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Abstract

The Wattenberg Field has been reported as a thermal hot spot, but a new geothermal gradient map of Colorado does not show it to be
anomalous with respect to other areas of the Denver Basin. We have re-analyzed bottom-hole temperature (BHT) data from logs from
over 2500 wells in the Wattenberg Field to investigate the modern temperature structure of the gas-producing formations in this field
and to evaluate the potential for electricity generation with water from the depth of existing wells. BHT data were corrected for the
effects of drilling using standard-correction techniques to give estimates of the undisturbed formation temperatures. An initial analysis
of the data indicated no coherent temperature structure in the field, but an apparent statistical negative correlation of geothermal
gradient with well depth. This correlation was found to be probably without significance, as, upon closer examination, the BHT data
had no correlation with depth, but gradient is inversely proportional to depth. Attempts to find correlations among the BHT data and
other parameters were unsuccessful, until remarkably strong correlations were found between BHTs and depth for wells that were
completed in the “Sussex” and the driller’s “Dakota” units. Wells that were completed in other units showed no significant
correlations. The “Sussex” and “Dakota” essentially bracket the main producing units in the Wattenberg Field, but differ from other
units in that they are outside the overpressured zone that characterizes the main production. We speculate that gain and loss of drilling
fluid in the overpressured zone causes disturbances to the BHTs not corrected by standard techniques. The corrected temperatures in
the “Sussex” and “Dakota” are valid and may be interpolated through the intervening units using stratigraphic information.
Temperatures in the producing zone range from about 100-120°C (210-250°F) at depths ranging from 2100 to 2600 m (6900 to 8500
ft). Using binary technology with small modular power plants, water from this zone could be used to produce electricity to power
production operations in this field, probably with power to spare. The origins of reports of the Wattenberg Field as a hot spot were
probably based on unreliable temperature data. Vitrinite reflectance data and consideration of gas maturation require higher
temperatures than at present: higher past temperatures could have been associated with greater burial depth and/or higher heat flow.
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Presenter’s Notes:
Introduction

Oil and gas basins are a somewhat ignored area in the search for geothermal resources. During the past nine months we have examined data from three
Colorado oil and gas basins--the Denver, Raton, and San Juan basins, and found that there is a high potential for finding geothermal resources in this type of
basin, and wells commonly exist to the depth of the resource.




Presentation Outline:

* Bottom Hole Temperatures (BHTS)
» The Good, The Bad, The Ugly

* The Wattenberg Field, Denver Basin
» The Wattenberg Field “Hot Spot”

» Wattenberg Field BHTs

 The Worst BHT Data Set on Earth
» Wattenberg Gas and Geothermal Energy
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Presenter’s Notes: This presentation first briefly discusses the collection of bottom-hole-temperature or BHT data, the primary data source for this study.
Data from a small portion of the Denver Basin, focusing on the Wattenberg Field, are then discussed and presented, followed by a study from the central
Raton Basin and preliminary results from the northern San Juan Basin.



Bottom-Hole Temperatures
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Presenter’s Notes: Sometimes during different stages of drilling, but almost always at the end of drilling, one or more geophysical logs is run in the well
after pulling the drill string. These logs indicate the depths to changes in rock type and other physical properties of the rocks. One useful set of properties
that is commonly measured is the electrical properties, and as electrical properties change with temperature, the temperature at the bottom of the well, or

BHT, is measured and recorded on these logs, and sometimes on other logs.
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Presenter’s Notes: The BHT is one of the parameters that is recorded on the log header, a page at the top of all well logs, an example of which is shown
here. The collection of BHT data is basically reading the temperature and depth data from these headers and correlating the BHTs with the well locations.
Temperature does not need to be know accurately for correction of electrical properties, and in general BHTs are not carefully recorded. However, what they
lack in quality is made up in quantity.
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Presenter’s Notes: For geothermal studies we would like to measure the undisturbed rock temperatures at depth. However, during drilling, water, mud, air
or foam is circulated through the drill string and back through the hole to the surface to remove rock chippings and cool the drill bit. The basic circulation
pattern is shown by the red arrows. Depending on the relative temperatures of the drilling fluid and the rock, the rock is either heated or cooled. If details of
the circulation time and fluid temperature are known, or if a series of BHTs are available for a hole at different times, then the undisturbed rock temperature
can be extrapolated from these data. However, from the Colorado BHT data, these parameters were not available, and corrections were estimated from
average disturbances calculated for other oil and gas fields.




BHT Data
* The Good

e Data are “Free”
* The Bad

» Data not really collected for use as
temperatures

* The Ugly

» Data need correction to estimate
formation temperatures
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Presenter’s Notes: This presentation first briefly discusses the collection of bottom-hole-temperature or BHT data, the primary data source for this study.
Data from a small portion of the Denver Basin, focusing on the Wattenberg Field, are then presented and discussed, followed by a study from the central
Raton Basin and preliminary results from the northern San Juan Basin.



BHT Corrections
¢ |deal

» All wells have multiple BHT measurements at
different times

* Good

* Many wells with equilibrium T-logs to calibrate
corrections

« Common Reality

e Must use corrections derived for data from
other basins — the case with the Wattenberg
BHT data
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Presenter’s Notes: This presentation first briefly discusses the collection of bottom-hole-temperature or BHT data, the primary data source for this study.
Data from a small portion of the Denver Basin, focusing on the Wattenberg Field, are then discussed and presented, followed by a study from the central
Raton Basin and preliminary results from the northern San Juan Basin.
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Presenter’s Notes: Hundreds, and commonly thousands of wells are drilled in a basin during oil exploration and production. This figure shows the Denver
basin which extends from Colorado into Wyoming and Nebraska. The study focused on the Wattenberg Field, a gas field north-northeast of Denver.



