
Abstract
A methodology of analyzing well logs to identify residual oil 
zones (ROZs) was developed as part of a carbon dioxide 
enhanced oil recovery (CO2-EOR) and storage resource 
assessment of the Cypress Sandstone in the Illinois 
Basin. The methodology uses a combination of Archie’s oil 
saturation, the moveable hydrocarbon index, bulk volume 
water, and apparent water resistivity to pick the top and 
base of the main pay zone (MPZ) (if present) and ROZ. The 
methodology was developed to identify and characterize 
brownfield and greenfield ROZs; however, the lack of 
data availability requires unique considerations for use in 
greenfield ROZs. 
The application of the methodology to the Cypress Sandstone 
across the Illinois Basin identified 25 brownfield ROZs within 
oil fields. The resistivity of the formation water (Rw), base of 
the ROZ, and Archie’s cementation exponent were statistically 
analyzed to assess their variability within each field and 
across the basin.  Results of well log analyses of MPZs 
were checked against historical records (i.e. drill stem tests, 
oil shows, producing MPZ perforations, and core analysis 
reports) to validate that they contained mobile oil. Rw was 
derived from historical brine samples and used to calibrate 
Archie’s cementation exponent. 
Modifications were required to apply the methodology to 
greenfields. Well log parameters from data-rich brownfields 
were used in nearby wells (i.e. outside of the brownfield) to 
search for associated greenfield ROZs.  Regional geologic 
characterization and interpreted fluid flow pathways were 
used to estimate rock (volume of shale, cementation 
exponent) and fluid (Rw) properties for analyses of wells 
suspected to be a greenfield. Regional maps of these rock 
and fluid properties were created to ensure that trends were 
geologically explainable and to support the use of well log 
parameters in the greenfield wells.  The estimates of residual 
oil saturations from well log analyses of the greenfields were 
compared to those from the brownfields to ensure that the 
methodology modifications were effective. 
The results demonstrate that well log analyses can be used 
to detect and quantify low oil saturations found in siliciclastic 
ROZs when validated with historical data and highlights the 
challenges of identifying ROZs on the basin scale. 

Equations 
The methodology uses a combination of Archie’s oil saturation, 
the moveable hydrocarbon index, bulk volume water, and 
apparent water resistivity to pick the top and base of a ROZ and 
quantify the oil within each interval (MPZ if present and ROZ). 
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ROZ  definitions 
A “Brownfield” ROZ is defined here as an interval of residual oil that exsits 
beneath a MPZ, an “Associated Greenfield” ROZ exists at the periphery 
of an established oil field (but has no overlying MPZ), and a “Greenfield 
Fairway” ROZ exists away from the structure of a MPZ. 

Motivation
ROZs are emerging as a historically overlooked oil resource 
that can be economically produced via CO2-EOR in the Permian 
Basin.  It is believed that ROZs exist elsewhere, but research is 
required to identify and better characterize them. 

The majority of oil wells drilled in the Illinois Basin have an 
associated suite of geophysical logs.  This poster explores how 
this existing dataset can be used to identify and characterize 
historically overlooked siliciclastic ROZs in the Illinois Basin. 

Considerations 
Well log analyses have unavoidable uncertainty and ROZs 
inheriently have low oil saturations. Therfore, it is vital to 
understand sources of uncertainty, minimize error, and use all 
avaliable data to support results wherever possible.  

ROZs are most easily identified in thick, clean, sandstone with 
water saturated base in an established oil field. The high data 
density within a field can be used to constrain input parameters 
(Rw, m) and results (residual oil saturation, OWC) can compared 
to reduce uncertainty.  Better geologic characterization can 
be develpoed to understand how geologic properties (such as 
the presence of detrital clay and/or clay mineral cements) may 
influence log interpretation.

Greenfield wells can still be interpreted but the lack of data makes 
their interpretation less reliable. 

It is vital to validate results with “hard” data; historical records, 
oil production, core analysis reports, modern logs whenever 
possible.  

Fluid Contact Curves 
• Saturation will change according to a predictable behavior in a 

“brownfield” ROZ (a ROZ beneath a Main Pay Zone (MPZ)).
• Oil saturation is highest in the MPZ, decreases in an upper 

transition zone, stabilizes at residual oil saturaiton in the ROZ, and 
decreases in a lower transition zone to 100% water saturation in 
the base (left figure). 

