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1.0 PREFACE

1.1 OBJECTIVES

The principal objective of this study was to investigate applications of
HCMM (Heat Capacity Mapping Mission) satellite data in detecting and mapping
geologic features for energy-resource and mineral-deposit studies. Other,
related objectives involved the development of new techniques and approaches

in thermal modeling and image processing.

1.2 SCOPE

The analysis was somewhat restricted by the limited number of sequential
day/night image pairs free of major atmospheric/weather problems. For the
Powder River Basin, Wyo. area, a single thermal~inertia image was formed using
20 August 1978 data. Four additional nighttime scenes were used to examine
geologic formation boundaries and thermal lineaments. The analysis of the
Cabeza Prieta, Ariz., area was done using a thermal-inertia image constructed
from data acquired April 3 and 4, 1979. No successful U-2 aircraft data
acquisition flights were conducted over these two sites so that comparison of
different resolution thermal data was only conducted using USGS aircraft
data. Despite all these limitations, significant geologic information was
derived in this study, and the results suggest the importance of a follow-on
thermal satellite experiment for improved mineral and energy resource explora-

tion.



1.3 CONCLUSIONS

Despite limited data, investigations in the Powder River Basin area of
eastern Wyoming and adjacent States clearly showed that geologic units as
narrow as two or three resolution elements, but of moderate to high thermal-
inertia contrast against surroundings, can be discriminated in optimal
images. It appears likely that subtle facies differences in sedimentary
basin-fill units can be delineated and mapped using satellite thermal-inertia
images, especially if sequential images can be obtained during a drying cycle
after rain or snow. A few subtle but mappable thermal-inertia anomalies
coincide with areas of anomalous helium in soil gas believed to indicate
leakage from deep oil and gas concentrations; the presence of thermal-inertia
anomalies suggests that gas leakage has produced chemical changes and cementa-
tion at the surface. Such changes also are known to be associated with shal-
low uranium deposits and changes were looked for but not found in the thermal-
inertia images; it is thought that the surface changes in this area are too
minor and discontinuous to be detected from satellite.

The most consistently practical and important results involve delineation
of tectonic framework elements such as lineaments bounding apparent structural
blocks. These commonly can be seen even in less—than-optimal data. One pair
of major thermal lineaments in the southern Powder River Basin seems to define
structures not previously recognized but consistent with, and adding impor-
tantly to, an emerging story of basement-block movements and their direct
influence on sedimentation, which in part controls the occurrence of large oil
and gas resources. One of these lineaments matches up with aeromagnetic map

data and appears to reveal a basement discontinuity which underlies the famous



Homestake Mine in the Black Hills and a zone of Tertiary igneous activity.
Along with the newly identified lineaments, the thermal images also permit
mapping of geomorphic textural domains. The geologic significance of these is
not yet understood, but it seems likely that they connote structural and
lithologic conditions which affect or control local ground-water regimes.

Similar applications of HCMM data to the Cabeza Prieta, Ariz., area
illustrate the potential of using thermal-inertia data for discrimination
between extrusive and intrusive rocks and for detecting differences in the
mafic content of volcanics. Other results included detection of differences
among surficial units - tentatively ascribed to changes in soil-moisture
retention, discovery of discrepancies in existing geologic maps, and possible
application of the thermal-inertia technique to mapping buried pediments.

Extension from beyond the originally proposed study areas to Yellowstone
National Park was made to examine the usefulness of HCMM data in geothermal
studies. Although we found that the night-thermal data could not be used with
any confidence to distinguish surface hydrothermal features, we did detect
additional structural information concerning the outline of the caldera which
is the source of the volcanic heat. This reinforces our conclusion that a
major utility of these data 1is in providing information about local-area or
regional tectonic framework.

We have also made significant advances in modeling analysis and image-
registration techniques. A thermal-inertia mapping algorithm has been devel-
oped based on a new method to derive the regional meteorologic parameters
solely from the satellite data. An algorithm for determining the sensible-

heat flux from ground-station data was also constructed. Simple forms for



four of the atmospheric flux terms were constructed from field measurements
made during circumstances when satellite data are likely to be most. useful.
These forms eliminate the need for extensive continuous ground station data.
Also, a method to correct thermal and thermal-inertia data for elevation
variations in sky and solar flux was determined. In addition, we have devised
a fast topographic adjustment algorithm which can be used in conjunction with
digital terrain data to correct the thermal-inertia image for simple topo-
graphic slope effects. Finally, a fast image registration technique was
developed that proved to be considerably more accurate than the NASA regis-
tered products.

