
PSVolumetric and 3-D Property Modeling of the Grand Tower Formation in the Salem Field, Southern Illinois* 
Mansour Khosravi Rokrok1 

Search and Discovery Article #30542 (2018)** 
Posted January 15, 2018 

*Adapted from poster presentation given at AAPG 2017 Eastern Section 46th Annual Meeting, Morgantown, West Virginia, September 24-27, 2017
**Datapages © 2018 Serial rights given by author. For all other rights contact author directly. 

1Prairie Research Institute, University of Illinois at Urbana-Champaign, Illinois State Geological Survey, Champaign, IL (mansourk@illinois.edu) 

Abstract 

Since its discovery in 1938, Salem Field, in south-central Illinois, has produced over 400 million barrels of oil from Mississippian and 
Devonian reservoirs. The main producing intervals of the Devonian Grand Tower Formation are dolomitized carbonates with vuggy and 
intercrystalline porosities. To date, over 1,100 wells have been drilled and completed in the formation covering an area of 19,000 acres. From 
1938 to 1940, initial productions from these wells reached a producing rate of approximately 2,030 barrels of oil per day. However, the rates 
declined to less than 31 barrels of oil per day for those wells completed between 2010 through 2014. This study generated detailed 3-D 
geocellular models to characterize porosity and water saturation trends, estimate original hydrocarbon in place, and to identify potential areas 
for future enhanced oil recovery (EOR) projects. Wireline logs, including gamma ray, porosity, photoelectric, density and resistivity logs, were 
used to delineate 2-D and 3-D structural and stratigraphic framework of the reservoir. The 3-D structural framework was divided into 4 distinct 
zones, 28 vertical layers, and 450,000 cells. The porosity and water saturation data were calculated from wireline logs and populated 
stochastically within the 3-D grids, using Sequential Indicator Simulation (SIS) and Sequential Gaussian Simulation (SGS) algorithms. 
Examination of property models revealed that the main hydrocarbon bearing intervals consist of dolomite and dolomitic limestone in the 
middle parts of the formation with a range of 10 to 25% porosity. The average net pay thickness of reservoir is about 60 ft (18 m) in northern 
parts of the field, decreasing southward to around 30 ft (9 m) due to the presence of thin and dense limestone intervals, interbedded with porous 
dolomite intervals. The volumetric and uncertainty analysis indicates that the stock tank original oil in place (STOOIP) of the Grand Tower 
Formation in the field is approximately 218 million barrels of oil. This research suggests that there are significant oil reserves still to be 
recovered. The 3-D models in this study can be used for locating potential sites for water flooding and EOR. 
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Since its discovery in 1938, Salem Field, in south-central Illinois, has produced over 400 million barrels of 
oil from Mississippian and Devonian reservoirs. The main producing intervals of the Devonian Grand 
Tower Formation are dolomitized carbonates with vuggy and intercrystalline porosities. To date, over 1,100 
wells have been drilled and completed in the formation covering an area of 19,000 acres. From 1938 to 1940, 
initial productions from these wells reached a producing rate of approximately 2,030 barrels of oil per day. 
However, the rates declined to less than 31 barrels of oil per day for those wells completed between 2010 
through 2014.

This study generated detailed 3-D geocellular models to characterize porosity and water saturation trends, 
estimate original hydrocarbon in place and to identify potential areas for future enhanced oil recovery 
(EOR) projects. Wireline logs, including gamma ray, porosity, photoelectric, density and resistivity logs, 
were used to delineate 2-D and 3-D structural and stratigraphic framework of the reservoir. 

The 3-D structural framework was divided into 4 distinct zones, 28 vertical layers, and 450,000 cells. The po-
rosity and water saturation data were calculated from wireline logs and populated stochastically within the 
3-D grids, using Sequential Indicator Simulation (SIS) and Sequential Gaussian Simulation (SGS) algo-
rithms. Examination of property models revealed that the main hydrocarbon bearing intervals consist of 
dolomite and dolomitic limestone in the middle parts of the formation with a range of 10 to 25% porosity. 
The average net pay thickness of reservoir is about 60ft (18m) in northern parts of the field, decreasing 
southward to around 30ft (9m) due to the presence of thin and dense limestone intervals, interbedded with 
porous dolomite intervals.

