.7 400.0 0.7 0.13 58.8
519 6.61 1.34 2.29 3.63 29.75 0.19 436 0.72 450.1 2.9 0.11 54.9
Lachine 540 6.47 1.6 2.52 4.12 30.92 0.19 436 477.9 2.9 0.12 63.7
542 4.54 1.17 2.23 3.4 20.07 0.25 434 442.1 5.5 0.14 74.9
545 8.05 2.23 3.15 5.38 43.13 0.66 436 0.76 535.8 8.2 0.11 66.8
Paxton 557 0.29 0.06 0.18 0.24 0.6 0.11 438 0.76 206.9 37.9 0.29 82.8
Norwood 564 19.32 4.79 5.66 10.45 110.69 0.15 436 0.77 572.9 0.8 0.09 54.1
569 9.9 2.19 3.21 5.4 50.68 0.43 431 0.72 511.9 4.3 0.10 54.5

rock. Additionally, some calculated parameters were also included, such
as hydrogen index (HI = 100 x [S2/TOC]), oxygen index (OI = 100 x
S3/TOC), production index (PI=S;/S1+S3), and oil saturation index
(OSI = [S; x 1001/TOC).

3.3. Vitrinite reflectance (VRo-eq)

From the total of 35 samples analyzed by TOC/Rock-Eval pyrolysis,
19 samples were selected for organic petrography analysis. The selection
was based on two factors: a) high TOC content, and b) representation
from all four members of the Antrim Shale in the three drill holes. An
aliquot of 10 g of each sample was milled into ca. 840 pm, put in the
pellets after well-mixing of Epo-Thin epoxy and hardener (2:1, v:v), and
left to solidify for 24 h. This was followed by polishing the surface of the
pellets using 320 pm and 600 pm cloths. Then, alumina powder and
water have been used for further polishing with two phases of 0.3 pm
and 0.05 pm, respectively. Reflected light microscopic investigation
using a Zeiss Axiolmager.A2m was carried out at Core Laboratories Inc.
in Houston, Texas, USA. The microscopic unit is equipped with digital
camera and UV light (fluorescence) source. The UV light investigations
were conducted using two filters with an excitation wavelength at 465
nm and a combined beam splitter and barrier filter having a cut at 515
nm. The Yttrium-Aluminum-Garnet (YAG) standard having Ro of 1.0%
was used while measuring the random reflectance primary bitumen.
Vitrinite Ro-eq was calculated from the measured bitumen Ro values
following the equation of Liu et al. (2019). The whole-rock sample
preparation method and the reflectance measurements of the organic
matter in the Antrim Shale samples were conducted following the ISO
standards (ISO 7404-, part 2, 2009; ISO 7404-, part 5, 2009) and ASTM

D7708-14 (2014).
4. Results
4.1. Palynological composition

The Antrim Shale Formation is characterized by a moderate to high
palynomorphs recovery of fairly to well-preserved assemblages that are
composed mainly of marine-inhabited acritarchs and prasinophyte
phycomata (Figs. 3-4). Terrestrially derived plant spores are repre-
sented by moderate to low abundance compared to sporadic occurrences
of freshwater algae (Fig. 3, Appendix 1). Overall, an assemblage of 31
genera represented by 53 species was defined and counted throughout
the studied Antrim Shale samples (Appendix 1). The acritarch assem-
blage is dominated by Lophosphaeridium sp., L. segregum, Comasphaeri-
dium muscosum, Alocomurus compactus, Micrhystridium sp., M. stellatum,
Veryhachium trispinosum, V. europaeum, Navifusa bacilla, and N. exilis
(Fig. 4). The prasinophyte phycomata includes Dictyotidium torosum,
Dictyotidium  sp., Cymatiosphaera  perimembrana, C. chelina,
C. ambotrocha, C. parvicarina, Leiosphaeridium sp., Tasmanites sommeri,
T. sinuosus, Tasmanites sp., Muraticavea enteichia, and Polyedryxium
pharaone. The pteridophyte plant spores are dominated by trilete spores
Triletes globulus, Verrucosisporites sp., Calamospora obtecta, Punctatispor-
ites sp., Geminospora lemurata, and Cristatisporites cariosus, and the
monolete spore Laevigatosporites sp.

4.2. POM composition

For a reliable discrimination of different palynofacies assemblages,
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all samples of the Antrim Shale Formation were statistically distributed
using cluster analysis (Fig. 5A) and then plotted in the APP ternary di-
agram of Tyson (1993, Fig. 5B). Thus, the studied intervals can be
divided into two palynofacies assemblages (PFA) relative to their
stratigraphic distribution in the AOM, palynomorphs and phytoclasts
contents (Fig. 6). The variation of palynofacies parameters, including
equidimensional and lath-shaped opaque wood particles, translucent
phytoclasts such as wood tracheid and cuticles, membrane, fungal hy-
phae, and ratios such as opaque:translucent (Opq:Trs) phytoclasts, and
selected palynomorphs are shown in Fig. 6. Samples in the three drill
holes under study are largely dominated by AOM (Fig. 7), therefore,
each palynofacies assemblage was recognized based on the structured
organic matter (i.e., phytoclast content) and the frequency of recovered
palynomorphs.

4.2.1. Palynofacies assemblage 1 (PFA-1)

The first PFA is found in most of the Antrim Shale samples in the
three drill holes (Figs. 5 and 7). It is dominated by an overwhelming
abundance of the AOM (70.8-94.5%, avg. 83.7% of total POM content)
compared to low phytoclasts (4.2-27.9%, avg. 13.4% of total POM) and
palynomorphs contents (0-20.6%, avg. 2.9% of total POM). The opaque

phytoclasts (3-23.3%, avg. 8% of total POM) have a higher abundance
than the translucent woody particles (0.8-16.4%, avg. 5.5%). The
equidimensional opaque phytoclasts (0.8-18.1%, avg. 5.2% of total
POM) are nearly twice as abundant as the small lath-shaped opaque
debris (0.8-5.2%, avg. 2.8%). The Opq:Trs ratio varies widely within the
PFA-1 and ranges from 0.2 to 5.1, with an average of 2.1 (Fig. 7). The
palynomorphs composition of the PFA-1 is dominated by prasinophyte
phycomata (21.1-75.6%, avg. 54.6% of total palynomorphs content
(TPCQ)) followed by acritarchs (18.6-73.7%, avg. 39.2% of TPC). Both
groups are regarded as marine phytoplankton. In contrast, terrestrial
palynomorphs are also present in the studied samples and are repre-
sented by rare to common pteridophyte spores (0-11.6%, avg. 5.3% of
TPC) and rare freshwater algae (0-4.9%, avg. 0.9% of TPC).