The Wattenberg “Hot Spot”

Max. Anomaly: 2.8-2.9°F/100 ft (51-53°C/km)
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Wattenberg
Field

The Wattenberg Field has
been reported as a “hot
spot”. The contour lines
here are lines of equal
isoreflectance, a measure
of past heating of carbon in
the sediments. The basin
shows a history of heating
to the west. CMB is the
extension of the Colorado
Mineral Belt. Box outlines
study area in subsequent
figures.
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Depths of wells in

Wattenberg Fleld » Wattenberg Field, Well Depths

Wells generally o .
increase in depth ; e
from NE to SW, = e
increasing from o
about 2000 to 2900 -
m (~6500 to 9500 ’ e
feet)

Longitude, decimal degrees

OLORADO GEOLOGICAL SURVEY %=

Presenter’s Notes: The depths of BHT data collected range from slightly over 1450 m (4750 feet) to 3812 m (12,506 feet), but most were in the range of 2000
to 2900 m (6500 to 9500 feet), increasing in depth from the northwest to the southeast with the dip of the beds in the basin.



Wattenberg Field - Depth projected onto line N41E through field
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Presenter’s Notes: The general dip of the beds in the basin is shown here by a projection of the well depths onto a vertical plane trending N41°E.



BHT Temperature, °C
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Uncorrected and Corrected BHTs vs. Depth

n=2567

Average Correction|dT = 25°C (46°F)
* Uncorrected
* Corrected

140

120

Temperature °C

100

80 i

°

1500 2000 2500 3000 3500 4000
Depth, m

Presenter’s Notes: When the BHTs from the Wattenberg Field are plotted against depth they, define no meaningful trend. This scatter is much worse than

is normally found in BHT data. Numerous attempts to separate the data into different groups, such as area within the field, date of drilling, etc., to find a
better correlation between BHT and depth were tried, without success.



Corrected BHTs vs. Depth
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Corrected BHTs vs. Depth and Myer & McGee Data
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Temperature, °C
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Temperature versus Depth by Completion
Formation/Member
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Presenter’s Notes: The only separation that gave any correlation was separation by the formation in which the well was completed, and then wells
completed in only two formations showed a significant correlation. Those formations were the “Sussex” and “Dakota,” shown with larger symbols in the next
plot. The data shown here were corrected for the effects of the drilling disturbance. The corrected data gave more realistic surface intercept values in the
next plot.
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"Sussex" and "Dakota" Temperature versus Depth
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Presenter’s Notes: The “Sussex” and “Dakota” data are shown here with linear fits made in an Excel® spreadsheet. The scatter shown by these data are
very acceptable as the data do not come from a single point but from wells spread throughout the field. The “Sussex” data indicate a geothermal gradient of
43°C km1 (2.36°F/100 ft) and a surface intercept of 11.6°C (53°F); the “Dakota” data indicate a geothermal gradient of 42°C km1 (2.30°F/100 ft) and a
surface intercept of 9.6°C (49°F). These gradients are consistent with other data for the Denver basin, and the surface intercepts are consistent with the
mean annual surface temperature of the Denver area. [Names in quotation marks indicate drillers’ log names, not approved geological names.]




Precision Logs and BHT Data
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Presenter’s Notes: The “Sussex” and “Dakota” data also plot close to a precision geotherm recorded in the Lauren 1 well in the Denver Basin, supporting

the validity of these data.



What is Different !
about the “Sussex
and “Dakota”?
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Presenter’s Notes: Most of the formations in the Wattenberg field are overpressured”; that is, the fluid pressure in the formations is higher than that of a water
column from the surface (hydrostatic). To prevent the formation pressure from blowing the drilling fluid to the surface in overpressured zones, the drillers
increase the “weight” of the drilling mud so that the drilling mud has an equal pressure to the overpressure. However, exact balance is difficult, and sometimes
the drilling mud is too heavy, and drilling fluid is forced into the formation, overcooling the rocks; other times the drilling fluid is too light, and fluid enters the
drilling mud from the formation; the rocks are cooled less than assumed by the drilling disturbance correction. In either case, the drilling correction does not
match the drilling disturbance. Above and below the overpressure zone, there is no significant loss nor gain of drilling fluid by the formation, and the drilling
disturbance correction is reasonable.




Wattenberg Field — Conclusions I

» The corrected BHT temperatures in this study
confirm the DST temperatures of Myer and
McGee (1985). The geothermal gradients in the
range of 40-50 °C km! are typical of the Denver
Basin in Colorado, however, and probably
represent cooler formation temperatures than
recorded by the isoreflectance values.

* Measured temperatures in the overpressured zone
are heterogeneous, and probably disturbed.
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Presenter’s Notes: The geothermal gradients of 42 to 43°C km (2.30 to 2.36°F/100 ft) determined for the “Sussex” and “Dakota” units in the Wattenberg Field
are within the range of 40 to 50°C km1 (2.19 to 2.74°F/100 ft) calculated for other regions of the Denver Basin and indicate that the Wattenberg Field is not
currently a hot spot. However, corrected measured temperatures in the field are in the range of 100-120°C (210-250°F) at depths of 2100-2500 m (6900-8200
feet). These temperatures could be used for generating electricity, using binary power plant technology




Wattenberg Field — Conclusions II

» Data from the “Sussex’ and “Dakota”
indicate temperatures in the range of 100-
120°C (210-250°F) at depths of 2100-2500
m (6900-8200 feet).

« Water produced at these temperatures could
be used for generating electricity using
binary power plant technology.
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