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Abstract
The U.S. Department of Energy is currently funding a broad consortium of institutions to develop a new National Geothermal Data System
(NGDS) for assessing the geothermal resources of the United States. In the Illinois Basin region, such a comprehensive effort of subsurface
temperature data compilation and analysis has not been attempted since the 1970s. This paper presents the methodologies that were implemented
to develop this new geothermal database for the Illinois Basin region as part of the NGDS program. The database contains temperature
observations from more than 26,000 wells in Indiana, Illinois, and Kentucky, providing a substantial increase in information on the thermal state
of the subsurface. We also present some early results of data analysis, including new geothermal gradient maps and temperature anomalies, and
how these results are being used in conjunction with other studies in the Illinois Basin.
After compiling bottom hole temperature (BHT) data from geophysical logs, we conducted a number of quality assurance steps and filtering
analyses. Primary tests involved graphical screening for outliers and mean statistics calculations to remove data that were beyond two standard
deviations of the expected value. For Indiana and Illinois, many records with BHT values of exactly 100 degrees Fahrenheit were removed from
the database because they resulted from the field operator using depth charts to assign a BHT value, rather than an actual temperature
observation at depth. The BHT values at depths greater than 3,000 feet were corrected to account for error related to the circulation of drilling
fluids. The Harrison equation was applied to all wells between 3,000 and 12,900 feet to approximate an equilibrium, or ‘in-situ,’ temperature.
Geothermal gradients were calculated for each well by using a mean ambient surface temperature at the well location from values obtained from
the PRISM Climate Group. Mean geothermal gradients were also calculated for specific geologic intervals.

Results from this project include updated maps of geothermal gradients throughout the Illinois Basin that show a higher resolution of subsurface
thermal conditions than earlier products. Depth maps of temperature anomalies appear useful for identifying important subsurface structural
features and areas that may have deep convection of groundwater. These data are being used to help evaluate results from new paleohydrologic
model reconstructions that are aimed at identifying the impact of Pleistocene glaciations on the distribution of freshwater and brines across the
Illinois Basin. Results of this project are also helping to improve the calculation of geologic storage resources for carbon sequestration in deep
saline formations throughout the basin, because the density of carbon dioxide is partially dependent on the temperature of the subsurface storage
formation.
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Quality Control and Filter Analysis

Construction of the Illinois Basin Database

Abstract
The U.S. Department of Energy is currently funding a broad consortium of institutions to develop a new National Geothermal Data System (NGDS) for
assessing the geothermal resources of the United States. In the Illinois Basin region, such a comprehensive effort of subsurface temperature data
compilation and analysis hasn’t been attempted since the 1970s. This paper presents the methodologies that were implemented to develop this new
geothermal database for the Illinois Basin region as part of the NGDS program. The database contains temperature observations from more than
26,000 wells in Indiana, Illinois, and Kentucky, providing a substantial increase in information on the thermal state of the subsurface. We also present
some early results of data analysis, including new geothermal gradient maps and temperature anomalies, and how these results are being used in
conjunction with other studies in the Illinois Basin.
After compiling bottom hole temperature (BHT) data from geophysical logs, we conducted a number of quality assurance steps and filtering analyses.
Primary tests involved graphical screening for outliers and mean statistics calculations to remove data that were beyond two standard deviations of the
expected value. For Indiana and Illinois, many records with BHT values of Iexactly 100 degrees Fahrenheit were removed from the database because
they resulted from the field operator using depth charts to assign a BHT value, rather than an actual temperature observation at depth. The BHT values
at depths greater than 3,000 feet were corrected to account for error related to the circulation of drilling fluids. The Harrison equation was applied to
all wells between 3,000 and 12,900 feet to approximate an equilibrium, or ‘in-situ,’ temperature. Geothermal gradients were calculated for each well by
using a mean ambient surface temperature at the well location from values obtained from the PRISM Climate Group. Mean geothermal gradients were
also calculated for specific geologic intervals.
Results from this project include updated maps of geothermal gradients throughout the Illinois Basin that show a higher resolution of subsurface
thermal conditions than earlier products. Depth maps of temperature anomalies appear useful for identifying important subsurface structural features
and areas that may have deep convection of groundwater. These data are being used to help evaluate results from new paleohydrologic model
reconstructions that are aimed at identifying the impact of Pleistocene glaciations on the distribution of freshwater and brines across the Illinois Basin.
Results of this project are also helping to improve the calculation of geologic storage resources for carbon sequestration in deep saline formations
throughout the basin, because the density of carbon dioxide is partially dependent on the temperature of the subsurface storage formation.