• The intervals here are seperated by a POWC (the boundary 
between mobile and immobile oil) and an OWC (below which there 
is no oil).  
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Grain Size BVW
Coarse 0.5-1.0mm 0.02-0.025
Medium 0.25-0.5mm 0.025-0.035
Fine 0.125-0.25mm 0.035-0.05
Very Fine 0.062-0.125mm 0.05-0.07
Silt <0.0625mm 0.07-0.09
From Asquith, 1985

Where: 
Sxo = Water saturation of flushed zone
Rt = Resistivity of uninvaded zone (ohm-m) 
Rxo= Resistivity of the flushed zone (ohm-m)
Rmf= Resistivity of mud filtrate (ohm-m)

Where: 
a= Archies tortuosity factor
Rw= Resistivity of the formation water (ohm-m)
n= Archies saturation exponent
ø = porosity
m= Archies cementation exponent 
RT= resistivity of the uninvaded zone (ohm-m)

• The behavior of Rwa, MHI, and BVW can be used to validate 
intervals (right figure)

• Rwa is highest in the high oil saturation of the MPZ before 
decreasing to the Rw of the formation water in the 100% Sw base

• MHI is <0.7 where there is mobile oil and >0.7 where there is not.  
Therefore, the POWC can be picked where MHI is 0.7 

• BVW is used to determine if the MPZ is at irreducable water 
saturation 



Northern Greenfield Example: 
Cumberland Greenfield 
• Northen thick Cypress Fairway has 

evidence of a “greenfield fairway” 
• Thick intervals of low oil saturation away 

from established oil fields 
• MHI indicates that this oil is not mobile
• Limited data: difficult to validate, difficult 

to constrain extent 
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Noble Oil Field 
• Noble Oil Field served as the primary study area for this project. Oil production from thin MPZ on top of thick, 

homogoeous sandstone. Thick brine aquifer results in water coning issues and high water cuts. However, 
the field has several indirect indicators of an ROZ beneath the MPZ (tilted OWC, very high water cuts, calcite 
cement layers). 

• Geologic characterization developed for the field and used to construct detailed geocellular models for use in 
reservior simulations to test hypothetical CO2 injection scenarios 

# wells 94
# wells with oil production 3
# wells with recorded oil shows 44
# wells with interpreted oil 82
average MPZ thickness 8
average ROZ thickness 31
average MPZ So 53%
average ROZ So 23%

St James Oil Field 
• Production from several formations including a thin MPZ in the thick 

Cypess Sandstone in the southern portion of the field.  Loudon 
Field to the north also has some Cypress production 

• Log interpretation indicates a cluster of brownfield and greenfield 
wells in the center of the southern portion of the field; indicative of 
a depleted oil field 

• Properties observed in the data rich heart of the field (Rw, m, 
residual oil saturation, OWC) were used to constrain values used in 
isolated wells outside the field boundaries

• Structure of the overlying Barlow and Cypress isopach suggest 
oil may extend away from the production to the northeast. This is 
supported by wells outside the field boundaries with interpreted 
residual oil saturation

• Wells just outside pool boundries also had interpreted residual oil, 
which suggests that the ROZ extent and OOIPs calculated here 
underestimate resource. More research is needed to constrain true 
extend of associated greenfield 
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Kenner West Oil Field 
Field Background
• Oil production from thin MPZ at top of thick Cypress 

Sandstone. Drilling occured in two distinct intervals: 
• 24 wells drilled soon after the fields discovery in 

the 1940s with SP and early resisvity logs. Logs 
capture pre-production conditions

• 9 wells drilled in the 1990s with resistivity 
and neutron density porosity logs. Logs 
capture post- primary and secondary recovery 
conditions

• Unique opportunity to use information from modern 
wells to determine if wells with old logs can be used to 
understand ROZs

• See how oil saturation changed in response to primary 
and secondary recovery. Better understand the difference 
between a “natural” ROZ and depleted MPZ 

• Rw is 0.059 ohm-m based on values published in Demir, 
1995

• m is adjusted until Archie calculates 100% Sw in known 
brine aquifer

Results
• Results from the 1940s were compared to those from the 

1990s to determine how Archie based on an SP derived 
porosity was able to identify and characterize ROZ 

• Production expected to deplete MPZ, which is expected 
to shift the POWC upward and decrease the oil saturation 
within the MPZ. The OWC and residual oil saturation were not 
expected to change over time