The volumetric and uncertainty analysis indicates that the stock tank original oil in place (STOOIP) of the 
Grand Tower Formation in the field is approximately 218 million barrels of oil. This research suggests that 
there are significant oil reserves still to be recovered. The 3-D models in this study can be used for locating 
potential sites for water flooding and EOR.  
          

The Salem Field discovery well, the Texas Co. No. 1 Tate E. was drilled in NW NW Section 5, T1N, R2E 
(API#121210017700) on July 1, 1938 (Arnold, 1939).  The well was drilled on the crest of the Salem structure 
to a total depth of 1,918 feet. It produced 1,068 barrels of oil per day (BODP) with no reported water, after 
penetrating 47 feet of the Benoist Sandstone.
 The major exploration activities for the Devonian reservoirs commenced in November 1939 after King-
wood Oil Company drilled and completed well No.18–A (API# 121210023700) in NW NE Section 20, T2N, 
R2E to a total depth of 3,502 feet. The well encountered gas at the depth of 3400 feet, and produced 30 mil-
lion cubic feet (MCF) of gas and 3,024 barrel of oil per day (BODP) after perforating an 18 feet interval. 
The drilling records show that following successful exploration and development activities, over 1100 
wells were drilled and completed in the Devonian intervals on a standard 10-acre spacing pattern in Marion 
County. Only five wells were completed in the southern parts of the field in Jefferson County. Two of the 
five wells were dry and abandoned and the rest produced oil from Trenton Formation (Ordovician).  To 
date, 17 wells are recorded as dry holes and have been plugged.

The Salem Field is one of the most prominent anticlines with a north to south trend in the Fairfield Basin 
in the southern parts of the Illinois Basin. The Fairfield Basin includes numerous anticlinal structures that 
produced most of the hydrocarbons of the Illinois Basin. The Salem Anticline located on the east side of 
the Du Quoin Monocline and its axis aligns with that of the Louden Anticline. The Salem Anticline covers 
approximately 20 square miles in Marion County and thins to about 5 square miles toward Jefferson 
County. The Closure of the Salem Anticline is more than 220 feet (67 m) as mapped on the top of the lower 
Chesterian Benoist Sandstone (Arnold, 1939). The average dip of the east flank is 80 to 90 feet per mile, 
whereas the west flank dips about 200 feet per mile, which have been suggested to be controlled by a fault-
ed basement (Arnold, 1939). The Salem Structure experienced major uplift in the late Mississippian to early 
Pennsylvanian Period (Brownfield, 1954). Additional deformation and rise continued during and after the 
middle Pennsylvanian sedimentation (Payne, 1939; Du Bois, 1951; Siever, 1951; Clegg, 1970; Nelson, 
1995). The major compressional deformation and uplifts seems to affect all the Paleozoic rocks and form 
the N-S structure trends.

The Middle Devonian deposits in Illinois and southern Indiana predominately consist of shallow water car-
bonates in the lower part and argillaceous limestone in the upper part (North, 1969). The Middle Devonian 
succession is divided into the Grand Tower and Lingle Formations in the south and southeastern parts of 
the Illinois Basin (Devera and Hasenmueller, 1991; Collinson and Atherton, 1975). The focus of this study 
is the Grand Tower Formation which constitutes the lower part of the Middle Devonian deposits. It predom-
inantly consists of medium to coarse, bedded dolomitic limestone and dolomite, gardening upward into 
argillaceous, lithographic and fossiliferous limestone.

