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Abstract 

Since the 1990’s, petrophysical logs have been utilized to screen, quantify, and assess the range of TOC in potential source intervals and 
unconventional reservoirs. The Illinois Basin can be considered a mature basin, with over 2500 well penetrations of Silurian and Ordovician 
strata. The vast majority of petrophysical data is from pre-2000 logging suites. Utilization of these wireline logs to estimate TOC requires the 
use of the ΔlogR technique which relies on the density difference of organic carbon (0.9-1.05ρ organic) and mineral matrix (2.65-2.71 ρ
mineral) that sonic, density, or neutron logs measure in conjunction with resistivity data. While the actual TOC content can vary significantly in 
a lateral and vertical sense, if the organic macerals and kerogen types are fairly consistent throughout a potential source interval, then a 
relationship can be developed between TOC content and resistivity log values. This allows a rapid screening technique to assess source 
horizons utilizing older (in some cases, 1965 to present) resistivity data. 

In addition to using core-derived TOC values to constrain the algorithm, the standard ΔlogR technique was determined in selected wells for 
comparison to ensure reliable TOC estimates. Once a range of values was calculated for the Maquoketa Shale, geochemical and maturity 
modeling techniques were applied to specific basinal areas to derive generation potential and calculate the transformation ratio (TR) in portions 
of the Maquoketa Shale. 

Calculations of the TOC content using the modified ΔlogR technique in the Maquoketa Shale range from 0.5% to 4.8% with values increasing 
in specific basinal areas. Importantly, lower TOC values calculated in the Maquoketa Shale in southern and eastern parts of Illinois correspond 
to TR values in excess of 0.7-0.8. This relation implies that significant hydrocarbon generation from the Maquoketa in these areas may have 
occurred. Maceral and kerogen studies on the Maquoketa in eastern Kentucky and Indiana indicate abundant reworked and oxidized liptinite. 
Organic matter (OM) identification in central and western Illinois indicate abundant amorphous OM along with concentrated layers of alginite. 
In summary, the low TOC content in portions of the Maquoketa Shale in Illinois may be primarily the result of hydrocarbon generation rather 
than hydrogen-poor organic matter.  



Introduction Lithostratigraphy 

Figure 2. Classification of the Maquoketa Shale Group in Illinois, Indiana and Iowa. 
The Maquoketa Shale Group unconformably overlies Galena Group in most part of 
Illinois, except southwestern parts where it conformably covers the Cape Limestone.  
Throughout most parts of Illinois and Indiana, the Maquoketa Shale has been divided 
into three intervals: the Scales Shale in the lower part; The Fort Atkinson Limestone in 
the middle; Brainard shale in the upper part (Buschbach, 1964). Neda Formation is 
locally present at the top of the Group in northwestern and western  Illinois

Figure 3. 
A) A Neutron-density crossplot was used to determine lithology types of 
the Maquoketa Shale Group (API# 121452888200). Depth# 3352-3358,  
Perry County. The crossplot shows that thin interbedded intervals of the 
Brainard Shale predominately consist of dolomitic limestone and
limestone. 

B) A Neutron-density crossplot was used to determine lithology types of 
the Maquoketa Shale Group (API# 121992338101). Depth# 7107-7124, 
Williamson County. It shows that the thin interbedded intervals of the 
Scales Shale predominately consist of limestone. 

C) A Neutron-density crossplot was used to determine lithology types of 
the Maquoketa Shale Group (API# 120252722200). Depth# 5745-5790,  
Clay County. It shows that the thin interbedded intervals of the Scales 
Shale predominately consist of limestone. 

D) A Neutron-density crossplot was used to determine lithology types of 
the Maquoketa Shale Group (API# 121852781000). Depth# 5246-5269, 
Wabash County. It shows that the Fort Atkinson is dominantly consist of 
limestone intervals in southeastern Illinois