Graphical analysis of outliers revealed that for both Indiana and Illinois, depth values associated with 100 degrees Fahrenheit did not fit the trends of the other
temperatures. In the past, companies would occasionally record Bottom Hole Temperatures (BHTs) on log headers that were estimated from regional charts rather
than using measured temperatures (S. J. Keller, oral commun., 2011). In these cases, the value of 100 degrees Fahrenheit was disproportionally recorded. There
being no practical method for determining whether a reported 100 degree BHT value was measured or estimated, all 100 degree values were removed from the
dataset. However, in cases where a maximum temperature was recorded, that value was assumed to represent the well’s true BHT.
The 100-degree problem was not evidenced in the Kentucky graphs. However, a cluster of data falling outside of the dominant trend was removed. These records
were 1.5 percent of the total Kentucky data. The issue was caused by measured depth being recorded as true vertical depth for horizontal wells.

Following outlier screening and the application of temperature equilibrium corrections, the mean geothermal gradient and standard deviation were
calculated for the Illinois Basin region. Well data with gradients beyond two standard deviations from the mean gradient were considered suspect and
originally removed from the dataset. However, further analysis indicated that some of these data may represent meaningful anomalies rather than
erroneous data. A second filter attempt was made by mapping records with respect to depth formation. This minimized effects from lithology and
depth when comparing the gradients. It also reduced the amount of records being reviewed at one time. The gradients were examined for values that
deviated from the general trend in the region. Some records selected for review were a result of typos and were updated. Other records were
determined to be inaccurate and were removed. While this approach was more time consuming, it yielded a more accurate picture of regional heat
flow. This made it easier to remove or update true outliers from the data.

The three datasets were also reviewed for duplicate entries, missing data, and clearly erroneous data. While certain well data could be revised, other records were
considered to be obviously inaccurate and were removed from the datasets. All well locations were projected to a consistent coordinate system, UTM X-Y, NAD83,
Zone 16N.

Initial Indiana data after
compilation, values of
100 degrees appear as a
line.

Initial Illinois data after
compilation, values of
100 degrees appear as a
line.

Initial Kentucky data
after compilation, a
cluster appears below
the trend of the data.

Indiana data after values
of 100 degrees were
removed or updated
with max temperature.

Illinois data after values
of 100 degrees were
removed or updated
with max temperature.

Kentucky data after
horizontal wells were
removed.

The red dots represent records that were removed during mean
statistical analysis. Notice the records that appear as clusters,
most likely representing a high temperature area rather than bad
data.

Temperature Corrections

IntroducƟŽŶ
In partnership with the AssociaƟon of American State Geologists and other organizaƟons, the U.S. Department of Energy is presently
funding a comprehensive, naƟonwide assessment of geothermal resources. Each partner is responsible for submiƫng a variety of
data products into the Geothermal Data Repository for incorporaƟon into a new NaƟonal Geothermal Data System (NGDS). In this
study we analyze data that were recently submiƩed to the NGDS from the State Geological Surveys of Indiana, Illinois, and Kentucky
to develop a new geothermal database for the Illinois Basin region.
The primary objecƟve of this poster is to present the methods used to process data from the three diīerent States into a
standardized, quality-controlled database for the Illinois Basin region. We also present a number of early analyses and applicaƟons
of the database in developing new insights on geothermal gradients and thermal condiƟons within the basin. This study represents
an update to results from regional-scale geothermal work undertaken in the 1970s and is expected to provide valuable contribuƟons
to other research in the Illinois Basin such as geological sequestraƟon of CO2 and analysis of deep groundwater Ňow and transport.

Generalized Illinois Basin
StraƟŐraphic TerminoloŐy
Used in This Study
System

'ĞŶĞƌĂůŚĂƌĂĐƚĞƌŝǌĂƟŽŶ

Pennsylvanian

predominately
sandstones,
shales, and coals

The red dots represent records that were removed or updated
during the spatial analysis. Wells completed in the Sanders
Group were mapped and reviewed for gradients that did not fit
with the regional gradient. This method eliminated bad data
without obscuring anomalous temperature areas.

