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ABSTRACT

Use of sequence stratigraphy as a predictive tool has
minimized geologic uncertainties in exploration by
providing for reliable correlation and prediction of
source, reservoir, seal, and structural/stratigraphic
elements of petroleum systems, hydrocarbon plays and
prospects. A case study of the hydrocarbon potential
of the Lower Carboniferous Carper sandstone deposited
by turbidity currents in the Illinois Basin of North
America (an interior cratonic sag basin) illustrates the
application of sequence stratigraphy and geologic risk-
based play evaluation to provide realistic estimates of
the reservoir continuity, thickness, seal integrity, and
entrapment.

Cores, cuttings, and well logs from 120 closely spaced
wells were used to hierarchically bundle depositional
facies and map facies tracts. Three distinct
paleogeographic “elements” (parasequence-scale
depositional systems) that pinch out up-dip to the east
along a narrow shelf margin are recognized. These
systems consist of proximal toe-of-slope
prograding/aggrading depositional ramp, distal ramp
sand lobes/sheets and channel-levee banks, and distal
lobes/ basin floor fans. The systems evolved from sand-
rich to mud-dominant through time. Sequence
stratigraphic analysis @ so allowed for correlating and
mapping transgressive Carper sandstonesin the system.
The reconstructed stratigraphic architecture helped
predict and map afour-way pinch-out. The presence of
essential petroleum system elements (reservoir, seal,
and entrapment) along with the timing of hydrocarbon
generation, migration, charge, and entrapment make
this play viable. Using the exploration risk checklist,
each element was assigned a value (Unfavorable = 0.1-

0.3, Questionable = 0.3-0.5, Neutral = 0.5, Encouraging
=0.5-0.7, Favorable = 0.7-0.9). Severa prospects were
analyzed and field sizes estimated using analogue-based
lognormal probabilistic approach. The results show that
the Carper play which remains untested in the study
area offers promising exploration opportunities to small
independent operators.

INTRODUCTION

A quantum jump in our understanding of the process
sedimentology and meter- to kilometer-scale depositional
geometries of the gravity flows, recent devel opments
in the science of high-resolution sequence stratigraphy
[10, 11, 14, 20, 21, 24, 25, 30, 31] and the use of the
facies tracts mapping technique have allowed us to
study and delineate the stratigraphic relationships of a
turbidite unit and the other related depositional
sequences. In this paper, we would present and discuss
the use of hierarchical bundling of facies assemblages
into facies tracts and show how the uncertainties in
inter-well and inter-field correlation can be minimized
by understanding the hierarchy of genetic sedimentary
packages (sequences of different orders) and establishing
a regional relative time- stratigraphic framework.

A thick sedimentary succession of the Osagean (Middle
Mississippian, Lower Carboniferous) siliciclastics,
mixed carbonate-siliciclastics, and carbonatesis present
in the subsurface of south- and southwestern Indiana
in the Illinois Basin located in the eastern cratonic
interior of North America (Fig. 1). This siliciclastic
package, called the Borden Group (Fig. 2), isacomplex
suite of (from bottom upwards) hemipelagic shales
(New Providence Formation), submarine gravity flow
sands (Carper sandstone), prodeltaic shales and




prograding deltaic foreset mudstones, siltstones and
sandstones (Spickert Knob Formation), and the
mudstones, siltstones and sandstones deposited by shelf
margin-parallel bottom currents (Edwardsville
Formation). In south-central and southern Indiana, the
unit is overlain by, and grades basinwards into, the
siliceous limestone and mud-free carbonate buildups
deposited in an outer ramp and subtidal inner ramp
setting (Fig. 2). These siliciclastic and carbonate strata
were deposited during the latest phase of the Late
Paleozoic Acadian Orogeny and are an intricate
sedimentary response to the reactivated Proterozoic
basement structures and tectono-eustasy set off under
the influence of periodic compressive and relaxational
stresses ensuing from the Appalachian thrust belt (Fig.
1). At a higher resolution, the same strata reflect the
controls of high frequency eustatic fluctuations and
possibly the climatic variations superimposed on subtle
pal ectopography of the extensive interior cratonic ramp.
Within this ramp, under amajor fall in sealevel, the
gravity flow sands of the Carper sandstone (Fig. 2)
were deposited in the relict sag called the English Basin

Sag (Fig. 3).