Our analysis of the HCMM data has resulted in the recognition of features
which suggest the existence of previously unmapped and unknown geologic struc-—
tures. Their relationship to other geophysical and geochemical data provides
important information for a basic resource-exploration strategy. Addition-
ally, substantial progress has been made in modeling and image—-processing
techniques. This report covers new areas and represents significant advances
in the processing and interpretation of thermal satellite data and in the

integration of thermal-infrared data in regional geologic exploration.

1.4 RECOMMENDATIONS

From our experience to date, we would recommend that serious consider-
‘ation be given to a follow-on thermal satellite mission with these general
characteristics.

l. The current NEAT of HCMM seems adequate for most regional studies.

Higher thermal resolution does not appear necessary.



2. Some increase in ground resolution (possibly 100-200 m) would be
useful; however, there are trade-offs to consider here. The 500-m resolution
from HCMM has proven very useful for régional structures — it does not appear
promising for detecting alteration.

3. Some increase in the repeat times over a site is desirable. The HCMM
data we have seen have often baffled us because of changing meteorologic
effects. The increased repeat time would enhance the chances of "stable-
clear” conditions and also provide coverage of regions under several meteoro-
logical and soil moisture conditions. The repeat time involves the orbit
parameter selection; a 5-10 day repeat of coverage would be desirable.

4., The current overflight times of HCMM appear appropriate for geologic
analysis. It should also be noted that the daytime maximum represents an
optimum time to acquire multispectral thermal measurements as well.

5. Our analysis of HCMM data requires registration of day and night
images and subsequent registration to a topographic base. The registered data
provided by NASA often contained large registration errors. An essential
requirement for analysis of these data is that the clear scene images be
registered (day/night images) to a pixel, and to digital terrain data. 1f
this registration accuracy cannot be achieved routinely, it is recommended

that registered products not be provided to users.
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2.0 INTRODUCTION

The HCMM data which we have examined have provided us with unique geolog-
ic information which is both complex to analyze and difficult to explain. In
some cases we are astonished to see subtle distinctions of structure and
geologic materials that are not found on detailed geologic maps. In other
cases we are unable to differentiate widely dissimilar geologic materials or
identify features which are clearly described on regional geologic maps or
Landsat images. Commonly, geologic features are clearly displayed on a single
image or part of an image and not on others. Further complicating the analy-
sis of these data has been the experimental nature of the satellite mission,
which has introduced both significant time lags between data acquisition and
interpretation, and unique constraints in image registration and data calibra-
tion.

This report comprises pieces to a puzzle—-—a puzzle with tantalizing new
information but sufficiént gaps to preclude a complete overall assessment. We
have examined the geologic implications of the HCMM data in the Powder River
Basin of Wyoming and subsequently extended the analysis to the Cabeza Prieta
area in Arizona. Enhanced nighttime images, thermal-inertia images based on
our new algorithm, and several profiles of various data across the basin are
presented in our analysis and subsequently compared with other map data (geo-—
logic, magnetic field, known areas of oil, gas, and uranium occurrence, helium
anomalies, and ground water). Of equal importance with the geologic interpre-
tation has been progress in modeling. ﬁe provide several new algorithms:
thermal-inertia mapping, estimation of regional meteorological information

from the fundamental remote sensing data, registration of satellite day-night
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images, elevation correction of thermal and thermal-inertia data, and determi-
nation of sensible-heat flux. The concluding section of this report addresses
our image processing techniques together with a listing of the computer pro-—

grams used.

2.1 GEOLOGIC SETTING

The study areas are the Powder River Basin and environs in eastern Wyo-
ming—Mongana and the adjacent Dakotas and the Cabeza Prieta Range in southwest
Arizona. The Powder River Basin (lat. 42°-45° N., long. 103°-107° W.) has
large potential for coal, oil and gas, and uranium, and accordingly is now the
target of several major geologic, water-resource, and land-use mapping pro-—
jects. Covering an area of about 250 x 400 km, it is a semi-arid region of
rolling low hills typically with thin to moderate grass and sage cover.
Tertiary rock units (Fort Union and Wasatch Formations) in the central area of
the basin, where the energy resources are known to occur, are exposed on
scales sufficient for satellite measurements. The lower part of the Fort
Union is sandstone exposed in belts 4 to 10 km wide; the upper Fort Union part
is siltstone with major coal beds exposed in belts 10 to 30 km wide; and the
Wasatch is siltstone and claystone covering areas 30 to 60 km wide.