Location of wells A, B, C, and D for figure 3.
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Figure 1. Structure contour map on top of the Maquoketa Shale Group. It is present throughout the Illinois Basin except for a few areas 
in northern, western, and southwestern parts of the state, where it has been eroded. The Maquoketa is buried to over 6000’ in White and 
Gallatin Counties in the southeastern Illinois.  In southern part of the state, the Maquoketa Shale Group strata is broken by a complex 
series of faults, most are normal faults, many of which bound failed rift grabens. 
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The Upper Ordovician Maquoketa Shale Group is an extensive, predominantly siliciclastic interval which ranges in thickness between 200 feet in northwestern Illinois to 
over 400 feet in southeastern Illinois and southwestern Indiana (Kolata, D., 2010).  It is deposited on a prominent hardground on top of the Galena Formation indicating 
a significant change in depositional environment but not necessarily a long hiatus. Internal stratigraphic relationships within the Maquoketa Shale Group are complex 
and consist of numerous reactivation surfaces and disconformities (Figure 2).  However, there are several regional facies that can be identified which span the regional 
extent of the Illinois Basin.  They include:

1. A dark brown to olive grey laminated, locally organic-rich and slightly dolomitic shale.  This horizon may include cyclic intervals of organic-rich zones with thin,
bioturbated silty zones (Kolata, D., 2010).
2. An argillaceous, fossiliferous packstone and grainstone – limestone.
3. A thinly interbedded limestone and shale horizon that may include lag horizons that include phosphatic pellets and diverse assembledge bryozoans and
brachiopods.

Petrophysical analysis can discern these three, regional horizons and they can be traced across the Illinois Basin (Figures 4,5).  The top of the Maquoketa Shale Group 
is marked by a regional erosional unconformity in northern Illinois and western Indiana related to Late Ordovician glaciation.  Between 30 – 150 feet of relief can be 
mapped across this surface (Kolata and Graese, 1983).

The Upper Ordovician Maquoketa Group was deposited as a clastic wedge of fine-grained sediment that was shed from the Taconic highlands to the east.  These 
sediments prograded into a shallow, re-activated rift basin on the edge of the Laurentia continent.  Based upon the internal complex stratigraphy within the Maquoketa 
Group, it is likely that portions of this basin were uplifted/downwarped during periods of reactivation of the New Madrid Rift System.  This would create areas of cyclic, 
restricted circulation within sub-basins of the Illinois Basin embayment and result in the deposition and preservation of intervals with elevated organic content.  Current 
structural configuration of the Maquoketa Shale Group indicates a maximum burial of around -6500 feet subsea and coincides with the deepest portion of the Illinois 
Basin in southern Illinois, southwestern Indiana and Kentucky (Figure 1).

Accurate quantification of the total organic carbon (TOC) content of source rocks is a crucial parameter in 
the evaluation of organic-rich unconventional reservoirs. Organofacies in source intervals can vary
significantly in a lateral and vertical sense. Geochemical data from deep well penetrations into the 
Ordovician Maquoketa Group within the Illinois Basin are relatively sparse. Petrophysical data provide an 
avenue to map TOC distribution within the interval without relying exclusively on expensive lab analyses.  As 
is the case in the Illinois Basin, the vast majorityof petrophysical data in mature basins is determined from 
older (pre-2000) logging suites. The ΔlogR technique developed by Passey, et al., 1990, allows the use of this 
older petrophysical data in mapping reliable TOC estimates.

The ΔlogR technique relies on the density difference of organic carbon (0.9-1.05ρorganic) and mineral matrix 
(2.65-2.71ρmineral) that porosity logs (sonic, density, or neutron) measure. This requires the overlaying of a 
sonic, density, or neutron curve in arithmetic scale on a deep resistivity curve onlogarithmic scale. Baseline 
is determined in a shale interval with low organic content. Once baseline is established, the separation 
between the porosity and resistivity curves can be calibrated over intervals with higher organic content. This 
calibration requires an estimation of the level of organic metamorphism (LOM) or how far density or transit 
time deviates from that of barren rock at the same state of compaction. If a reliable calibration can be 
determined between petrophysical TOC estimates and measured values from cuttings/core, a regional
pattern of TOC distribution can be mapped for the Maquoketa Shale Group across the Illinois Basin.

While it is important to determine the regional patterns of TOC distribution for source intervals, it is also 
critical to measure the organic richness and transformation due to thermal maturation of the kerogen within 
the Maquoketa Shale Group.  Researchers have developed new analytical techniques using source rock 
analysis (SRA) pyrolysis data to provide estimates of representative hydrogen index (HI) values, the original 
hydrogen content (HIo) of the organic matter (OM) at deposition, and an estimate of the extent of 
transformation of the OM to hydrocarbons.  These techniques were applied to geochemical data from 
twenty-three wells in Illinois and Indiana.