In spite of the long history of stratigraphic work on
these strata [6, 27], the basin- to field-scale spatial and
tempord relationships among different lithostratigraphic
units proposed by different workers, especially the
gravity flow Carper sands and the overlying siliciclastics
and carbonate buildups, have remained an intriguing
problem. As a result, the difficulty in inter-well
correlation of the Carper sandstone and its sub-packages,
lack of understanding of its process sedimentology,
internal architecture and lateral pinch-out limits, and
the uncertainty in its time-stratigraphic position within
the Lower Carboniferous stratigraphic column have
kept the explorer away from this potentially significant
hydrocarbon play.

Thelack of appropriate analogues, use of conventional
methods of lithostratigraphy, generalized depositional
models, and poorly understood pal eotectonic, climatic
and eustatic sea level controls on the submarine
pal ectopography, fluctuating base level and sediment
influx prevented the previous workers from successfully
resolving the stratigraphic relationships among diverse
depositional facies, thus preventing the reconstruction
of a high resolution stratigraphic framework of the
Osagean stratain general, and the Carper gravity flows
in particular. Also, until this study, it has not been
possible to recognize the shelf edge (critical break in
slope) and shelf equivalents of the Carper sands in
southern Indiana. In the absence of high-resolution
biostratigraphic data, the widely used “pattern fitting”

technique of log correlation [28] can only allow the
mapping of units of the scale of third order or larger
scale depositional sequences in continental margin
setting and is not applicable to the ramp settings like
study area. The facies changes in ramps are gradual
and subtle and can easily lead to the correlation of time
transgressive or diachronous units.

The economic implications of the lack of understanding
of the origin, sand body geometry, and basin- to field-
scale stratigraphic relationships (correlation scheme)
are serious. A higher degree of uncertainty in reservoir,
trap and seal prediction makes it difficult to explore
and devel op the economic potential of the Carper sands
as petroleum reservoir. Depositional models and
pal eogeographic reconstructions are, therefore, needed
that can incorporate the paleotectonic controls of
sedimentation and configuration of the depositional
systems. These models must have the ability to predict
spatial and temporal continuity of the depositional facies
within and away from the study area.

OBJECTIVES
This paper is aimed at the following;

1. Document different facies, their genetic assemblages
and sets of assemblages in core and wireline logs,
delineate their vertical stacking patterns and defining
the characteristic wireline log motifs to allow
correlation in areas of scarce well control, and
interpreting the nature and geographic extent of the
prevalent depositional systems,

. Demonstrate the mappability of the sets of facies
assemblages and their representative well log
motifs to define “facies assemblage tracts’ (FA
Tracts) that can portray and account for the
verticaly evolving and laterally changing depositional
systems,

. Present a hydrocarbon play concept for the Carper
sands based on the above work, evaluate the
uncertainties and geologic risk associated with
different components of the petroleum system in
place, perform arisk-based economic eval uation of
the Carper play, suggest potential prospects, and
discussing the strategies for low-risk exploration
and field appraisal in these reservoirs.

DATASET
Sparse and stratigraphically incomplete exposures of

the Carper sands and adjacent strata are present along
the outcrop belt (in road-cuts and creek exposures) of




southern Indiana on the eastern margin of IllincisBasin
(Fig. 3). The cored sections from two wells and well
cuttings and wireline logs from more than 120 wells,
spaced at 1 to 4 mile, form the major part of the data
set (Fig. 3). Thin sections made from the cores were
studied under a petrographic microscope to determine
the composition, grain-size and sorting of the sand and
approximate amount of clay matrix. Well cuttings
archived by the Indiana Geological Survey in the form
of lithologic strips logged at 5 ft sample spacing were
studied using areflecting light microscope. Thelithologic
details obtained from the study of these well cuttings
and cores were compared and plotted on the wireline
logs of vertical resolution lessthan onefoot. Thewireline
logs primarily used are the Gamma Ray (GR),
Spontaneous Potential (SP), Electrical (such as the
Resitivity Lateral Log, Dual Induction, Azimuthal
Induction with six depths of horizontal investigation at
high vertical resolution), and Litho-density (neutron
and bulk density) Logs. The GR Spectrometry (HNGS)
logs were used to infer reducing vs. oxidizing conditions
and the organic matter-rich vs. clay-rich shale beds by
using the fractions K/Th and U/Th.

A few 2D proprietary seismic sections of stacked and
migrated reflection data, acquired and processed by
TEXACO and ARCO, were available. Seismic sections
provided useful information about the location of a
basement graben, the English Basin [4], deeply buried
underneath the Paleozoic platform sequences. The
gravity field data and total magnetic field datafrom the
US Geologica Survey database have been used in this
study to document and map the role of Proterozoic
basement graben (English Basin) in creating the
paleotopography that controlled the basin-wide
distribution of Carper sands.