4.2.2. Palynofacies assemblage 2 (PFA-2)

The second palynofacies cluster is represented by six sample in-
tervals in the drill holes 60,134 and 48,772 (Figs. 5-6). The PFA-2 is
dominated by moderate abundances of the AOM (45.2-60.1%, avg.
54.2% of total POM) and phytoclasts (35.3-52.8%, avg. 42.3% of total
POM, Fig. 7), with the AOM content showing higher average values than
the phytoclast content. The palynomorphs content (0-7.1%, avg. 3.5%



A. Mansour et al. Marine and Petroleum Geology 140 (2022) 105683

C

Fig. 4. Microscopic photographs under transmitted white light of recovered palynomorphs from the Antrim Shale Formation, Michigan Basin. The scale bar is ca. 50
pm unless otherwise noted. A) Tasmanites sinuosus Winslow (1962), 434 m, Slide A, 44,266 drill hole. B) Tasmanites sommeri Winslow (1962), 509 m, Slide A, 48,772
drill hole. C) Tasmanites sp., 450 m, Slide A, 44,266 drill hole. D) Polyedryxium pharaone Deunff, 1961, 1046 m, Slide B, 60,134 drill hole. E) Micrhystridium sp. cf.
M. pentagonale Stockmans and Williere, 1963, 557 m, Slide B, 48,772 drill hole. F) Veryhachium trispinosum (Eisenack, 1938), Stockmans and Williere, 1962, 985 m,
Slide A, 60,134 drill hole. G) Lophosphaeridium deminutum Playford (1981), 575 m, Slide B, 44,266 drill hole. H) Leiosphaeridium sp., 1030 m, Slide A, 60,134 drill
hole. I) Veryhachium europaeum Stockmans and Williere, 1960, 982 m, Slide B, 60,134 drill hole. J) Cymatiosphaera chelina, Wicander and Loeblich (1977), 557 m,
Slide A, 48,772 drill hole. K) Cymatiosphaera perimembrana Staplin, 1961, 1046 m, Slide B, 60,134 drill hole. L) Veryhachium arcarium, Wicander and Loeblich (1977),
985 m, Slide B, 60,134 drill hole.
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Fig. 5. (A) Statistical analysis of the phytoclasts, AOM, and palynomorphs of the Antrim Shale samples using the Ward’s method (Hammer et al., 2001), where all
samples are distributed into two clusters that define two different palynofacies assemblages. (B) Ternary diagram of AOM-Phytoclasts-Palynomorphs (after Tyson,
1993) with cluster 1 characterizes the first palynofacies assemblage (PFA-1), while cluster 2 defines the samples of the PFA-2.

of total POM) is considerably lower within the PFA-2. Like PFA-1, the
opaque woody particles in the PFA-2 (11-50.8%, avg. 26.5% of total
POM) have higher abundance than the translucent wood debris (2-36%,
avg. 15.8% of total POM). The amount of equidimensional large opaque
wood (7.2-48.4%, avg. 21.3% of total POM) is nearly five times that of
the small lath-shaped wood particles (2.4-9.7%, avg. 5.3% of total

POM). Additionally, the Opq:Trs ratio (0.3-25.4, avg. 5.8) is relatively
higher in the PFA-2 than in the PFA-1 (Fig. 7). The palynomorph
composition of the PFA-2 is similar to the PFA-1, where organic-walled
acritarchs (27.2-59.3%, avg. 42.3% of TPC) and prasinophytes
(37.1-72.8%, avg. 54.4% of TPC, Figs. 7-8) are the most abundant
palynomorph groups. The continental palynomorphs of spores (0-3.8%,
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avg. 1.8% of TPC) and freshwater algae (0-3.8, avg. 0.8% of TPC) are
sparsely recorded within the PFA-2.

4.3. TOC content and Rock-Eval parameters

The TOC and Rock-Eval pyrolysis data are reported in Table 2 and
plotted in Fig. 7. The Antrim Shale Formation shows variable quantities
and qualities of organic matter. The TOC content has a wide range, from
as low as 0.23 wt% (in the Paxton Member) to as high as 25.1 wt%. The
highest values of TOC are found in the Norwood Member throughout the
three drill holes. The hydrocarbon fractions of S values vary consider-
ably (0.6-116.5 mg HC/g rock, Fig. 9), and the average content is about
32 mg HC/g rock. The HI values range between 207 and 599 mg HC/g
TOC, with an average of 409 mg HC/g TOC (Fig. 10), whereas the OI
values are notably low to moderate (0-78.3, avg. 9.9 mg CO5/g TOC).
The maximum temperature of thermal cracking of kerogen (Tp,ax) range
between 426 and 448 °C (average 437 °C, Fig. 10). The S; values are
moderate to high (4.5-12 mg HC/g TOC, Fig. 11). The PI is relatively
high and reaches up to 0.4 with an average 0.2 (Fig. 12). Lowest S; and
PI values are recorded within the Paxton Member. The pyrograms of all
measured samples displayed a well-developed Gaussian-shaped Sh2
peak (not shown).