The objectives of this study are:

(1) Compute TOC data of the Maquoketa Shale Group by using ΔlogR petrophysical technique on wells 
within the Illinois Basin.
(2) Compare synthetic TOC data with measured geochemical TOC from samples in selected wells.  
Determine if a reliable correlation is possible.
(3) Create preliminary TOC distribution maps across portions of the Illinois Basin.
(4) Petrophysical log evaluations and cross plot analyses to determine the lithology of the Maquoketa Shale 
Group across the Illinois Basin.
(5) Correlate the lithostratigraphy of the Maquoketa Shale Group across the Illinois Basin to determine what 
intervals contain elevated amounts of total organic carbon.
(6) Determine a representative HI for selected wells within the basin as a way to determine present-day 
organic richness.  
(7) Estimate the original organic richness (HIo) of the Maquoketa Shale intervals at time of deposition.
(8) Calculate the transformation ratio (TR) of the shale to determine regional patterns of hydrocarbon 
generation.
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Total Organic Carbon (TOC) Estimation and Generation Potential of the Ordovician Maquoketa Shale, Illinois Basin - 
Using a Modification of the ΔlogR Technique

Figure 5. E-W stratigraphic cross section of the Maquoketa Shale Group 
and its formations in Illinois. It also shows a comparison of core-derived 
TOC with TOC computed from ΔlogR techniques.

R= resistivity reading of formation (deep resistivity)
RBL= resistivity of a shale interval when no TOC present 
Δt= interval transit time of formation
ΔtBL= interval travel time of a shale interval when no TOC 
present 
ϕN= neutron porosity reading of formation
ϕBL=neutron porosity of a shale interval when no TOC 
present 
ρb= bulk density reading of formation
ρBL= the density of a shale interval when no TOC present

Passey’s equations 

Figure 4. N-S stratigraphic cross section of the Maquoketa Shale Group 
and its formations in Illinois. It also shows a comparison of core-derived 
TOC with TOC computed from ΔlogR techniques. Figure 8.  North-South stratigraphic cross section Maquoketa Shale Group 

showing stratal arrangement of lithologic zones which are approximately 
equivalent to the Brainard, Fort Atkinson, and Scales Formations. The Brainard 
Shale Formation is the datum. Note these formations appear to be present 
both vertically and horizontally and are traceable throughout Illinois.

Figure 7 (Right) East-West stratigraphic cross section Maquoketa Shale Group 
showing stratal arrangement of lithologic zones which are approximately 
equivalent to the Brainard, Fort Atkinson, and Scales Formations. The Brainard 
Shale Formation is the datum. Note these formations appear to be present 
both vertically and horizontally and are traceable throughout Illinois.
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Figure 6 . 
A) TOC map of the Brainard Shale in Illinois. TOC contour intervals are 0.2 
wt.%.  The TOC values increase toward east and southeastern Illinois. The 
trend of TOC wt.% is consistent with the lithology of the Formation in Illinois.

B) TOC map of the Fort Atkinson Limestone in Illinois. TOC contour intervals 
are 0.2 wt.%. The TOC values increase toward east and southeastern Illinois, 
the trend of TOC is consistent with overlying Brainard Formation.

C) TOC map of the Scale Shale in Illinois. TOC contour intervals are 0.2 wt.%. 
TOC% in Illinois is approximately <0.2 wt.%, but  increases to about 1.4% in 
western Indiana.
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Figure 9. A comparison of core-derived TOC with TOC computed from ΔlogR techniques showing 
high correlation in two wells in Illinois and Indiana.  In general, the computed TOC is within 0.5 to 0.75 
wt.% of measured core-derived TOC values.
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Conclusions

• Petrophysical analysis indicates that the Maquoketa Shale Group is 
comprised of three lithostratigraphic intervals:  1) High gamma-ray shale  
2)  Argillaceous limestone 3) Shale and thinly-interbedded limestone

• In northern and central Illinois, a thick shale sequence overlies a limestone 
interval.  This shale interval can contain organic matter with elevated total organic 
carbon.  