APPROACH AND TECHNIQUES

The wireline log response of the Carper sandstone was
studied first for organized patterns and systematic
changesin the shape (motif) of the log curve from one
areato the other. Six log motifs were recognized, with
the 4 distinct typesin the area of gravity flow deposition
(Fig.4). Systematic geographic distribution of these log
motifs reveals the regional extent and sand dispersal
patterns of the Carper sands (Fig. 5) within aregional
sag. These motifs were later used in combination with
the isopach maps and potential field data to infer the
position of acritical break in slope of the ramp profile,
similar to a*“shelf-slope break” or “shelf edge” which
enabled both the sequence stratigraphic analysis of the
Osagean succession and the analysis of the controls of
relative sealevel changes. The isopach map and amap

of the N:G sand ratio and Net:Gross carbonate ratio
(Fig. 6), when studied along with the wireline log motifs
(Fig. 4) and their regional distribution (Fig. 5), define
the “shelf margin” and other topographic elements of
the ramp on which the deposition of Carper sands and
other Osagean sediments took place.

Depositional Facies Tracts, A High-resolution
Solution:

The smallest genetic package that can be reconstructed
isthe facies assemblage, e.g., Bouma Sequence, small
scale shallowing upward sequence, storm deposited
finining upwards sequence, etc. However, it is not
possible to correlate these thin sequences (1-5 ft. thick
in Carper sandstone) from well to well because of their
restricted spatial extent, limited temporal scale, and
autocyclic nature. However, it is possible to identify
and map a bundle of these facies assemblages from
well to well. Different hierarchical levels can be
demonstrated for the bundling of these small sequences.
While doing so, a hierarchical level is sought at which
the corresponding package of depositional units can be
traced over alarge geographic area with the minimum
likelihood of miscorrelating the packages. In the case
of the Carper sands, this hierarchical level corresponds
to the sets of Facies Assemblages (FAS) or FA Tracts
(Fig. 7). The technique has been named as facies tract
mapping and has been used for this and the other
sequence stratigraphic studies [1, 2]. A Carper facies
tract can be laterally traced and mapped over the
distances of 5-15 miles. The term ‘facies tract’ has
previously been used as a subjective term with aloose
connotation referring to the “Waltherian” type lateral
change in facies ([29] and many subsequent authors),
with no hierarchical significance or regional scale of
mappability implied.

Similar approach can be used for any other stratigraphic
package. Using the facies tract mapping method based
on the heirarchical approach, at |least three depositional
sequences can be reconstructed for the Osagean
succession in the eastern Illinois Basin as shown in
Figure 2. In these strata, a parasequence set (PS Set)
represents the critical hierarchical level at which a
stratigraphic package can be mapped from well to well
with areasonable degree of certainty. The possibility
of autocyclic control on the deposition of such package
(i.e., PS Sets) is minimal and the error in placing a
stratigraphic boundary between two PS Sets and
correlating these packages from one area to the other
are also minimal. These PS Sets, as identified in
individual wells, are time-equivalent stratal packages
similar to the “allomembers’ or depositional systems




tracts. The facies tract mapping approach can assure
the correlation of chronostratigraphically equivalent
sedimentary packages and thus provides a strong tool
for sequence stratigraphic analysis.

Tectonic, Paleotopographic and Eustatic Controls:

A regiond sag of areamore than 2500 sg. milesreceived
the Carper gravity flows. The interpreted sag roughly
overliesthe deeply buried Proterozoic basement graben
structure related to a Proterozoic failed rift arm in the
eastern cratonic interior of the US. The shallow
impressions of these basement features
(pal eotopographic highs and lows) have had an influence
on the distribution of younger (Middle Mississippian
and probably the other Paleozoic) depositiona systems,
especially during the times of active mountain building
in the remote east and south (Appalachian and Ouchita
orogenic belts; Fig. 1). Long-term variations (of the
order of few million years) in sediment supply and
accommodation space took place in response to the
recurrent phases of thrust emplacement, peripheral bulge
upheaval, and probably the reactivation of the basement
fault systemsin the Louisville High area (shelf margin).
The periods of minimal siliciclastic influx, and slow
subsidence, such as the late Osagean and early
Meramecian times, favored the devel opment of extensive
carbonate shelves and platforms (Warsaw, Harrodsburg
and Salem Limestone). Whereas the tectonically active
periods in combination with the rise and fall of base
level triggered the progradation of deltaic obes or wide
shelves and slope to base-of-slope gravity flow
sedimentation on the proximal and distally steepened
parts of the ramp (New Providence Shales, Carper sands
and Carwood siltstone and mudstone of Osagean age).
Where the long-term sediment influx and distribution
patterns were determined by the above tectono-eustatic
changes of the order of at least more than a million
years, the short term sea level fluctuations occurred
under the allocyclic controls. High frequency eustatic
sealevel fluctuations, under the climatic changes and/or
astronomical forces, are some of the possible
explanations for such higher frequency stratigraphic
forcing of the sedimentary record and have been
discussed by several workers [9]. These higher
frequency relative sealevel changes, periods of mega
floods, short-lived humid climates delivering increased
sediment input and/or enhanced earthquake activity led
to the short-term sequential bundling or punctuation of
the Osagean stratigraphic succession into the
parasequences and parasequence sets.