4.4. Organic petrography characteristics

Representative photomicrographs taken under reflected white light
(RWL) and fluorescent light (FL) along with various organic petro-
graphic characteristics are shown in Figs. 13-15. The dominant organic
matter, represented by the green algae Tasmanites and Leiosphaeridia
cysts, accounts for approximately two-thirds of the organofacies popu-
lation. The remaining one-third is comprised of various types of solid
bitumen, rare vitrinite, and some inertinite. The concentration of telal-
ginite and solid bitumen declined in the Upper and Paxton members at
the expense of inertinite and vitrinite.

In the 60,134-drill hole, the higher maturity is evident not only by
the higher Ro of the solid bitumen and rare vitrinite, but mainly from the
weak dull yellow to brown fluorescence colors of the Tasmanites

Marine and Petroleum Geology 140 (2022) 105683

Fig. 6. Microscopic photographs under transmitted
white light for POM composition of the Antrim Shale
Formation. PFA-1 that composed mainly of AOM
recovered from (A) the core sample 3221 of the Upper
Member in the 60,134 drill hole, and (B) the core
sample 1865 from the Norwood Member in the
48,772 drill hole. (C-D) PFA-2 comprises moderate
contents of the AOM and phytoclasts taken from the
core sample 1827 and 3379 from the Paxton Member
in the 48,772 and 60,134 drill holes, respectively.

telalginite (Fig. 13). The transformation of Tasmanites to bitumen is
evident in the Paxton and Upper members (Fig. 13A-G). In the 48,772-
drill hole, the solid bitumen Ro is lower and the fluorescence color of
Tasmanites is golden yellow (Fig. 14C-D, G-L). Here, the Paxton Member
contains lower abundance and smaller alginite (Fig. 14I-L) compared to
the Norwood (Fig. 140 and P) and Upper members (Fig. 14C and D),
which contain thick Tasmanites. The Lachine Member contains mostly
Leiosphaeridia (Fig. 14G and H). Maturity of the organic matter in the
44,266-drill hole in the northern part of the basin is similar to that in the
south based on the Ro of the solid bitumen and fluorescence color of
Tasmanites (Fig. 15). In the northern drill hole, the Paxton Member is
poor in alginite, and the algal bodies are small except for rare thick-
walled unicellular Tasmanites showing the characteristic suture line
(Fig. 15E-H).

Solid bitumen in the Antrim Shale was classified following the pro-
posed stages of Sanei (2020). The bitumen reflectance values (BRo) from
the Lachine and Norwood black shale members range from 0.53 to
0.70%, and thus, are classified as initial-oil solid bitumen (IOSB).
Diagenetic solid bitumen (degraded bituminite with Ro < 0.5%) was
seen on one occasion (Paxton Member, drill hole 60,134 at 1033 m).

5. Discussion
5.1. Age diagnostic taxa and correlation

Within the studied samples, monospecific marker taxa exhibit a
distinctive biostratigraphic signature for the Antrim Shale Formation
(Fig. 3). This includes the Cymatiosphaera chelina, C. perimembrana,
C. ambotrocha, C. parvicarina, Lophosphaeridium segregum, L. deminutum,
Veryhachium arcarium, and Micrhystridium sp. cf. M. pentagonale (Fig. 4).
Such taxa give the impression of cosmopolitan marker palynomorphs as
they have been broadly recorded in both hemispheres (Winslow, 1962;
Bharadwaj et al., 1970; Wicander, 1975, 1983; Wicander and Loeblich,
1977; Playford, 1981; Molyneux et al., 1984; Wicander and Playford,
1985; Li-chang and Wicander, 1988; Huysken et al., 1992; Hashemi and
Playford, 1998; Ghavidel-syooki and Owens, 2007; Pereira et al., 2008;
Wicander and Playford, 2013). To the best of our knowledge, this is the
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first detailed palynostratigraphic investigation on the Antrim Shale species Cymatiosphaera chelina is restricted to the Norwood and Paxton
Formation from the Michigan Basin. members, whereas the C. ambotrocha is recorded in the Norwood and
Within the Antrim Shale Formation, the occurrence of the marker Lachine members. Additionally, the C. perimembrana occurs within the

10



A. Mansour et al.

Marine and Petroleum Geology 140 (2022) 105683

300
Type | Oil prone Type Il Oil prone
usually lacustrine usually marine /;560
& 250 , a2
- @ Upper Antrim s e
© © Lachine -
= @ Paxton o
C  200-@Norwood
.8 < Mixed type II/111
8_ < ....... Oil to gas prone
U g 150 -1 ; o e % ' \_\\57_0 ------
I I I —
gE | e T e
g 1004 s T e
‘s | S e e Type Il
e | ce® e Gas prone
R B HI=50...
SO T o a5 prome
0-’ T T T T
0 40 50 60 70 80

TOC (wt%)

Fig. 9. Plot of the TOC content versus the Rock-Eval S, values of the Antrim Shale Formation samples used to indicate kerogen types and source rock generating

potential (modified after Langford and Blanc-Valleron, 1990).

Norwood and Upper members, reflecting its occurrence throughout the
whole formation compared to the C. parvicarina that is reported only
within the Norwood Member. Cymatiosphaera is one of the most com-
mon prasinophyte genera that is widely known to have first appeared
within the Late Devonian and to become very frequent particularly
within the Frasnian-Famennian time. The Cymatiosphaera genus is rep-
resented by C. chelina, C. ambotrocha, and C. parvicarina, which were
previously documented from the Upper Devonian strata (Frasnian to
Famennian) of the Antrim Shale Formation in Indiana (Wicander and
Loeblich, 1977), the upper Frasnian-lower Famennian strata of the Lime
Creek Formation in the Iowa Basin (Wicander and Playford, 1985), and
the Upper Devonian (Famennian) Saverton Shale Formation in the Illi-
nois Basin (Wicander and Playford, 2013). The C. parvicarina was also
reported from the upper Famennian strata of the Chagrin Shale in Ohio,
USA (Wicander, 1974). The Cymatiosphaera perimembrana is commonly
distributed throughout the Frasnian-Famennian sediments in North
America (Iowa and Illinois, Wicander and Playford, 1985; 2013), the
southern hemisphere in Western Australia (Western Carnarvon Basin,
Playford, 1981), Europe (the South Portuguese Zone, Pereira et al.,
2008), and the Middle East (Central Iran Basin, Hashemi and Playford,
1998). Thus, the occurrence of C. chelina, C. ambotrocha, C. parvicarina,
and C. perimembrana marker prasinophytes within the Antrim Shale
Formation suggests an age no younger than Frasnian-Famennian.