The Grand Tower Formation was divided into three members, the lower Dutch Creek sandstone, the Middle 
Geneva Dolomite, and the upper Cooper Limestone (Meents and Swann, 1965). The Dutch Creek Sand-
stone is mainly composed of well-rounded, well-sorted, medium to fine grained, fossiliferous sandstone 
interbedded with sandy limestone (Collinson and Atherton, 1975). It is a discontinuous member and 
grades laterally and vertically into sandy dolomite and limestone (Meents and Swann, 1965; Collinson and 
Atherton, 1975). The Dutch Creek Sandstone is a highly porous and permeable dolomitic sandstone; how-
ever, it has been pinched out in the most parts of Marion County where the Geneva dolomite directly over-
lies the Lower Devonian (Meents and Swann, 1965).  The Geneva Dolomite is conformably overlain by the 
dense, sparsely fossiliferous, pure and lithographic Cooper limestone (Collinson and Atherton, 1975), pro-
viding an adequate seal and baffle for the prolific reservoir parts.

The Grand Tower Formation underlies the Lower Devonian Clear Creek Chert and Baily Limestone in the 
southern and northern parts of Marion County, respectively (Meents and Swann, 1965; North, 1969). The 
Grand Tower formation is conformably overlain by the Lingle Formation that is mainly composed of highly 
calcareous shale, argillaceous and micritic limestones in the south and southeastern Illinois (North,1969; 
Devera & Hasenmueller, 1991).

Discovery history

Geological Setting

Stratigraphy

Abstract

Figure 1. Generalized geologic column for southern Illinois. Formations that underlie 
the St. Peter Sandstone are not shown. Formation and members that contain oil-produc-
ing intervals in the Salem Field are highlighted by green color. The Grand Tower Forma-
tion predominantly consists of medium to coarse, bedded dolomitic limestone and dolo-
mite, grading upward to argillaceous, lithographic and fossiliferous limestone.

Figure 2.  Stratigraphic column and correlation of the Lower Devonian through Upper 
Devonian deposits in the Illinois and Indiana (modified from Droste et al., 1975; Droste 
and Shaver, 1987; adopted from Seyler et al., 2003).  The Grand Tower Formation was di-
vided into three members, the lower Dutch Creek Sandstone, the Middle Geneva Dolo-
mite, and the upper Cooper Limestone (Meents and Swann, 1965).

Figure 5.  (Left) Location map of all 
drilled wells in the Salem Field penetrat-
ed the Devonian intervals (from 1938 to 
2014). The line of prepared cross sec-
tions shown by solid lines.

Figure 6.  (Middle) Decline curve for 
the Salem Field, showing annual oil 
production from 1938 to 2014 (all oil- 
producing intervals commingled).

Figure 7.  (Right) Decline curve of 
the Devonian intervals, showing aver-
age initial oil production (IP) of the 
drilled wells. Note increased production 
shortly after waterflood project incept-
ed. From 1939 until 1940, initial produc-
tions of the drilled wells averaged 2,030 
barrels of oil per day, with several wells 
producing over 7000 barrels of oil per 
day. The initial production rate of the 
Devonian intervals declines steadily 
over time. The IP’s reached to less than 
31 barrels oil per day in mid-1990's, in-
dicating that the reservoir pressure has 
been considerably reduced.

Production History of the 
Salem Field 
- Discovered on July, 1, 1938

- 9 main producing formations

- The Benoist Sandstone and Grand 
Tower Formation are major producers

-The field reached peak oil production  
in 1939, when it was producing 261,000 
BOPD

-has produced over 400 million barrels 
of oil since its discovery

Figure 3.  (Left) Distribution of oil fields, producing 
from the Devonian intervals in Illinois. Structure map 
contoured on top of the Lingle Formation.  (Right) Re-
gional map showing the location of the Salem Field 
and major structural features in south-central Illinois 
(modified from Nelson, 1995). Core intervals from the 
St. James Field, Lillyville Field, and Raccoon Field 
were used to determine the lithology and estimate the 
porosity types of equivalent oil-producing intervals in 
the Salem Field.