The Osagean age ramp system, illustrated in Fig. 8,
consisted of three parts; A Proximal Ramp on which

the Carper source sediments were transported to the
ramp margin, a Medial Ramp or slope formed by the
structural steepening and faulting (syndepositional or
older) along anarrow belt, and a Distal Ramp that acted
as the base-of-slope and deep basin but not deeper than
300-400 feet.

Depositional Facies Analysis:

Typical Carper sandstone is subarkosic to arenite with
5-25% clay/silt matrix, 30-45% feldspars, and 30-50%
quartz grains. The sand is very fine grained. Medium
grained sand has been observed in the lower part of a
distal depositional lobe that appears on the well log as
ablocky log motif (Fig. 4). The medium to coarse sand
with floating mud pebbles also fills the channels as
evident from the exposures near Nashville, IN. In the
study area, the grain sizes are predominantly very fine
sand of 60-70 microns. Body fossils are absent except
where physical conditions allowed carbonate production
and deposition of skeletal material on elevated areas
around the sag. A moderate number of trace fauna are
present indicative of Nereities-Zoophycos ichnofacies
(Scalarituba, Planolites, Zoophycos, stick-like traces,
and possibly Lophooctenium). Escape burrows,
Skolithos, are present in the top of thin structureless
massive sandstone or laminated sandstone facies.
Chondrites occur in the upper part of the Carper
sandstone indicating improved oxygenation and asubtle
decrease in bathymetry. Following depositional facies
can be recognized:

1) Black non-bioturbated hemi-pelagic mudstone and
shale (Sh, M)

2) Laminated mudstone with or without floating clasts
(ML)

3) Medium to dark gray bioturbated mudstone and
muddy siltstone (Mb) with occasional slumps,

4) Bioturbated argillaceous sandstone (Sb),

5) Ripple cross-laminated fine sandstones (Sr, Sx)
with or without mud drapes and contorted bedding,

6) Parallel laminated fine sandstones (SL),

7) Massive structureless sandstone (Sm),

8) Silicified and oxidized rusty skeletal detritus and
mudstone gravel in sand matrix, and

9) Cherty rudstone, packstone and wackestone with
or without silt and/or sand.

Out of these nine facies, only Sm, Sr/ Sx, Sl, Sh, Mb,
and Sh/M account for more than 90% of the Carper
sandstone, with massive sandstone being the most
common facies. Four types of genetic assemblages of
the above facies have been identified [1] as shown in
Figure 9. Contrary to the historically popular predictive




models of [5, 17, 28, 32], Carper facies do not aways
occur in asingle sequential order. A bundle of shingled
sand facies assemblages (4 or more), that can be
correlated over 1000 sg. miles can be assigned an
allocyclic origin [31, 33] and can be used as areliable
indicator of basin wide deepening or base level rise.
One or more shingled sand FAs have been used as a
tool to bracket the sets of facies assemblages and to
bundle together the depositiond unitsin order to establish
the hierarchy of depositional units (Fig. 7), e.g., FA
Tracts, Facies Tracts, etc.

Hierarchical Bundling to Minimize Uncertainty in
Correlation:

While attempting the facies tract mapping, five
hierarchical orders of genetic bundling of the facies
assemblages have been established for the Carper
sandstone (Fig. 10). The smallest scale, facies
assemblages (FAS), are deposited by a single event of
sandy debrisflow or turbidity current (Fig. 9) asaresult
of autocyclic processes such aslobe switching, temporary
delta abandonment, non-periodic slope failures and
slumps, or episodic sand piling on the shelf margin
under the influence of storms or megafloods, etc. Well-
to-well correlation of these assemblages is highly
uncertain dueto their restricted spatial extent (lessthan
1-2 mileswide and less than 2-4 mileslong). The sets
of facies assemblages, referred to as the facies
assemblage tracts (FA Tracts), comprise the next
hierachical order and are bracketed by either arelatively
thick (0.5-2 ft.) organic-rich, pyretic, hemi-pelagic
abandonment shale facies of dark gray to black color
or by a set of few to several thin shingled sand FAs
(Fig. 11).