The acritarch species Lophosphaeridium segregum and L. deminutum
have a short range and extend from the Frasnian to the Famennian
stages. Playford (1981) reported L. segregum and L. deminutum within the
Frasnian Gneudna Formation in Western Australia. Wicander and
Playford (1985, 2013) identified L. segregum from the upper Frasnian
Lime Creek Formation in Iowa and the Saverton Shale Formation in the
Illinois Basin, USA. The L. deminutum and L. segregum were further
recorded from the Frasnian-Famennian strata of the Central Iran Basin
and the Alborz Mountain in Iran, respectively (Hashemi and Playford,
1998; Ghavidel-syooki and Owens, 2007). These two species are recor-
ded in most samples studied, thus reinforcing an age of
Frasnian-Famennian of the Antrim Shale Formation. Wicander (1983)

considered Veryhachium arcarium species to mark the late Frasnian-early
Famennian transition for sediments of the Antrim Shale Formation in
Indiana, USA. Wicander and Playford (1985) assigned the same age
based on the common occurrence of the V. arcarium within the Lime
Creek Formation in Iowa, USA. Additionally, the V. arcarium was also
reported in the lower Famennian strata of China (Li-chang and
Wicander, 1988) and the Frasnian-Famennian Saverton Shale in the USA
(Wicander and Playford, 2013). The occurrence of this index taxon was
limited only to the Upper Member, which suggests an early Famennian
age. This can be further confirmed by previous biostratigraphic assess-
ment of the Upper Member based on the conodont dated Polygnathus
marginifera zone (Ziegler and Sandberg, 1990).

Overall, we can conclude that marker prasinophyte phycomata and
acritarchs support an age of the Antrim Shale Formation no younger
than late Frasnian-early Famennian. Furthermore, based on previously
erected conodont dated Polygnathus linguiformis and P. triangularis zones,
Ziegler and Sandberg (1990) assigned an age of late Frasnian and early
Famennian to the Paxton and Lachine members, respectively. Thin ash
beds (<1 c¢cm) have been reported at the base of the Lachine Member in
the Antrim Shale Formation of the Michigan Basin as well as in the
age-equivalent Hanover Shale in New York and are commonly identified
as the marker beds of the Late Devonian (Frasnian-Famennian) extinc-
tion event (Gutschick and Sandberg, 1991; Over, 2002).

5.2. Depositional paleoenvironment

The composition and distribution of POM are physically controlled
by ecological and sedimentological processes within the depositional
environment. Several palynofacies parameters were utilized for the
Antrim Shale intervals, such as AOM, phytoclasts (opaque and trans-
lucent wood particles), palynomorphs groups, and Opq:Trs ratio. Suc-
cessive qualitative and quantitative variations of the POM composition
generally, and those parameters particularly, led to the definition of two
palynofacies assemblages within the Antrim Shale Formation in the
Michigan Basin (Figs. 5 and 7), which are advantageous for a reliable
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(after Espitalié et al., 1985).

reconstruction of the environment of deposition in terms of
transgressive-regressive fluctuations of sea level (e.g., Powell et al.,
1982; Harker et al., 1990; Tyson, 1993, 1995; Pittet and Gorin, 1997;
Mendonga, Filho et al., 2012; Mansour et al., 2020a, 2020Db).

5.2.1. PFA-1

The first palynofacies assemblage is dominated by a plethora of the
AOM versus very low phytoclasts. Although the TOC content is different
between the four members of the Antrim Formation, the PFA-1 occurs in

12

most samples from the three drill holes (Fig. 5). Differences in TOC
contents could be related to physico-chemical processes such as changes
in redox conditions triggered by sea level oscillations, biological pro-
ductivity, riverine inflow, sedimentation rate and preservation condi-
tions (Tyson, 2001; Mansour et al., 2020c).

Here, all samples of PFA-1 plot in the field IX of the APP ternary
diagram that defines a highly oil prone kerogen Type II > I, except for
the sample 982 m from the Norwood Member in the deeper drill hole,
which plots in the field VIII due to significantly higher content of



A. Mansour et al.

Marine and Petroleum Geology 140 (2022) 105683

16
@ Upper Antrim
14—9%:3:1? Oil cross-pver line
@ Norwood ;
A 12 °
= < 0il sows
o < 10-
£: s
(S N S) =1
Q% S ST e
T E 6- e
3 SeCe
o y
w
T T T Y

TOC (wt%)

Fig. 11. Relationship between the free hydrocarbon content (ShO + S;) and TOC values of the Antrim Shale Formation to reveal the possibility of hydrocarbon flow.
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palynomorphs. The latter sample is characterized by oil prone kerogen
Type II > 1. The two palynofacies fields of IX and VIII indicate that the
samples of the PFA-1 were deposited in a typical sea shelf environment
under enhanced water column stratification conditions (e.g., Tyson,
1993, 1995; Mansour et al., 2020a, 2020b, 2020c, Xia et al., 2021).
Additionally, both fields reveal deposition under severe anoxic shelf
conditions (e.g., Tyson, 1993; Mansour et al., 2020a). Geochemical

Tmax (° C)