This is the updated map from the spatial
analysis filtering. There are no red symbols
because those records were removed or updated.

Standard Geothermal Gradient Calculation

Recent work on geothermal gradients by Blackwell et al. (2010) concludes that because of drilling fluid circulating in wells, reported BHTs tend to be cooler than
the actual in-situ formation values. Temperature corrections using the equation of Harrison et al. (1982) were applied to log header BHT values with an associated
depth range of 3,000 to 12,9000 ft to provide a more accurate in-situ well temperature. These corrections were applied to data from all three States (see red data
points versus original data in blue). The maps below depict the effects of correcting for nonequilibrium temperatures. The method typically applies to wells toward
the center of the basin (i.e., deeper wells) and becomes more sparse moving toward basin margins. Noticeable change is evident in the temperature contours,
whereas change is less pronounced in the gradient contours.

Gridded data of annual maximum and minimum temperatures (1971-2000) from the PRISM Climate Group were used to make an average annual land surface
temperature map (shown below). This serves as a reasonable estimate of temperature at the top of the bedrock (Forrest, 2007). To calculate a mean geothermal
gradient for each well, the surface temperature was subtracted from the corrected BHT and divided by the depth. Combining all gradient data throughout the
basin region provides a means to compare our results to those from prior studies such as Vaught (1980).
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Count of Wells Used in
this Illinois Basin Study:

New Albany Shale
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Indiana = 11,671
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Uncorrected Temperatures in
Knox Supergroup

Corrected Temperatures in
Knox Supergroup
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Gradient
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Gradient versus depth graph for all
wells in our Illinois Basin analysis.
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Cambrian

The Illinois Basin is located south of the Great Lakes in
the Midwest Region of the United States.

LocaƟons of wells with BHT values used in this project. The
outline of the Illinois Basin (red) is modiĮed from Swezey (2007).

Mount Simon Sandstone

Precambrian

ƵŶĚŝīĞƌĞŶƟĂƚĞĚŝŶƚŚŝƐƌĞƉŽƌƚ

Raster dataset of average annual surface temperatures.
Gradients before Temperature
Corrections for Knox Supergroup

Gradients after Temperature
Corrections for Knox Supergroup

Gradients for the Illinois Basin. Smaller symbols represent lower
gradients; light symbols are higher gradients.

Gradient versus depth graph for
wells deeper than 4,000ft in the
Illinois Basin.

Comparison of New Database to Prior Work

Depth-Based Temperature Slices

Further Analysis: Heat Flux and Transport Processes

Prior study of geothermal conditions in the Illinois Basin were coordinated by the American Association of Petroleum Geologists (AAPG) in the 1970s, followed by
Vaught (1980) for the Department of Energy, and later Foust and others (2003). Vaught attempted to summarize the basic geothermal data collected in the earlier
AAPG work, while Foust and others expanded on Vaught’s work by incorporating new data from logs in under-sampled areas to help minimize inconsistent
methodologies. Reviewing the original data used in their research, we found that we could not closely reproduce their results.

Temperatures and gradients for wells drilled to depths of 1,000 ft, 2,000 ft, 3,000 ft, and 4,000 ft were mapped. In
order to ensure a suitable data size, a buffer of up to 75 feet was used for each depth range. Maps confirmed the
general trends of increasing temperature, and decreasing gradients with depth. Previous researchers such as
Harrison et al. (1982) have found similar results in other regions and further analysis is underway to determine how
low thermal conductivity sediments may be enhancing temperature gradients due to a thermal blanket effect. This
depth-based analysis also helps to identify regions where advective heat transport may be significant from shallow
groundwater flow systems.

By mapping geothermal gradients, we intend to help identify regions of anomalous heat flux and regions where heat transport by advection may dominate over
conduction. To evaluate the utility of our new gradient maps and assess the heat transport processes in a given region, further analysis is underway comparing
temperature logs from select wells against the calculated temperatures from our regional gradient maps. Shown below are wells from northern (Lake County) and
southern (Daviess County) Indiana. Heat transport by conduction only results in linear gradient profiles, with minor deflections owing to changes in formation
thermal conductivity. Advective transport can cause significant deviations from the linear profile, as is clearly observed in the northern Indiana well where
significant fluids are injected in the subsurface.