Thethird hierarchical order isindicated by the bundling
of the sets of FA (FA Tracts) into faciestracts (such as
X1, X2, & X3, and Y1 &Y 2) which, when mapped in
3D, represent the paleogeomorphic elements or simply
the “Elements” (Fig. 11). A facies tract (Element) is
the most easily recognizable unit on the GR and
Electrical logs. Distinct shale-rich strata bound the
overall sandy units, can be mapped over large areas
(Fig. 11) and form drapes above the sandy lobes or
mounds during the abandonment phases of extended
durations. These shaes are widespread (more than 2500
sg. mi) and most probably reflect someform of alocyclic
control of periodic changesin eustasy or climate change
in the source area. The uncertainty in stratigraphic
correlation is minimal at this hierarchical level.

The Elements and their tracts together form a
“depositional system,” the fourth hierarchical order of

genetic assembling of the depositional units (Figs. 10
and 11). Distinct elements are formed as a depositional
system evolves laterally and vertically on the slope
(medial ramp), toe-of-slope, or distal ramp. An element
can be a channel-levee bank or a distal depositional
lobe of atoe-of-slope channel-levee-lobe depositional
system, or it can be one of the severa laterally coalescing
slope aprons forming a paleogeomorphic element of a
slope apron depositional system. A Carper element is
an architectural building block of the depositional
systems that deposited the Carper sandstone.

Thefifth hierarchical level isrepresented by the whole
Carper complex whereinthe“eements’ and their “tracts’
(i.e., depositional systems) group together, vertically
and spatially to form a suite of depositional systems. It
is these suites of depositional systems that are
conventionally referred to asthe lithostratigraphic units,
such as formation, Group, etc. The Carper complex
itself represents asystemstract or PS Set.

This stratigraphic correlation method allows us to
laterally track (and map) sets of genetically related
facies into their time-equivalent strata (Fig. 11). The
other significance of this systematic hierarchical
approach is that the uncertainties in correlation due to
localized and short-lived spatial and temporal variations
resulting from autocyclic processes can be effectively
minimized. The degree of uncertainty involved in the
correlation of time-equivalent stratal packages decreases
from first to the fifth order of hierarchical level. The
key isto find alevel of hierarchy where the role of
autocyclic processesis minimal.

STRATIGRAPHIC ARCHITECTURE

The spatid linkages of the Elements, i.e., the depositional
systems, of this study are most probably equivalent to
the parasequences of [31]. These Systems have been
interpreted to have formed under theinfluence of periodic
changes in allocyclic controls and represent the high
frequency sedimentary cycles of irreconcilable origin.
At least three distinct depositional systems can be
recognized [2] as summarized below and illustrated in
Fig. 12;

1. System |I: Ramp-lobe and slope apron system.
a Element 1A (FA Tracts X1 and X2).
Prograding ramp form on the toe- and base-of slope.
b. Element IB. (No core control; Correlative with
X1 and X2). Depositional lobes or mounded
morphology on distal ramp, in western part of sag.
c. Element IC. (FA Tract X3). Medial ramp and
toe-of-dope apron; multiple sand aprons of the style




of “bajadas’ blanketing the ramp. Shales-out in
the distal parts of the distal ramp.
2. System |1: Slope apron, channel-levee bank and
distal lobe system.

a. Element IIA (FA Tracts Y1, Y2, Y3).
Aggradational multiple fan aprons of mounded
sands and levee banks on the medial ramp and
itstoe.

. Element [1B (No core control; correlative with
Y1, Y2, Y3intoe-of-dope) Distal depositional
lobes or mounds on the base-of-dop and western
part of sag.

. System Ill: Laterally restricted slope aprons and
distal fan system.

a. Element 1A (FA Tracts Z, Z', Z"). Slope
aprons of prograding lobes in front of Borden
trough and levee bank aprons.

. Elements111B. Amagamated laterally coal esced
distal lobes or fans, with mixed siliciclastic
carbonates on peripheral edges of the System I11.