Fig. 12. Cross-plot of the Rock-Eval Tp,,x and PI values of the Antrim Shale Formation used to indicate the potential of kerogen conversion to hydrocarbons.
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investigation of the Antrim Shale showed high pyrite sulfur, Mo, U,
Mo/TOC ratio, and a positive trend of 634Spy, revealing deposition of the
Lachine and Norwood members under a prevalent euxinic water column
(Formolo et al., 2014). Various isorenieratene derivatives were reported
in all black shale samples of the Norwood and Lachine members, indi-
cating the predominant occurrence of Chlorobiaceae in the water col-
umn, and thus, deposition under enhanced euxinia (Brown and Kenig,
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Fig. 13. Photomicrographs of dispersed organic matter from the 60,134 drill hole taken under reflected white light and fluorescence light sources. UV light exci-
tation is at 465 nm; combined dichroic and barrier filter have a cut at 515 nm. The scale bar is 10 pm. Upper Member at 985 m: (A) Bitumen (BRo = 0.58%), (B)
Alginite with primary vitrinite (VRo-eq = 0.73%); Qz = Quartz, (C) Telalginite with dull yellow fluorescence, (D) Telalginite has started to be transformed to
bitumen. Lachine Member at 1018 m: (E-F) Bitumen (BRo = 0.67% and 0.62%, respectively), (G-H) Tasmanites telalginite showing central suture line and exhibiting
dull yellow to light brown fluorescence. Paxton Member at 1033 m; (I-J) Alginite. (K-L) Alginite with mostly dull yellow fluorescence. Norwood Member at 1040 m;
(M-N) Bitumen Ro and VRo-eq of 0.64% and 0.71%, respectively, (O-P) Alginite with weak, dull yellow to brown fluorescence. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

2004). Our results from palynofacies fields are consistent with severe prevalent during the deposition of age-equivalent intervals from the
reduced conditions of the bottom water; however, palynofacies analysis adjoining Illinois and Appalachian basins (Brown and Kenig, 2004;
cannot differentiate between anoxic and euxinic conditions as the latter Rimmer et al., 2004; Rimmer, 2004; Ocubalidet et al., 2018; Gilleaudeau
requires further geochemical proxies (i.e., Mo, U, Cu, Ni, sulfur isotopes, et al., 2021). This suggests that the evolution of the Michigan Basin
pyrite framboids, etc.). Similar water column redox conditions were also redox conditions is most likely analogous to the other Late Devonian
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Fig. 14. Photomicrographs of dispersed organic matter from the 48,772 drill hole taken under reflected white light and fluorescence light sources. UV light exci-
tation is at 465 nm; combined dichroic and barrier filter have a cut at 515 nm. The scale bar is 10 pm. Upper Member at 519 m: (A-B) Bitumen BRo of 0.53% and
0.56%, respectively, (C-D) Alginite. Lachine Member at 545 m: (E-F) Bitumen (BRo = 0.54% and 0.58%, respectively), C=Rhombodehral carbonate, (G-H) Alginite.
Paxton Member at 557 m: (I-L) Alginite. Norwood Member at 564 m: (M-N) Bitumen BRo of 0.58% and 0.61%, respectively, (O-P) Alginite.

basins in the USA.

The relatively high AOM content within the PFA-1 supports deposi-
tion during high sea level in distal shelf environments far from active
fluvial sources (Tyson, 1995; Mansour et al., 2020b). Microscopic
investigation of the AOM in samples of the PFA-1 reflects a wide variety

15

of morphologic characteristics, ranging from light yellow to dark brown
granular, spongy and/or flaky AOM and gray AOM associated with in-
clusions of pyrite (Fig. 6, Venkatachala, 1981; Batten, 1996). The former
colors of the AOM point to the deposition of the PFA-1 under low-energy
conditions in a distal marine environment dominated by well-developed
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Fig. 15. Photomicrographs of dispersed organic matter from the 44,266 drill hole taken under reflected white light and fluorescence light sources. UV light exci-
tation is at 465 nm; combined dichroic and barrier filter have a cut at 515 nm. The scale bar is 10 pm. Lachine Member at 434 m: (A-B) Bitumen BRo of 0.53% and
0.51%, respectively; P=Pyrite, (C-D) Alginite. Paxton Member at 440 m: (E-H) Alginite; note the central suture line in the thick-walled Tasmanites telalginite in (E).
Norwood Member at 450 m: (I-J) Bitumen BRo of 0.52% and 0.55%, respectively, (K-L) Alginite.

oxygen deficiency conditions in bottom water (Liickge et al., 1999;
Ercegovac and Kostic, 2006; Pacton et al., 2011; Mansour et al., 2020a).
The common incorporation of pyrite inclusions in the AOM particles also
reveals enhanced reducing environments and accumulation under
improved preservation potential of benthic microbial mats and plank-
tonic organic matter (Tyson, 1995; Ercegovac and Kostic, 2006; Man-
sour et al., 2020b), which is consistent with enhanced euxinic conditions
as evidenced from organic and inorganic geochemical investigations
(Brown and Kenig, 2004; Formolo et al., 2014).

5.2.2. PFA-2

This palynofacies cluster occurs predominantly within the Paxton
Member and is dominated by relatively moderate abundances of AOM
and phytoclasts (Fig. 5). The average phytoclast particles in the PFA-2
reach up to 42.3% of total POM. They are dominated by opaque
woody particles (avg. 26.5%), which comprise almost twice the number
of translucent debris (avg. 15.8%, Fig. 6). Besides, the Opq:Trs ratio is
slightly higher (avg. 5.3) in this palynofacies cluster compared to the
PFA-1 (Fig. 7). The TOC content of this palynofacies is commonly less
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than 2 wt%, except for two samples from the Lachine and Norwood
members in the 60,134-drill hole, both of which have about 7.5 wt%
(Fig. 7, Table 2). Therefore, the phytoclast composition, along with the
Opq:Trs ratio of the PFA-2, suggest two possible interpretations. The
first is related to the deposition of organic-lean samples of the PFA-2 in a
slightly oxidizing proximal shelf environment, in which selective
decomposition of organic components has occurred (Fig. 8, Tyson, 1995;
Mansour et al., 2020c). This interpretation is further supported by the
minor relative sea level fall triggered by phases of isostatic rebounds and
compression associated with the Acadian Orogeny. The sea level fall
enhanced the oxygenation level of the water column (Gutschick and
Sandberg, 1991). This redox setting during deposition of the PFA-2 is
consistent with significantly lower concentrations of TOC, Mo, U, and a
low Mo/TOC ratio relative to the PFA-1, all indicating deposition under
enhanced dysoxic conditions (Formolo et al., 2014). The second expla-
nation refers to the two organic-rich samples, which are interpreted to
have been deposited during enhanced water column productivity sup-
ported by minor fluvio-deltaic organic matter input and phytoclasts.
Deposition of these two samples occurred in a slightly distal, oxygen
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depleted inner neritic shelf environment (Fig. 8, Tyson, 1993, 1995;
Pittet and Gorin, 1997; Mansour et al., 2020a, 2020b, 2020c; Xia et al.,
2021). A long distance of transport is expected to oxidize/alter a high
proportion of translucent phytoclasts into opaque wood particles. Our
results are consistent with the small particle size of most counted phy-
toclasts, thus indicating deposition in distal marine settings (Fig. 8,
Tyson, 1993, 1995; Pittet and Gorin, 1997), but slightly shallower than
the settings of PFA-1.