The Cabeza Prieta Range in Arizona (lat. 32°-33° N., long. 112°9-115° W.)
is a proposed Wilderness area, and the USGS has begun a program to define the
geology and mineral-resource potential of this virtually unmapped area. The
State geologic map shows the area to contain granite, schist, mafic volcanic
rocks, and alluvium. It lies very near the major mineral district at Ajo,

Ariz., and contains old prospect developments in hydrothermally altered
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ground. Because the area has been withdrawn from public access since World
War II, the geology and mineral potential are barely known and thus the area

is considered relatively important for modern study.

2.2. APPROACH

Initial data interpretation was performed by visual pattern recognition
of areas significantly different than their surroundings. Several
1:1,000,000-scale photographic enlargements were made of the NASA thermal and
reflectance images to match them to many of the other existing data map prod-
ucts (geologic, geophysical, topographic, Landsat lineaments, and so on).
Because of the X-Y distortion and the large magnification, this method was not
entirely satisfactory for detailed study. We then generated film products
from the computer—compatible tapes (CCI's) and used a zoom transferscope with
X-Y stretch capability to register the projected images onto a stream—network
map. In most local areas, this permitted plotting of features to within one
to three pixels of their true ground position. Few of the interpretations
based on the temperature boundaries or on other features are significantly
affected by this degree of mislocation.

During this stage of the investigation, we also discovered that the NASA-
supplied AT and thermal-inertia images contained artifacts, such as double
drainage, indicating misregistration in parts of these images of several to
many pixels. Consequently we developed a registration algorithm (Watson and
others, 1981b) which registers data to within two pixels. Also as part of the
investigation, we developed a new thermal-inertia algorithm (Watson, 198la)

which was employed during the remainder of our analysis. Correlation of these
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registered image products with the other geologic-geophysical data was per-
formed brimarily by using optically enlarged projections of the data on digi-
tally enlarged image product at a scale of approximately 1:200,000. This
enabled us to examine subtle features at the pixel level and also to employ
our full profiling and histogram capability at the full dynamic range and
resolution of the digital image data. We have thus been able to quantify many
of the scene differences which had been observed on various image products.

We also examined the use of color-coded images for enhancing subtleties
in the scene contrast. Generally this provided a more obvious demonstration
of differences but did not appear to add any new information. Toward the end
of our study, however, a color-coded thermal-inertia image was produced which
provided a new - if unexplained - perspective of the scene. A north-
northeast—trending rectangular pattern of ground, surrounding the Black Hills
and roughly corresponding with major changes in the drainages of the Yellow-
stone and Missouri Rivers was observed In retrospect, this feature can now
also be seen on the black and white products. The color—coding of the image
was also a very useful tool for quickly determining the numerical range of
values. With an appropriate color-scale and using a high-powered magnifica-
tion lens, it was possible to determine the thermal-inertia ranges of many
geologic units quickly. In both these respects the color-coding can be re-

garded as a useful but not essential element in the analysis.
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2.3 RESULTS

2.3.1 Thermal-inertia mapping for discrimination of geologic features

2.3.1.1 Delineation and subdivision of geologic units

Discrimination studies Pave been somewhat limited by the lack of sequen-
tial day—night image pairs free of major atmospheric/weather problems, but the
20 August 1978 set of day (AA0116-20010-1,2 and AA0116-20020-1,2) and night
(AA0116-09040-3) scenes and our constructed temperature—difference (AT) and
thermal-inertia images show several geologically significant features. Other
good nighttime data from 30 July 1978 (AA0095-09170-3), 5 September 1978
(AA0132-09050-3), 27 September 1978 (AA0154-09190-3), and 10 June 1979
(AA0410-08450-3) passes have been used for delineation of several geologic
boundaries, including some not within the area of, or not identified in, the
20 August 1978 data set.