By the time of deposition of the Carper |11 system, the
continued filling of the accommodation space between
the ramp margin and distal ramp had expanded the
medial ramp down-dip over a much larger area. As
many as four coarsening upwards sequences (funnel-
shape GR log motif) can be found (Fig. 12). Some of
these coarsening-up (potentially the prograding wedge)
morphologies extend upwards even into the overlying

transgressive PS Set representing the Carwood shale
(Enclosure 11). The multiple coarsening upwards sands
prograded out of the slope entrenchment and extended
westwards to form aroll-over progradational geometry
and a distal fan [1] through focussed and continued
ponding of the sand and silt on the growth faulted medial
ramp.

IMPLICATIONS FOR HYDROCARBON
EXPLORATION

The eustatic sea level and basement tectonics controls
on the paleotopography and sand distribution,
hierarchical bundling of depositional unitsand the facies
tract mapping technique have important implications
for hydrocarbon exploration. Their use allows reliable
inter-well to inter-field stratigraphic correlations, high-
resolution reservair layering scheme, prediction of sand
transport pathways and sand body geometries, new play
definition and aredlistic estimate of the probability of
success of an exploration or field development project.
In Illinois Basin, Carper sandstone has occasionally
drawn interest of regiona explorers[3, 26, 34]. However,
due to the lack of understanding of its regional
distribution and depositional relationships, its full

potential has never been exploited.
Lowstand Carper Play:

No production tests of the Carper sands exist in the
study area. The high resolution sequence stratigraphy
of the Carper sandstone and its adjacent strata provides
new insights into the viability of the Carper sandstone
as ahydrocarbon play. The play exists within the Late
Paleozoic petroleum system with hydrocarbon charge
from highly prolific source beds of Upper Devonian
New Albany Group black shales (Fig. 2). Thereservoir,
seal and entrapment, in combination with the timing of
hydrocarbon generation, migration and charge, determine
the viability of thisplay concept (Fig. 13). Theindividua
play elements need to be further tested through data
acquisition, especially the seismic reflection data, and
exploratory drilling.

Reservoir potential: Each Element of the Carper
depositional systems has a characteristic external and
internal architecture, porosity-permeability distribution,
extent and degree of continuity of internal shale barriers,
and distinct spatial relationships with one another and
with the ramp margin, slope, and toe-of-slope (Figs.
12). Three depo-systems of the Carper can, therefore,
be considered a set of partly interconnected
compartments each of which represents a distinct fluid
flow compartment.

Pay evaluation and DHIs: In general, the Carper sands
are composed of very fine sand with only 5-10% clay
matrix. Sands are relatively coarser and clay-freein the
distal depositional 1obes and toe-of-slope sharp-based
semi-restricted channel-fills of Elements 1A, IB and
[1A. In contrast, the sands that form the levee banks,
distal lobes and slope aprons, e.g., Elements 1I1C, [11A
and I11B arerelatively finer and higher in clay content.
The neutron logsindicate 16-18% porosity, also evident
from the distinct separation of shallow and deep
resistivity curves in zones charged with saline water.
In the Illinois Basin, the reservoirsin very fine sands
of 16-20% porosity have permeabilitiesin the range of
44-120 mD [15]. It is aso worth noting that some of
the Carper sand intervals appear “shalier” than the
others due to relatively higher Potassium values as
indicated by the GR Spectrometry logs (Fig. 11). DHIs
on the electrical logs (pronounced separation of shallow-
deep resistivity) are suppressed due to fine grain size,
clay content, presence of K-feldspar (feldspar sand
grains and/or clay minerals), and potentially low
permeabilities. The pay zones in the fields producing
from Carper sandsin Clay and Vigo countiesin Indiana
show no or only a subtle shift in deep resisitivity as




compared to the brine-charged sand intervals.

Another factor to downgrade the Carper reservoirsis
reservoir damage during drilling and completion. In a
field producing from the Aux Vases reservoir, the
injection of saline waters of salinity lower than the
reservoir brine (e.g. fresh water mud asit is commonly
used in the Illinois Basin) has been found to have
reduced the permeability to water by 15% to 52% [12].
Reference [26] reports damage to the Carper reservoirs
of average porosity of about 16% and 1 mD permeghility
(St. James and St. Paul fields, Fayette County, Illinois).
It is suggested to drill through only top few feet of the
potential reservoir and completing the well as an open-
hole. Instead of rotary drilling the entire potential
reservoir, setting and cementing a casing, and
subsequently perforating the potential pay interval, it
is advisable to drill the top few to few tens of feet of
sands using the cable-tool drilling and let the well flow
as an open-hole. The damage from high frequency
mechanical shear impact of the rotary drilling can cause
the illite and smectite clay needles to be scattered and
subsequently clog the pore throats. The same effect can
result from the mud-cleanout acids [12] that can render
the well non-commercial. Still another factor that can
damage the reservoir is the use of heavy weight mud
that can disrupt the original network of grainsand pores
in the immediate vicinity of borehole, thus, reducing
the permeability and causing permanent damage to the

well. In general, the hydrocarbon production potential
of a Carper exploratory or production well can be
optimized by the use of open hole well completion,
avoiding the use of fresh water muds, and using a
customized acid treatment. Finally, the use of rotary
drilling in potential reservoir interval should also be
avoided when possible.