According to the POM composition of this cluster, all samples plot in
the palynofacies field VI in the APP ternary diagram (Tyson, 1993),
indicating a Type II kerogen mainly of marine oil-prone organic matter
(Fig. 5B). This field shows that the PFA-2 was deposited in a slightly
shallower shelf, typically in an inner neritic sea environment compared
to the distally deposited PFA-1 (Tyson, 1993, 1995). Additionally, the
field indicates dysoxic conditions during the deposition of the Paxton
Member that are consistent with diminished Mo, U, and a low Mo,/TOC
ratio (Formolo et al., 2014). Brown and Kenig (2004) observed signifi-
cant bioturbated fabrics within the Paxton core samples, revealing
deposition of this organic-lean member under an oxic-dysoxic water
column.

5.2.3. Palynomorphs implication for paleoenvironmental reconstruction

The qualitative change in acritarchs and prasinophyte phycomata
and their relative fluctuations can be used to reconstruct the proximal-
distal trends of the shoreline (Fig. 7, e.g., Jacobson, 1979; Wicander
and Playford, 1985; Li-chang and Wicander, 1988; Stricanne et al.,
2004; Wicander and Playford, 2013). Prasinophyte-rich sediments
(average ca. 70% of total palynomorphs content) are encountered in the
Antrim Formation, particularly within the deepest well compared to
moderate enrichment (avg. 52%) in the marginal wells. The above is
indicative of low energy water and enhanced reducing conditions from
the basin margin towards the deeper shelf environment. This is consis-
tent with prevalent oxygen-depleted bottom water conditions, especially
during deposition of the Norwood and Lachine members in the Michigan
and Illinois basins (Brown and Kenig, 2004; Formolo et al., 2014).
However, fluvio-deltaic settings cannot be excluded especially at the
northern and southern margins of the Michigan Basin. Our assumption is
based on the presence of minor signals of plant spores such as Calamo-
spora obtecta, Verrucosisporites sp., Punctatisporites sp., and Triletes sp. in
the two drill holes (44,266 and 48,772) on the Michigan Basin margin
compared to their absence in the deeper 60,134-drill hole (Tyson, 1993,
1995). Further evidence of fluvio-deltaic input into the Michigan Basin
during the Late Devonian Period was reported by Gutschick and Sand-
berg (1991).

Process-bearing acritarch genera such as Micrhystridium and Unellium
are more frequent in areas of proximal, shallow marine environment
compared to a distal shelf basin setting (Stricanne et al., 2004). Micr-
hystridium is the most abundant process-bearing genus in the Antrim
Shale samples, but it is sparsely recorded in samples on the basin margin
drill holes (44,266 and 48,772), whereas Unellium is reported only in the
Paxton Member in the 48,772-drill hole (Fig. 8), strongly suggesting a
distal neritic shelf condition. In contrast, the genus Veryhachium is
interpreted to adapt and thrive in areas of open sea environments
(Fig. 8) compared to Leiosphaerid class that reflects a marginal shallow
water environment (Jacobson, 1979). Even though Tasmanites and
Leiosphaeridium genera are the most common palynomorphs in the
Antrim Shale Formation, they show significant oscillations that are
consistent with the sea level transgressive-regressive phases. In the study
samples, Veryhachium is reported only within the Upper Member at the
basin depocenter with an upward decrease versus a significant increase
in the Leiosphaeridium sp., and thus suggesting an inverse relationship
between both categories and a shallowing up phase of the sea level.
Similar palynomorphs assemblages of acritarchs and prasinophytes were
recorded within the Upper Devonian sediments of the Mid-continent
North America. Excluding the most abundant species of Tasmanites
spp. and Leiosphaeridia spp., a widespread occurrence of acritarch and
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prasinophyte species, such as Cymatiosphaera chelina, C. parvicarina,
C. ambotrocha, C. perimembrana, Muraticavea enteichia, Polyedryxium
pharaone, Dictyotidium torosum, D. cf. craticulum, Comasphaeridium mus-
cosum, Alocomurus compactus, L. deminutum, L. segregum, L. pelicanensis,
Navifusa bacilla, Veryhachium arcarium, V. europaeum, V. trispinosum, and
Unellium elongatum among others, was reported. These species were
reported in the Chagrin Shale in Ohio (Wicander, 1974; Molyneux et al.,
1984), the Lime Creek Formation in Iowa (Wicander and Playford,
1985), the Antrim Shale Formation in Indiana (Wicander and Loeblich,
1977), and the Saverton Shale in the Illinois Basin (Wicander and
Playford, 2013). These previous studies indicated that the Upper
Devonian shale sediments were deposited under a low energy, slightly
distal marine environment. Additionally, the close geographic proximity
between the above sedimentary basins and the regional similarity be-
tween Late Devonian palynomorphs assemblages suggest widespread
and similar water masses.