• These expected results were observed:
• The OWC remained constant over time at ~ -2075 

feet subsea
• Residual oil saturation also remained constant over 

time at ~ 25%
• POWC shifted from ~ -2055 feet subsea to ~-2035 

feet subsea
• Oil saturation within the MPZ decreased from ~55% 

to ~42%

Thick Cypress Fairway
• Research in the Permian Basin concluded that ROZs exist within 

a “fairway” of porous and permeable rock (Harouaka et al., 2013; 
Melzer, 2006, Trentham & Melzer, 2016)

• Evidence that such a fairway may exist within the thick Cypress 
Sandstone in the Illinois Basin: 

•  Oil production from thin intervals on top of thick brine 
aquifers, high water cuts, tilted oil water contacts, oil 
shows outside established oil fields

• Detailed geologic characteriztion used to develop better 
understanding of extent and spatial variability of thick Cypress 
Sandstone 

• Fields within fairway with Cypress production were primary 
targets

• Wells with modern logs that fully penetrate thick Cypress were 
digitized and analyzed

• Production and historical records (drill stem tests, drilling 
reports, drill stem tests) were compiled and compared to well log  
analyses

Resulting saturation models
Saturation models based on 1990s wells (left) and 
1940s wells (right).  MPZ shown in red, ROZ shown 
in green, and 100% Sw shown in blue. These models 
highlight how the MPZ shrinks and is replaced by ROZ in 
response to primary and secondary recovery. 
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1990s example well 
Intrerpepation of this well indicates a thin MPZ 
(~5ft) above a thick ROZ (~40 ft). This well was 
perforated from 2581 to 2585 (yellow dashed 
line) and had an initial production of 4 bbls oil 
and 233 bbls water in 24 hours.  This validates 
that some mobile oil is present and is indiciative 
of a depleted reservoir.

1940s example well 
Interpretation of this well indicates a ~20ft MPZ above a 
~40ft ROZ. This well was perforated from 2561 to 2585 
(yellow dashed line) and had an initial production of 74 
bbls oil and 13 bbls water in 24 hours. The well was 
plugged back to a depth of 2575 and produced oil.  This 
validates that the well contains a MPZ. A show of oil was 
also noted on the drilling report from 2568-2590 (red line), 
which supports that oil extends below the POWC. 

Validation 

• Pulsed Neutron Logs (PNLs) were run 
on 4 wells in Noble Field in 2017

• Assumed to be a more accurate water 
saturation profile 

• Independant measure of water 
saturation validates cementaion 
exponent, Archies oil saturation within 
each interval, and OWC  

Thick Cypress Fairway Map
Map of the thick Cypress Fairway. Colored by thickness of the thick Cypress Sandstone. Pools shown in 
brown. 

Kenner West Box and Whisker plots 
Box and whisker plots for the oil saturation within each interval 
(upper) and subsea elevations of the oil water contacts (lower).  
The agreement between ROZ So and OWC suggest that thte 
SP derived porosity was adequate to detect oil saturation.  The 
change in MPZ So and POWC highlight how the MPZ changed 
in response to primary and secondary recovery. 

Greenfield Fairway Example Well 
Example well from the Cumberland Greenfield Pool.  This well 
has a thick (~ 70ft) interval of oil. MHI is > 0.7 for the entire 
interval, which suggests that the oil is not mobile. 

Noble Box and Whisker plots 
Box and whisker plots for the oil saturation within each interval (left) and subsea 
elevations of the oil water contacts (right).  Each interval has distinct So characteristics, 
with the MPZ So (47-58%) > ROZ So (19-27%).  There is much more variability in the 
top of the Cypress and POWC then the OWC. 
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Noble Pulsed Neutron Validation 
Analysis of the Carrie Winter #4 well. PNL Sw (purple line) 
was compared to Archie Sw (blue line) to determine how well 
Archie characterized the Sw profile.  PNL and Archie Sw had 
the same OWC (2612) and similar ROZ So (20-30%), but PNL 
calculated more oil saturation in the MPZ. 