Entrapment- Modes and preservation: Petroleum
systems summary provides timing of the hydrocarbon
generation and reservoir charge (Fig. 13). Different
reservoir geometries and their ability, alone or in
combination with a structural feature, to trap,
accommodate and preserve the hydrocarbons add to the
‘prospectivity’ of this play. Based on the depositional
systems analysis, various modes of entrapment of the
Carper play have been shown in Fig. 14.

Overburden or reservoir pressure: For shalower depths
asin the study area, the sustainable initial pressures
(IP) and gas production under low pressure may be a
problem. This introduces moderate to high degree of
geologic risk associated with the overburden or reservoir
pressure. In recent years, the fractured shales of the
New Albany have proven to be a promising play in the

shallow subsurface (600-1400 ft.) near the Louisville
High. The Devonian carbonatesin the nearby Leesville
Field and in several other fields have proven excellent
gas storage reservoir at shallow depths of less than 1000
feet. The Mississippian Aux Vases sandstone produces
oil and gas from depths as shallow as 600 feet with
reservoir pressures of 350 psi or above which appear
to provide enough drive to cause the gas well to flow
[8]. The Late Devonian to Early Mississippian Brea
Sandstone, afine grained low permeability sandstone,
in the Appalachian Basin produces from the depths as
shallow as 500 feet in the Appalachian Basin in Portage
County, Ohio [23].

Geologic risk analysis of the Car per play

Quantifying and trandating that qualitative description
and interpretation of geologic uncertainty into the
probability of geologic success or failure during
exploration or development is required for economic
evaluation of this play. The uncertainty in the estimates
of source, reservoir, seal, trap and timing of charge and
trap trandates into higher degree of geologic risk during
exploration which, in turn, would lead to higher degree
of financial risk involved. Based on worldwide
analogues, a long history of exploration success and
failure around the world, and those companies’ own
predictive and actual outcomes, an extensive database
and knowledge base for risk-based economic evaluation
has been developed for petroleum exploration and is
used by many companies involved with domestic and
international exploration [13, 16, 18, 22,19].

In order to risk-evaluate the Carper Play, the geologic
risk (uncertainty) is being broken down into basic risk
factors (source, reservoir, trap, seal, hydrocarbon charge,
and its timing) using the Chevron’s risk assessment
checklist and quantification scales as below:
Unfavorable = 0.1-0.3, Questionable = 0.3-0.5, Neutral
= 0.5, Encouraging = 0.5-0.7, Favorable = 0.7-0.9. The
probability of geologic successis obtained by multiplying
the probabilities of occurrence of each of the petroleum
system elements and/or processes that determines the
prospectivity of the play (or prospect). as shown in
(Table1)

Several exploration leads can be identified in the study
areausing the Carper play concept. Using the analogue-
based probabilistic approach, the P10, P50 and P90
estimates of the field size distributions (FSDs) and
Hydrocarbon Recovery Factor have been computed
using the fields producing from the northern lobe of
Carper sandstonein central Indianaand central Illinais.
These estimates can alow redigtic risk-based computation




of thereservesin study area. On these lines, the details
of discovery probability of one of the Carper leads from
study area (Dubois prospect) have been provided here.
The exploration lead exists at the Dubois Field already
producing from the Middle Mississippian Salem
Limestone and Harrodsburg Formation, and Middle
Devonian Limestone (Kalb #3 well data file, Pawnee
Oil Corporation; Figs. 3). A structural contour map
made at the top of the New Albany Shale lying only 3
feet below the Carper sandstone conforms with the
structure at Devonian level which is induced by a
Silurian reef. Draping of the Carper sands around this
dome (Entrapment type IA; Fig. 14) adds to its
prospectivity.