A measure of discrimination capability, using optimal images and selec—
tion of geologic units which contrast well with their surroundings, is the
clear delineation of the Mesaverde Formation. South of the Bighorn Mountains,
in the vicinity of the towns of Midwest and Edgerton Wyo., the Mesaverde - a
relatively massive sandstone = crops out between the Fox Hills Sandstone and
the Cody Shale. On the night image (fig. 1) for 30 Jﬁly 1978, all three units
are relatively warm; however, the Mesaverde can be traced as a distinctly
warmer unit (1/4°-1/2° C), along at least 40 km of strike length in which a
fold nose is clearly defined (fig. 2). The Mesaverde outcrop here is 1-2 km

wide or 2-4 resolution elements (pixels).
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Table l.-—-Estimates of thermal inertia of various geologic materials

Geologic Material

Thermal Inertia (TIU)

mean range
Active Dunes 945 (830-1065)
Partially stabilized dunes 1240

Cluster dunes 1180 (1065-1300)
Active pediment slope 1360 (1300-1475)
Wet mine dump (Ajo) 1890

Granite, gneiss, schist 2200 (1975-2525)
Mixed intermediate to mafic 1750 (1550-1950)

volcanic rocks
Basalt 1950 (1700-2200)
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volatiles present during their formation and their mafic content: Although
these values are suggestive of the possibility of discriminating among the
various units, the large overlap in the range of values (histograms) indicates
that classification based solely on thermal inertia differences may not be
feasible. The overlap between the units can be attributed to several
causes. These units are exposed in the most rugged terrain of the region and
thus topographic effects are most pronounced in these parts of the image. The
ground that is “"sensed” by the technique is a weighted average over the diur-
nal thermal wavelength (approximately 1 m), with the primary contribution
coming from the rock and rock fragments of the upper decimeter. Thus differ-
ences in the effects of weathering processes on the various rock types in this
environment can produce some degree of thermal-inertia differences.

Because the Powder River Basin was relatively flat terrain the topograph-
ic effects were not sufficiently important to be considered. In the Cabeza
Prieta area, however, slopes in excess of 20° can be found. To examine the
contribution of topography, the thermal inertia measured from remote observa-
tions we considered the aspects of elevation and slope separately: The eleva-
tion factor due to changes in the solar and sky radiation, has been exémined
and used to predict the equivalent change in the effective thermal inertia
(i.e., that derived from remote rather than in situ measurement) as a function
of elevation (Hummer-Miller, 1981b). The effective thermal-inertia gradient
under clear—sky conditions should be roughly 100 TIU per kilometer. In Cabeza
Prieta, where the maximum relief is 700 m, this maximum correction is only 70
TIU and the factor is additive for increasing elevation (i.e., rocks at higher

elevations will appear in the image to have lower thermal inertias).
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The slope factor was evaluated by using an algorithm recently developed
(Watson, 1981b). The turn has an azimuthal variation proportional to cos(p -
37.6°) where ¢ is the direction of slope measured counterclockwise from north,
and thus ridges with an axial orientation of roughly N40°W will display a
minimal topographic effect. The most consistent topographic grain in the
Cabeza Prieta area 1is northwest-southeast and tﬁus generally satisfies this
constraint. The correction can amount to several hundred TIU's for slopes in
excess of ten degrees and orientations orthogonal to N40°W (i.e., N509E).

The primary intent of this study area was to examine correlations between
thermal-inertia values and a variety of common rock types exposed in an arid
area. In the process of this analysis we also observed, on the night thermal
image, a number of linear features associated with known major faults (San
Andreas fault, Garlock fault) and the absence of lineaments in an area near
Gila Bend which is noted for the absence of structural features (Gila gap).
We also were able to determine a measure of the satellite's spatial frequency
response (and thus its ability to detect high-contrast linear features) by the

observation that Interstate—10 from Gila Bend to Yuma was observable.

3.0 MODEL DEVELOPMENT

Several advances have been made in the development of techniques to
analyze thermal-infrared data. An algorithm to determine the sensible-heat
flux from simple field measurements (wind speed, air and ground temperatures)
has been developed. It provides a direct solution, in parametric form, that
can be displayed graphically or tabularly. This method has an advantage over

the previous iterative solution in that the computation is both very fast and
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it also provides a clearer understanding of the drag coefficient, with its
variation and response to different conditions. At low wind speeds the drag
coefficient cannot be treated as a constant. Both the computational speed and
analysis of the drag coefficient can be important for remote-sensing applica-
tions involving thermal scanner data (Watson, 1980).