Foss #6 Foss #7 Winter #4 Winter #5

Identification

POWC depth 
(ft)

2600 2600 2589 2592

OWC depth 
(ft)

2625 2625 2610 2613

PNL OWC 
depth (ft)

2620 2627 2610 2612

Characterization

Archie So in 
MPZ (%)

65 44 69 68

Archie So @ 
POWC (%)

52 37 47 44

Archie So in 
ROZ (%)

21 25 25 29

PNL So in MPZ 
(%)

24 20 83 78

PNL So in ROZ 
(%)

13 27 18 16

St James Map
Map of the St James pool (extent shown with blue line).  Existing 
oil fields colored green and Cypress thickess shown in warm 
colors.  Barlow structure shown with isolines. Wells analyzed 
with interpreted MPZ shown with green dots, wells with ROZ 
shown with yellow dots, and wells with no interpreted oil shown 
in red dots.  



Conclusions 

• Evidence of ROZs within the thick Cypress 
Sandstone in 27 “pools” around the Illinois Basin 

• Residual oil saturation was within the range 
expected for sandstones (20-30%)

• The results were statistically analyzed and validated 
with historical records and modern pulsed neutron 
logs 

• Pools are generally brownfield ROZs within existing 
oil fields (due to data density)

• Also have evidence of “associated greenfield” wells 
at the periphery of oil fields and “greenfield fairway” 
wells far from established oil fields

• Evidence that old logs can be used to identify and 
characterize ROZs but examples are ideal conditions 
(known Rw, m, core, thick, clean homogenous 
sandstone) and have modern logs to support 
findings. More work is required to determine if 
porosity logs are necessary in other conditions 

• Logs represent snapshot in time.  Interpreted ROZs 
may be depleted MPZs 
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Pool # wells 
analyzed

# analyzed 
wells with oil 
production

# analyzed wells 
with interpreted 
oil

Average residual 
oil saturation

Average MPZ 
thickness (ft)

Average ROZ 
thickness (ft)

Average 
Rw 
(ohm-m)

Average m

Aden 3 0 1 26% 0 18 0.048 1.87
Akin 2 0 1 28% 8 8 0.058 1.95

Akin West 2 0 2 40% 7 31 0.060 1.90
Barnhill-Golden Gate 10 1 7 27% 2 19 0.058 1.92

Benton South 1 0 1 15% 0 9 0.050 1.90
Bible Grove 6 2 5 26% 18 18 0.057 1.82

Bungay 7 1 4 31% 4 14 0.053 1.80
Calhoun 1 0 1 21% 0 62 0.050 1.90
Clay City 13 0 12 23% 5 20 0.063 1.75

Cumberland 11 0 3 35% 0 27 0.070 2.00
Dale 3 0 1 18% 0 5 0.050 1.77

Divide 2 0 1 22% 0 8 0.055 1.90
Effingham 9 0 5 23% 0 20 0.063 1.86

Ewing 3 0 1 35% 0 9 0.065 1.97
Kenner West 11 4 10 24% 7 29 0.059 1.81

Mt. Erie 4 0 4 20% 3 17 0.050 1.91
Newton 6 0 4 15% 0 18 0.062 1.93
Noble 95 3 82 23% 7 27 0.069 1.79
Patoka 2 0 1 21% 2 8 0.055 1.95

Rural Hill 2 0 2 19% 0 38 0.050 1.90
Sailor Springs 5 0 4 25% 4 12 0.055 1.90

Sailor Springs West 6 0 5 13% 1 18 0.060 1.86
Sesser 1 0 1 19% 0 43 0.045 1.90

Sesser North 1 1 1 20% 0 10 0.075 2.00
St. James 58 4 47 21% 9 29 0.072 1.85

West Liberty 12 1 8 23% 6 22 0.058 1.84
Whittington 2 0 2 12% 7 18 0.043 1.83
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Current/Future Work: Continued Research on the Illinois Basin ROZs 

• Expanded and refined resource assessment 
• Using Trentham and Melzer’s (2016) “cookbook” to assess other formations ROZ 

potential for CO2-EOR and stacked storage capacity 
• Field laboratories to validate Cypress ROZ and better understand controls on residual 

oil saturation 
Geneva Historical Records
Estimated Geneva extent shaded in 
yellow, wells with digitized logs with 
Geneva production shown in green 
triangles, those that recorded oil 
shows in the Geneva are shown in 
blue diamonds, those that encounter 
Geneva but don’t mention oil are shown 
in red circles, and those that recorded 
the presence of sulfur water in the 
Geneva are brown crosses. 

Stacked ROZ stratigraphic column 
Seven additional formations are being 
assessed for ROZ potential (highlighted 
yellow). 
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