Figure 9.  The Grand Tower Formation is characterized 
by very low gamma-ray and high resistivity responses, 
which can be easily differentiated from the overlying Lingle 
Formation. 
The zones 1 and 2 dominantly comprise thin layers of argil-
laceous bioclastic limestone grading downward to dolomitic 
limestone. It is separated from overlaying and underlying 
rocks by higher gamma-ray responses, implying that the 
beds contain high mud content. 
The zone 3 is comprised of dark brown dolomite, which can 
be distinguished from the overlaying dolomitic limestone of 
the zone 2 with less gamma ray and higher density-porosity 
responses.
The zone 4, the lowermost part unit of the Grand Tower For-
mation, is dominantly comprised of interbedded dolomite 
and sandy dolomitic limestone with low gamma-ray re-
sponses.
Core photos from equivalent zones from the St. James Field, 
Lillyville Field, and Raccoon Field.
 

Figure 10.  Neutron-density crossplot was used 
to determine lithology and porosity of the individu-
al zones. 

Figure 11.  
Wireline log characteristics along with core and 
cutting studies indicate that:

Zone 1: argillaceous limestone and limestone, very 
low porosity.
Zone 2: argillaceous bioclastic limestone grading 
downward to dolomitic limestone, low to moderate 
porosity
Zone 3: dolomite and dolomitic limestone, high po-
rosity
Zone 4: dolomite and sandy dolomitic limestone, 
high porosity

Figure 12. Structure contour map on the top of the 
Grand Tower Formation showing two separate central and 
northern noses. The map area has been highlighted by a 
blue rectangle on the left. 
The structure map was prepared from well log data from 
over 50 wells. It extends over an area of 40,000 acres and 
contains two board and distinct anticlinal noses in the cen-
tral and northern parts of the field. The closure of the central 
nose is over 100 ft (30 m), and decreases to about 90 ft 
(27m) toward the northern parts. The central nose has a 
north-south trend, but the axis of the northern nose slightly 
plunges toward northeast direction.

Figure 8.  Photographs of 6-inch (15.2 cm.) slabbed 
cores from the upper part of the Grand Tower Formation in 
three wells in neighboring fields of the Salem Field.

A) Light gray, moderate to coarse-grained, argillaceous bio-
clast limestone. The large coral fragments observed in the 
lower part of the slabbed core (arrow).

B) Dark gray, moderate to coarse-grained, argillaceous bio-
clast limestone. Large and abundant coral fragments are 
observed in the slabbed core.

C) Dark gray, fine-grained, argillaceous bioclast limestone. 
Most fine bioclasts are bivalve, coral, and echinoderm frag-
ments. The porosity of core intervals is very low, likely due 
to compaction.

D) Dark brown, oil stained dolomite with moldic porosity.

E) Dark brown, oil stained dolomite with moldic and vuggy 
porosities.

F) Brown dolomite with large coral fragments. Most moldic 
and vuggy porosities were generated from dissolution of 
bivalve shells and coral fragments.

G) Brown, oil stained, sandy sucrosic dolomite of the lower 
part of the Grand Tower Formation. Pressure-solution 
seams (arrow) shows overburden compaction slightly re-
duced the porosity.

H) This core shows an abrupt contact of the middle and 
lower part of the Grand Tower Formation (arrow). 
I) Dolomitic limestone with low porosity. Large burrows 
were filled by calcite cement (arrow).

 Figure 4.  (Left) Histogram of the numbers of drilled wells per year. The development phases are shown by black 
arrows. (Right) Histogram shows the number of completed wells, abandoned wells, water injected wells, and plugged 
well in each development phase.
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The major objective of this study and future decisions concerning enhanced oil recovery are based on esti-
mate of stock tank original oil in place (STOOIP) combined with the Monte Carlo uncertainty analysis. The 
property models (porosity and SW) were carried out to calculate the bulk and net pore volume of each indi-
vidual zone of the Grand Tower Formation. By adding these volumes together, it is possible to calculate the 
total oil in place volume of the formation in the field. Due to the small amount of dissolved solution gas in 
the Illinois basin reservoirs, the commonly used formation factor (Boi) is 1.05. Based on production reports 
from reservoir zones, the oil water contact is likely assumed to be -2900 depth subsea plus or minus. Equa-
tions used for volumetric calculations are as follows:

VB = Area * thickness 
VN = VB * N/G 

STOIIP= HCPVo/Boi

Where                       VB = bulk volume
                                  VN = net volume

                                  N/G= net/gross
                                  HCPVo = hydrocarbon pore volume
                                  Sw = water saturation
                                  So= oil saturation
                                  STOOIP= stock tank original oil in place
The estimation of the static volumetric results of each individual zone is shown in table 1.
In this study, the uncertainty analysis was performed through the application of geostatistical modeling, by 
considering variables that might affect the ultimate original oil in place. Uncertainty in volumetric of reser-
voirs is defined as a difference between estimation and real values, caused by the spatial variability of 
structural and petrophysical parameters. The significant parameters that might affect the reservoir volu-
metric result are uncertainties in spatial distribution of porosity and water saturation in 3-D models and pre-
cise depth of water oil contact (OWC).
For the purpose of uncertainty analysis, 300 realizations for the variables were produced by Mont Carlo 
method to investigate their effects on volumetric calculations.
The results of the uncertainty analysis is shown as a histogram in Figure 18 and the typical percentiles 
(P10, P50 and P90) are used to characterize reservoir volumetrics on CDF curve (Cumulative Distribution 
Functions).
In conclusion, the lowest reserve estimate value with 10% probability (P10) is 208 million bbl STOOIP (i.e., 
the probability that the STOOIP was less than this amount is 10%). The estimated reserve with 50% proba-
bility (P50), representing the median value of the distribution, is 218 million bbl STOOIP. The P50 suggests 
that this value has the greatest frequency among all estimated STOOIP values, and is most likely present 
in the field. The most optimistic estimated reserve value with a 90% probability is 226 million bbl STOOIP 
(i.e., the probability that the STOIIP was not exceed from this amount is 90%).

The Grand Tower Formation constitutes one of the most important and large carbonate reservoir in the 
Salem Field. The stratigraphy, sedimentology and reservoir characteristics of the formation preliminary re-
viewed, using wireline logs and several core intervals in neighboring oil fields. Examination of core inter-
vals and interpretation of wireline logs indicate that the lower portions of the Grand Tower Formation 
mostly consists of medium to coarse dolomite and dolomitic limestone with solution-enhanced vuggy and 
intercrystalline porosities. Interpretation and correlation of wireline logs allowed to divide the Grand 
Tower formation into four reservoir and non-reservoir zones. The lower part of zone 2, zone 3, and zone 4 
showed the best reservoir quality and easily can be identified based on higher density porosity, lower 
gamma ray, and higher resistivity values. In spite of high density porosity values of the lower portion of 
the zone 3 and zone 4 the low resistivity log values confirming high water saturation and depletion from 
hydrocarbons. Mapping on top of the Grand Tower Formation, showing two distinct noses in the central 
and northern parts of the field, separated by a saddle part. To define reservoir geometries, heterogeneities 
and distribution of seal and baffles a 3-D geocellular model of the formation was prepared by scaled-up 
well data and distribute properties by SGS and SIS algorithms. The 10% porosity and 65% water saturation 
cut-offs applied to models to calculate the static oil in place. To probabilistic reserves estimation and un-
certainty analysis, a generalized Monte Carlo approach with 300 realizations were used to investigate the 
effect of variables on volumetric calculations. The ultimate volumetric results examined by uncertainty 
analysis indicates that the stacked tank original oil in place (STOOIP) of Salem Field is approximately 218 
million barrels of oil (P50). 
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Figure 13.  North-South and East-West expanded cross sections showing the lateral and vertical variation in thickness of the Grand Tower Formation. The formation has been divided into four distinct reservoir and non-reservoir zones. The 
reservoir and non-reservoir zone determination was based on the petrophysical log characteristics, formation depths, lithology, and traceable key geophysical horizons and beds. The zones can be traced continuously throughout the study area 
in both N-S and E-W directions. The location of selected wells are marked on the map. Datum is the top of the Lingle Formation.
Abbreviations: GR, gamma ray; NPHI, neutron porosity, DEN, density; DPRL, limestone density porosity; NPRL, limestone neutron porosity; DPHZ, sandstone density porosity; CNC, neutron; PORD, density derived porosity; AHT-10, AIT-H 10 
inch investigation; AHT-30 AIT-H 30 inch investigation; AHT-90, AIT-H 90 inch investigation; RILD, induction log deep resistivity; RILM, induction log medium resistivity; RFOC, focused resistivity; RD, deep resistivity; RMLL, micro laterolog re-
sistivity; RS, shallow resistivity.