5.3. Antrim Shale source rock characterization

A preliminary assessment of the Antrim Shale source rock quality
and quantity can be developed based on the measured TOC/Rock-Eval
pyrolysis parameters, including ShO, Shl, Sh2, HI, OI, and Tpax
(Espitalié et al., 1985; Peters, 1986; Peters et al., 1994; Baskin, 1997;
Carvajal-Ortiz and Gentzis, 2015). Most samples are rich in organic
matter, with a few samples of the Upper and Norwood members from the
60,134-drill hole characterized by a good to very good organic richness.
Unlike the black shale intervals of the Antrim Shale Formation, the gray
shale of the Paxton Member (0.23-0.84 wt%, avg. 0.6 wt%) is domi-
nated by poor to fair organic richness in the three drill holes (Fig. 7,
Table 2).

The hydrocarbon generating potential (S3) of the study samples in
the Lachine, Norwood, and Upper members is generally excellent
(11.5-116.5, avg. 43.5 mg HC/g rock), in contrast to the Paxton Member
(0.6-5.4, avg. 2 mg HC/g rock), which shows poor to fair hydrocarbon
potential (Fig. 7). Only two samples from the Upper Member and one
sample from the Norwood Member in the 60,134-drill hole are charac-
terized by an average S, value of 6.6 mg HC/g rock, pointing to a good
hydrocarbon generation potential (Peters, 1986; Peters et al., 1994;
Baskin, 1997; Carvajal-Ortiz and Gentzis, 2015).

The HI values display a wide range from 308 to 599 mg HC/g TOC
(avg. 431 mg HC/g TOC) with the highest values reported from the
Norwood and Lachine members (Fig. 7). These values indicate a kerogen
Type II in the Antrim Shale Formation throughout the Michigan Basin,
except for four samples in the Paxton Member. These samples are
dominated by lower HI values (207-263 mg HC/g TOC), revealing a
mixed Type II/IIl kerogen (Peters, 1986; Peters et al., 1994; Baskin,
1997; Carvajal-Ortiz and Gentzis, 2015). The former interpretation of
kerogen types is also indicated by the plot of TOC and S, values (Fig. 9,
Espitalié et al., 1985), where most samples plot in the field of oil-prone
kerogen Type II that usually originates from marine-source organic
matter. Additionally, some of the Paxton Member samples plot very
close to the null point in the field of mixed Type II/III oil to gas prone
kerogen (Fig. 9).

The degree of thermal maturity of preserved organic matter can be
assessed based on the measured Tp,.x values, the relationship of the
Rock-Eval HI versus Tpax (Fig. 10), and the calculated vitrinite reflec-
tance values (%VRo-eq). It is highly advantageous to compare the
measured values of Tyax With vitrinite and bitumen reflectance since the
former is influenced by several factors, including type of organic matter,
diagenetic alteration overprint, and paleoenvironmental conditions
(Peters, 1986; Carvajal-Ortiz and Gentzis, 2015). Overall, the Tpax
values of the Antrim Shale Formation are low to moderate, indicating
that all samples are in the immature to early stage of oil window
(Table 2). One sample from the Norwood Member in the 44,266-drill
hole had the highest Tpax value of 448 °C, indicating peak oil window
stage (Peters, 1986; Peters et al., 1994; Baskin, 1997; Carvajal-Ortiz and
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Gentzis, 2015). This interpretation is further supported by the HI and
Tmax cross-plot (Fig. 10, Espitalié et al., 1985), where all samples plot in
the oil window field except for three samples from the organic-lean
Paxton Member that plot in the immature field. However, a reverse
relationship between depth variation and Tp,,x values of most Paxton
Member samples is noticed (i.e., samples at deeper depths in the 60,
134-drill hole are characterized by relatively lower Tpax values
(426-428 °C) and vice versa (Table 2). The same holds true for the %
VRo-eq (0.82-0.70) and %BRo values (0.7-0.57) with increasing depth
(Table 3). Few of the higher Tpax values measured in the less mature
Antrim Shale samples may be explained by differences in the source of
the organic matter (organic facies), particularly when terrigenous. A
similar observation was made by French et al. (2019) in the Permian
Basin of Texas, who noted that the immature Pepper Shale/Woodbine
mudstones that contain terrigenous organic matter have higher Tpax
than the immature Eagle Ford source rock encountered at similar depths
that contains marine organic matter.

Vitrinite reflectance measurements on homogenous organic particles
have been widely used to corroborate the Rock-Eval Tyax from pro-
gramed pyrolysis (Carvajal-Ortiz and Gentzis, 2015, 2018; Petersen
et al.,, 2020; Mansour et al., 2020a, 2020b; Xia et al., 2021). The
measured %BRo and %VRo-eq values show a progressive increase in
thermal maturity with respect to depth (Table 3), which is in a good
agreement with the T,y results for the Upper and Lachine members.
Although the Norwood Member exhibits inconsistent trends between
Tmax and %VRo-eq values with depth in the shallow drill holes, the
liptinitic organic matter changes in color with depth from bright green
to dull yellow and amber (Figs. 13-15). This fluorescence color change
with depth in the deeper drill hole is consistent with the measured %
VRo-eq values and shows a mature source rock compared to the rela-
tively low maturity source rocks in the shallower drill holes at the basin
margin. It further indicates that the change in color of the liptinite
macerals is more reliable than Tpax results in this particular situation.

The studied samples are characterized by high yield and excellent
hydrocarbon potential, which show a potential to expel hydrocarbons.
The analyzed samples have variable HI and TOC values, although the
kerogen is mostly Type II. A preferential absorption of different com-
pounds by kerogen and varying expulsion efficiencies are expected.
Source rocks that have high TOC and HI values are anticipated to expel
hydrocarbons earlier and at higher oil/gas ratios compared to those

Table 3
Organic petrography parameters of the Antrim Shale Samples. SD = Standard
deviation, Br = Bitumen reflectance, Vro-Eq = equivalent vitrinite reflectance.