• In southern Illinois and western Indiana, a thick shale package underlies a 
limestone interval which varies in thickness.  The limestone is overlain by a shale 
and thinly interbedded limestone horizon.  The high TOC values are concentrated 
within the lower shale horizon.

• Correlation of lithostratigraphy in the Maquoketa Shale Group indicates sharp 
lithologic discontinuities in both the N-S and E-W directions. 

• Predicted TOC values using the ΔLogR technique from petrophysical data 
correlate with measured TOC values.

• Elevated TOC values from both predicted (petrophysical data) and measured 
samples cluster in southern and central Illinois and southwestern Indiana.

• Calculated transformation ratios (TR) in the Maquoketa Shale Group indicate 
zones oriented in a NW-SE direction in which 80-95% of the organic matter may 
have been transformed into hydrocarbons.

• The low TOC values in some Maquoketa Shale intervals may be the result of 
significant thermal maturation and burial – NOT the result of degraded and 
oxidized organofacies.

• Possible mobile oil was detected in two wells located in central and southern 
Illinois.
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Eq. 1            TR = (HIO/100) – [[HIm x (60-(5xHIo))] / 6000 – (5xHIm)]
   (HIO/100)

Where  HIO=original HI, HIm=measured HI using slope methodology

TOC results

Figure 10.   Methodology to determine a representative hydrogen index (HI) from SRA geochemical analysis 
for selected wells in the Illinois Basin. The slope value multiplied by 100 results in a representative HI value.   
After Tobey, et al., 2016.

Figure 12.  Distribution of wells with SRA pyrolysis data analyzed in the 
Maquoketa shale.  Shaded areas outline the extent of kerogen transforma-
tion (TR) calculated from measured hydrogen index (HI) indices and an es-
timate of the original organic richness (HIo).

Figure 13.  Location of wells with calculated transformation ratios (TR) determined 
from SRA pyrolysis data in which the LECO TOC (total organic carbon) values exceeded 
0.50 (wt.%) highlighted in Blue.  Wells with LECO TOC values less than 0.50 (wt.%)
located in high transformation ratio zones are highlighted in Yellow.   Wells with LECO 
TOC values less than 0.50 (wt.%) associated with low to moderate transformation ratios 
are highlighted in Grey.

Figure 14 Indications of mobile oil in Maquoketa interval from selected 
wells in Lawrence and Perry Counties, Illinois.  S1 (mgHC/grx) is a measure 
of any free hydrocarbons present in the rock at time of deposition or 
generated from the kerogen since deposition.  TOC refers to total organic 
carbon.

Figure 11.   Determination of original hydrogen index (HIo) using representative HI profiles plotted on a kinet-
ic evolution trend using wells in both Illinois and Indiana.  The kinetic evolution used in this appraisal is modeled 
after Type II (Marine: Woodford, OK).   After Waples et al., 2015

In this study, the total organic carbon (TOC) of six wells was calculated using Passey et al., 1990 equations 
and directly compared to core-derived TOC to determine the accuracy and reliability of the petrophysical 
log-derived measured TOC values.     

Calculation of ΔlogR is the first step needed to determine the TOC content of each interval. The porosity 
(e.g. sonic and density logs) and resistivity curves were overlaid on a shale interval with minimal organic 
content. This served as a baseline from which curve deviation indicated measurable TOC. The separation 
distance between two curves (sonic vs resistivity; density vs resistivity; neutron vs resistivity) was 
measured as ΔlogR. Three Passey’s equations were utilized to calculate the ΔlogR summarized below 
(equations 1-3).  

Where:

R= resistivity reading of formation (deep resistivity)
RBL= resistivity of a shale interval when no TOC present 
Δt= interval transit time of formation
ΔtBL= interval travel time of a shale interval when no TOC present 
ϕN= neutron porosity reading of formation
ϕBL=neutron porosity of a shale interval when no TOC present 
ρb= bulk density reading of formation
ρBL= the density of a shale interval when no TOC present

Level of organic metamorphism (LOM) has been obtained from the slope of ΔLogR and core-derived 
TOC values. The obtained LOMs were used in equation 4 to compute weight % TOCs. The assessment 
of the Maquoketa shale  Group and its formations indicate that the uppermost Brainard Shale and Fort 
Atkinson Limestone contain elevated amounts of organic matter while the Scales Shale by compari-
son, contains significantly lower amounts of total organic carbon in Illinois. 
However, the lithology of Scales Shale gradually changed to a thick interval of argillaceous shale with 
higher TOC wt.% in Indiana.