Figure 14.  North-South and East-West 
stratigraphic cross sections of the Salem Field, 
showing stratal arrangement of the Grand 
Tower Formation. The Lingle Formation is the 
datum. The Lingle Formation overlies the Grand 
Tower Formation, which has been divided into 
four zones. Zone 1 and the upper part of zone 2 
mostly consist of dense and argillaceous lime-
stone. These zones appear to be present both 
vertically and horizontally and are traceable 
throughout the field. The middle and lower parts 
of zone 2 consist of dolomitic limestone. The 
cross sections display lateral discontinuity of 
the dolomitic limestone in the eastern and cen-
tral parts of the area, where dolomitic lime-
stones are separated by thin dense limestone 
intervals. Zones 3 and 4 consist predominately 
of dolomite. The dense limestone intervals 
occur within the dolomite interval in the upper 
part of zone 3 in the eastern and central parts.   

Figure 16.  (A to C) Horizontal (in both major and minor directions) and vertical variograms, showing the range of data similarity in three directions. Variogram analyzed the data based on principal 
that the samples close together have more similarities compared to those from the far distance. In other words, if the distance between the samples increases the similarity between them will be de-
creased. In the study area, the variograms of all scaled-up porosity and water saturation data are generated for each individual zone. The horizontal variograms (major and minor ranges) are computed 
by considering maximal and minimal continuity of data range through the x and y directions. The maximal and minimal directions for data continuity are extracted from simple and horizontal vario-
gram maps.

Figure 17. Cross section slices of 3D porosity model (left) and water saturation (right) through the Salem Field. The porosity and SW data were calculated from porosity and resistivity logs, respec-
tively.
Porosity and water saturation data were populated stochastically within the 3-D grids using Sequential Indicator Simulation (SIS) and Sequential Gaussian Simulation (SGS) algorithms. The resulting 
porosity model indicates high porous intervals within the lower part of zone 2, zone 3, and zone 4. Examination of property models revealed that the main hydrocarbon-bearing intervals consist of do-
lomite and dolomitic limestone in the middle part of the formation with a range of 10 to 25% porosity. The average net pay thickness of reservoir is about 60ft (18m) in northern parts of the field, de-
creasing southward to around 30ft (9m) due to the presence of thin and dense limestone intervals interbedded with porous dolomite intervals. The 10% porosity and 65% water saturation cut-offs were 
applied to the models to compute the static oil in place in the field.

Figure 15.  
A)  Isopach map shows the thickness trend of  
zone 1. Contour intervals are 1 feet. 
Thickness range: 4 to 11 feet
B) Isopach map shows the thickness trend of  
zone 2. Contour intervals are 2 feet. 
Thickness range: 14 to 30 feet

C) Isopach map shows the thickness trend of 
zone 3. Contour intervals are 2 feet. 
Thickness range: 16 to 32 feet

D) Isopach map shows the thickness trend of 
zone 3. Contour intervals are 2 feet. 
Thickness range: 14 to 40 feet
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Table 1. Volumetric results for different zones of the Grand Tower Formation Figure 18. Uncertainty analysis was performed on the 3D model using Monte 
Carlo Method. Cumulative distribution function showing P10, P50, and P90 for volu-
metric estimation.