Using lognormal probabilistic approach, P10, P50 and
P90 estimates of the recoverable reserves are 125,000
BO, 320,00 BO and 785000 BO, with Swanson’s mean
of 402,389 BO and Ultimate Reserves of 552,825 BO
from graphic monte carlo simulation using the curves
of [7]. Geologic risk analysis (Table 1) estimates a
discovery probability (Pg) of 0.24 which means there
is 21.6% change (0.90x0.24) of finding P90 reserves
of 785000 BO, and thereis only 2.4% chance (0.10x0.24)
of finding P10 reserves which are 125000 BO. The
Pg=0.24 shows that this prospect can be considered a
low risk prospect [19]. Along with the three other
prospective levels, this makes the Dubois prospect and
other Carper leads (Table 1) very low risk exploration
targets.
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Carper motif # 3 Carper motif # 4 Carper motif #5  Motif # 6

Gamma Ray (GAPI)
low GR Hil
Carper motif # 2 Sandy Snaly
Motif #1a

Blocky motif.

Sand >20 ft.

Motif # 0 Motif #1b
Thin sand <20 ft.

Example:
1. Elliot-1
17-2N-5E
Example:
1. Temple B3-26
26-1N-4E
Examples: 2. Chastain-1
Green #1 7-2N-3E
1-2N-3E
Example:

Example: Rothrock #C3-34
Beckman #16-25 US G 1 Examples: 34-2S-2E
25-18-4W overnment- 1 Example:s Example:s 1. Purdue Foundation #1
And all logs west 7-IN-4W:; KB. 568 1. Hoffman 4-23 1. J. Merkel-1 1218 3W, GL. 702 ft.
of carper feather-edge 23-28-3W 30-1S-3W; KB. 599 ft. 2. Rueber #1
2. Shaefer -1 2. Bauer et al. #1 2-1S-4W, KB.537 ft.
24-2S-4W 22-1N-4W; KB. 549 ft. ! Nadeem Ahmad, 2000

Ph.D. Dissertation
File: C:\Carper2000\final\fig 10-11-motfs.cv5

Fig. 4 - Representative GR log motifsfor typical response of Carper sands in the study area. The
motifs can be perceived as vertical stacking styles of the stratal packages.
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Fig. 5- Map showing the spatial distribution of different log motif types. Proximal ramp can be
easily distinguished from the medial and distal ramp on which the Carper deposition took place.
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slope entrenchment (Borden Entrenchment in this study) based on the thickness trends,
red mud pebbles, log motif map trends, thin blocky sand shingles in otherwise shaly
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approach can be used in other depositional systems after necessary modifications.
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Element 111B.

Amalgamated laterally coa-
leseed distal lobes or fans,
with mixed siliciclastic-
carbonates on peripheral edges
of the System II1.

Element I11A.

Slope-aprons of prograding
lobesin front of Borden
trough and levee bank aprons.

Element |1B.

Distal depositional lobes or
mounds on the base-of-slop
and western part of sag.

Element I1A.

Aggradational multiple fan
aprons of mounded sands and
levee banks on the medial
ramp and its toe.

Element IC.

Medial ramp and toe-of-slope
apron; multiple sand aprons of
the style of “bajadas.”
Element IB.

Distal depositional lobes &
mound forms

Element |A.
Prograding ramp form
on the toe- and base-of-slope.

Nadeem Ahmad, 2000

System I11:
Laterally restricted
slope aprons and distal
fan system

System I1:
Retrogradational to
progradational “ Slope
apron, channel-levee
bank and distal lobe
system”

System |:

Sand-rich “Ramp-lobe
and slope apron
system”

FA Tracts

Elements (Paleogeo-

Depositional System:

Hierarchical level
of "'genetic"
packaging

Facies Assmb
from cores/
outcrops

(Sets of facies|morphic elements or com-  |3D mosaic of multiple ver-
assemblages). |ponents of the depositional |tically stacked and/or lat-
Integrate log-corel system), from log correlation | €rally coaleseing elements

Fig. 10. Hierarchy of depositional units used to subdivide the Car per sandstoneinto laterally mappable
stratigr aphic packages with minimal geologic uncertainty. Refer to Fig. 11 for FA Tracts X1, Y1, etc.
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Fig. 12 - High-resolution stratigraphic architecture of the Carper complex based on the characteristic
wirelinelog motifs (Figs. 4 and 5) from different parts of the study area. The Elementswithin thethree
distinct Systems have been shown. Refer to text and Figs. 31 & 32 for further details.

Fig. 13 - Petroleum system summary for the Carper play.




Table-1: Petroleum system summary and quantification of risk associated with its different components
characterizing the hydrocarbon potential of the Dubois Prospect in particular and of the Carper play
in general.
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