Maturity Proxy Results

The Upper Ordovician Maquoketa Group was deposited as a clastic wedge of fine-grained sediment 
that were shed from the Taconic highlands to the east.  These sediments prograded into a shallow, 
re-activated rift basin on the edge of the Laurentia continent.  This shallow embayment likely restricted 
water circulation that resulted in cyclic dysoxic to anoxic conditions.  Biomarker, kerogen, and carbon 
isotopic analyses indicate that marine eukaryotic algae, liptodentrinite, and photosynthetic green 
sulfur bacteria were the primary producers of preserved, amorphous organic matter (OM) with 
concentrated layers of alginate (Guthrie, 1996).  Zones of oxidized and re-worked liptinite are also 
common.

The Maquoketa Shale has been analyzed by researchers and industry professionals as a possible 
Ordovician source for oil generated in the Illinois basin.  There is a modest amount of core available in 
both oil and water wells to establish a geochemical profile.  The general consensus among industry 
professionals suggest that large, basin-wide zones within the Maquoketa contain low TOC values 
(< 0.50 wt.%) of re-worked and oxidized OM.   As a result, the unconventional reservoir potential of this 
interval is considered low regardless of a thermal maturation profile that is ideal for light hydrocarbon 
generation.

Original HI and TR values were calculated in twenty-three wells distributed in Illinois and Indiana 
(Figure 12). Only Maquoketa intervals containing TOC values of over 0.50 wt% were selected for HI and 
TR analysis.  This is due to SRA pyrolysis results that may be inaccurate in zones containing low total 
organic carbon.  TOC values range from 0.52 – 9.85 wt% with the higher values clustered along the 
western edge of the Illinois Basin.  For the central and eastern parts of the basin in Illinois and Indiana, 
the TOC values typically ranged between 0.52 – 2.70 wt.%.  Figure 10 depicts the determination of a 
representative HI value using the slope methodology from wells in Illinois.  The same process was 
used for three wells in Indiana.  The HI values are then plotted against the correlated TMAX (°C) values 
to determine the trend of thermal maturation (Figure 11).  The data from Schuyler County, Illinois
represents immature Maquoketa shale samples.  A kinetic evolution trend was then superimposed on 
the data to illustrate burial and thermal maturation of a Type II marine kerogen.  An original HI of 550 
mgHC/gTOC characterizes the OM deposited during late Ordovician time prior to thermal maturation 
with burial (Figure 11).  A Maquoketa interval in Edgar County, Illinois deviates from this trend and 
may represent a different organofacies or the interval may have been thermally altered with hot, 
hydrothermal fluids.

 
Figure 12 illustrates the TR distribution across the Illinois Basin.  As most wells are clustered in cen-
tral and southern Illinois, the true areal extent of TR distribution across the basin is not possible.  
Using Equation 1 to account for the curved relationship between HI and TR, tthere are zones of the Ma-
quoketa Shale that theoretically have transformed almost all (0.8 - .97) the OM to hydrocarbons. These 
zones are oriented to NW-SE and may represent depositional patterns and discontinuities in the pro-
to-Illinois Basin (Figure 12).  

The map depicted in Figure 13 illustrates the wells used in calculating the TR ratios (blue) in addition 
to wells (yellow) where the TOC was too low (< 0.50 wt.%) to use SRA pyrolysis data.  These wells 
cluster along predicted elevated TR zones (Figure 13).  This may indicate that the low organic matter 
content in some Maquoketa Shale intervals is the result of thermal maturation and burial, not oxidized 
and re-worked organofacies.  The wells highlighted in grey may represent intervals which contain de-
graded organic matter within the Maquoketa interval.  Additional wells need to be sampled and ana-
lyzed before these trends can be confirmed. The wells highlighted in red include zones that may con-
tain mobile oil – possible unconventional reservoir targets (Figure 14).  
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