A significant difference to prior work lies in our calculation of much higher gradients in various regions throughout the basin. Neither Vaught (1980) nor Foust and
others (2003) calculated gradients larger than 2.5 deg F/100 ft, whereas some areas in our analysis have calculated gradients greater than 4.0 deg F/100 ft. This
difference is attributed to the significantly larger data set used in our analysis. There also appears to be better correlation of gradient anomalies with structural
features in our new analysis. Further work, however, shows that the standard geothermal gradient maps are of limited utility in geological interpretation owing to
the projection of a large three-dimensional data set into a two-dimensional map space.

Illinois Basin
Gradients and
Significant Faults
(purple) and Folds
(black)

Gradient
(F/100 feet)

Temperature at
1,000 ft Depth

Temperature at
2,000 ft Depth

Temperature at
3,000 ft Depth

Temperature at
4,000 ft Depth

Gradient at
1,000 ft Depth

Gradient at
2,000 ft Depth

Gradient at
3,000 ft Depth

Gradient at
4,000 ft Depth
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Well 142097 is located in industrial Lake County, Indiana, where
waste water injection occurs in the Mount Simon Sandstone.

Well 160083 is located in rural Daviess County, Indiana, where
there is only minor oil and gas production nearby.

Indiana Geothermal Gradient map
from Foust et al. (2003)
Geothermal Gradient Map of
Illinois from Vaught (1980)

Geothermal Gradient Map of
Indiana from Vaught (1980)

Frequency Chart Showing Illinois
Basin Geothermal Gradients

Comparison of New Database to Prior Work

Geologically-Based Gradients

Although our new results do not match closely to the prior maps of Vaught or Foust and others, a common finding is that gradients are strongly dependent on
depth in the Illinois Basin. Our study offers more detail than earlier work, yet all show lower gradients appear at deeper depths, and the minimum gradients are
found at the heart of the basin, creating a bull’s-eye effect of relatively higher gradients in shallower wells around the basin margins. Gradient steepness was
further evaluated by comparing data from wells that had multiple temperature observations at depth.
The map below of Gradients at Shallower Depth shows the average mean gradient from the surface to the first recorded temperature observation at depth. The
map of Gradients at Deeper Depths shows the average mean gradient from the first recorded depth to the second recorded depth (typically at total well depth).
These results provide further support to the general trends observed in the composite data set where gradients decrease with depth in the basin. In particular, we
note that the shallowest 1,000 feet of subsurface constrain the very broad range of gradients. We interpret these results to indicate that advective heat transport
is generally dominant in this shallower groundwater region, while conduction dominates the deeper portion of the basin.

Gradients were also mapped according to the geologic unit from which the BHT observation was recorded. In some units, such as the
New Albany, Devonian, and Maquoketa, gradients become lower toward the center of the basin. The shallower units such as the
Pennsylvanian and Mississippian suggest advection may be an important heat flow mechanism, while the deeper units such as Knox
and Mount Simon indicate that conduction is the most dominant process. An important result gleaned from these maps, and
elsewhere in our study, is that the commonly used estimate or ‘national average’ of 1 degF/100 ft appears to be consistently low for
the Illinois Basin region.

Temperature Gradient
(F/100 feet)

Conclusions
¾ The new geothermal database of the Illinois Basin indicates that the mean geothermal gradient is 1.56°F/100 feet; higher than the often assumed
gradient of 1.0°F/100 feet. Higher geothermal gradients can be expected for thick sequences of sedimentary rocks that have lower thermal
conductivity than underlying crystalline rocks.
¾ Standard geothermal gradient maps that combine all available data can be misleading as a result of projecting 3-D data into 2-D space.
¾ Correlating geothermal data with structural features, lithologic controls, or regions of anomalous heat flux can be challenging if only standard
geothermal gradient maps are used in the analysis.
¾ Developing depth-based and geologically-based geothermal gradient maps can greatly facilitate the interpretation of anomalous features and heat
transport processes in the subsurface.
¾ Results from this study indicate that advective heat transport is an important process in regional groundwater flow systems at depths less than 1,000
ft, while conduction likely dominates at greater depths.
¾ Temperature logs from select wells demonstrate that local-scale thermal conditions can vary significantly from a simple conductive-type profile.
Using gradient maps to calculate subsurface temperatures may result in errors of up to 10°F or more depending on the local conditions.
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