Well ID  Member Depth  Number of BR SD Vro-
measurements Eq
(m) % %
44,266 Lachine 434 25 0.53 0.03 0.71
Paxton 440 1 0.67 N/A 0.8
Norwood 450 12 056 0.06 0.74
457 25 0.59 0.05 0.75
60,134 Upper 982 6 0.56 0.05 0.73
985 13 0.58 0.05 0.75
Lachine 1009 5 0.63 0.02 0.77
1018 10 0.58 0.04 0.74
Paxton 1030 1 0.7 N/A 0.82
1033 3 0.57 0.04 0.74
Norwood 1040 23 0.68 0.05 0.81
1043 24 0.64 0.02 0.78
1049 9 0.7 0.06 0.82
48,772 Upper 515 31 0.51 0.07 0.7
519 17 0.54 0.05 0.72
Lachine 545 26 0.6 0.05 0.76
Paxton 557 3 0.6 0.01 0.76
Norwood 564 32 0.62 0.06 0.77
569 10 0.54 0.03 0.72

Vro was calculated from BRo using the equation of Liu et al. (2019) (VRo =
0.5992 x BRo + 0.3987).
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having lower values. The reason being that source rocks with higher HI
values (e.g., intervals in the Norwood and Lachine members) will likely
retain, via absorption, a smaller fraction of generated liquids because
their retention capacity will be reached at lower levels of thermal
maturation (Sandvik et al., 1992). Furthermore, the composition of any
expelled hydrocarbons is expected to be affected by their absorption
within the kerogen structure. Based on experimental generation and
expulsion studies (Sandvik et al., 1992), expelled hydrocarbons from the
Antrim Shale source rock intervals will likely be enriched in saturated
hydrocarbons, followed by aromatics and polar/NSO compounds as a
result of selective absorption. Our interpretation is based on the rela-
tionship between the free hydrocarbon (Sh0+Sh1) and TOC content
(Fig. 11), whereby most samples plot around the line of Oil Shows. These
results suggest the ability of the Antrim Shale samples to expel and flow
hydrocarbons. This can be further supported by the calculated oil
saturation index (OSI) values (Jarvie et al., 2012). OSI must exceed 100
mg HC/g TOC for a formation to be able to flow hydrocarbons without
fracture stimulation. For the Antrim Shale Formation, the average value
of the OSI is 83.6 mg HC/g TOC, although, the OSI values for the Upper,
Paxton and Norwood members exceed the threshold of 100 mg HC/g
TOC (Table 2). It should be noted that expulsion efficiency is not gov-
erned by source rock organic richness (i.e., TOC), but by kerogen
composition and the initial HI (HIo) of kerogen, with the latter playing
an important role in controlling the expulsion process (Pepper, 1992).
The present-day HI values in the Norwood and Lachine members are in
the 320-600 mg HC/g TOC range (Table 2). By extrapolating from the
Tmax versus HI plot, the Hlo values of the Type Il marine kerogen in these
members were approximately 380-650 mg HC/g TOC when marginally
mature to early mature (~0.55-0.60 %BRo). Based on the expulsion
efficiency model of Pepper (1992), these source rocks can be considered
as early and highly efficient hydrocarbon expellers.

The relationship between the PI and Tpax values (Fig. 12) is
commonly used to reveal the possibility of hydrocarbon expulsion. This
cross-plot divides the Antrim Shale Formation into two groups. The first
group belongs to the deepest drill hole (60,134), in which the kerogen is
in the oil window stage. The second group is dominated by samples from
the Upper, Norwood, and Lachine members within the shallow drill
holes (44,266 and 48,772), in which the kerogen has a low level of
hydrocarbon conversion (Fig. 12). Three samples from the Paxton
Member in the 60,134-drill hole plot in the field of significantly rich
Sh0+Sh1 content, likely related to hydrocarbon migration (Fig. 12).

6. Conclusions

The Antrim Formation in the Michigan Basin contains a moderate
amount of moderately to well-preserved prasinophyte phycomata and
acritarchs that reveal a significant biostratigraphic correlation to nearby
basins. The palynomorphs confirmed a late Frasnian age for the Nor-
wood and Paxton members and an early Famennian age for the Lachine
and Upper members. Statistical analysis of POM composition defined
two palynofacies assemblages, both of which revealed deposition of the
Antrim Shale in low energy, distal inner neritic shelf environment.
Samples of the PFA-2 were slightly shallower and deposited under
dysoxic conditions, unlike the PFA-1 that was deeper and deposited
under severe anoxia. Higher organic richness in the Norwood, Lachine
and Upper members (TOC up to 25.1 wt%, avg. 8.5 wt%) is associated
with more reducing conditions, which is consistent with other Late
Devonian-Early Mississippian Shales such as the Bakken Shale in the
Williston Basin, Chattanooga Shale in the Appalachian Basin, the New
Albany Shale in the Illinois Basin, and Exshaw Shale in the Western
Canada Basin. This is also consistent with high concentration of Mo, U,
Mo/TOC, and pyrite sulfur for the Norwood and Lachine members
compared to depleted redox-sensitive elements within the organic-lean
Paxton Member that belongs to the PFA-2, indicating varied redox
conditions. Thin ash marker beds at top of the Lachine Member in the
Michigan Basin underpin severe redox conditions that are consistent
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with a Late Devonian extinction event. Thus, the regional change in
relative sea level during the Frasnian-Famennian time resulted in a
fluctuation of the degree of reducing conditions. Geochemical charac-
terization indicated excellent hydrocarbon generating potential of
kerogen Type II of marine oil-prone organic matter for the Norwood,
Lachine and Upper members. This is in contrast to the organic-lean
Paxton Member that contained a mixed Type II/III of oil/gas prone
kerogen. Thermal maturity revealed that all samples are in the oil
window, except for minor intervals of the Paxton Member that are in the
immature stage. In addition, the higher maturity in the deeper drill hole
at the basin center was confirmed by the weak dull yellow to brown
fluorescence colors of the telalginite, whereas the telalginite in the two
shallower drill holes had a very strong golden yellow fluorescence color.
According to the Rock-Eval pyrolysis parameters, most of the Antrim
Shale source rock layers showed a tendency to hydrocarbon flow
without the need for fracture stimulation.
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