A substantial advance was the development of a method, based solely on
remote—~sensing data, to estimate those meteorological effects which must be
known for thermal—inertia mapping. It assumes that the atmospheric fluxes are
spatially invariant and that the solar, sky, and sensible heat fluxes can be
approximated by a simple mathematical form. Coefficients are determined from
a least—squares method by fitting observational data to our thermal model. A
comparison between field measurements and the model-derived flux shows that
good agreement can be achieved. An analysis of the limitations of the method
was also made (Watson and Hummer-Miller, 198la).

This new method of estimating atmospheric parameters was the basis for a

revised thermal-inertia algorithm (Watson, 198la). The new form is:

Pys = (P- AV +CO,S) (Ta—Aij))/Avij
where Aij and Avij are the corresponding albedo and temperature difference of
the ith pixel and jth 1line. A and V are the mean values for the area in
question, and P is a select value for the mean thermal inertia (generally 1500
TIU). C(.,68) is a function of the site latitude, A, and the solar declina-
tion, 8. The advantage of this algérithm lies in the fact that we are dealing

with albedo and thermal differences rather than absolute values. Thus, the

computed thermal inertia is less sensitive to offsets caused by calibration
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errors or atmospheric backscattering and transmission effects.

Other modeling studies centered around developing an algorithm for eleva-
tion correction of temperature and thermal-inertia images (Hummer-Miller,
1981b). They are based on application of the linearized Fourier series method
(Watson, 1975; Watson, 1979) to simple forms of the solar flux (Hummer-Miller,
1981a) derived from a representative set of field observations. It was found
that flux variations with elevation can cause changes in the mean diurnal
temperature gradient from -4° to -14° C per km (evaluated at 2000 m). Changes
in the temperature-difference gradient of 1°-2° per km are also produced and
these are equivalent to an effective thermal-inertia gradient of 100 TIU per
km.

In addition, a simple topographic slope correction method has been devel-
oped using the linearized thermal model and assuming slopes less than about
20°, The correction can be used to analyze individual thermal images or
composite products such as temperature difference or thermal inertia. Simple
curves were determined for latitudes of 30° and 50° (Watson, 1981b). The form
is easily adapted for analysis of HCMM images using the DMA (Defense Mapping
Agency) digital terrain data (Watson, 1981b).

A major concern in this investigation has been the accurate registration
of day and night images. We have developed an image-registration algorithm
which appears to be substantially better than the current registration prod-
ucts provided by NASA (Watson and others, 1981). The initial test of this
algorithm used the 20 August 1978 data of the Powder River Basin. A small
number, less than ten, of very clearly delineated features, generally the

water—dam interfaces of reservoirs, were selected as control. Subsequently,
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an affine transformation was determined by best fitting these points. Our
first test indicates a residual error of < 2 pixels. The NASA product for the
same scene displays errors of many pixels resulting in "double drainage”
effects and an offset of several kilometers.

During the initial stages of our experimentation with control points, we
expected that the drainage pattern in the Powder River Basin was substantial
enough to provide extensive control for registration. We discovered, however,
that drainages are often unreliable identification features and the resulting
control points were too inaccurate to provide the transformation coordi-
nates. We also experimented with cross—correlation techniques in the Cabeza
Prieta area but were unsuccessful owing to the strong topographic grain. The
affine transformation which we employed has the additional advantage that it
can be adapted to very fast computer processing schemes (Braccini and Marino,

1980).

4.0 DIGITAL IMAGE PROCESSING

This section presents an outline of the image processing techniques used
in this study. Figure 27 is a simplified flow diagram of the basic processing
steps; the computer programs referenced in this diagram are included in Ap-
pendix A. The initial processing involves obtaining the HCMM computer-—
compatible tapes (CCT) and altering the data format to be consistent with our
computer software. Sometimes the area of interest spans two scenes and,
consequently, must be appended into a single file. To produce enhanced images
of these products, the appropriate area of the image is statistically sampled

to form a histogram and to derive the mean, median, mode, variance, standard
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Figure 27.—— Flow chart of the image processing
procedure.
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deviation, and cumulative frequencies. With these statistics a decision is
made as to how the scene contrast should be enhanced using an appropriate
transformation of the scene brightness. From our experience a 1 or at most 2
percent linear stretch of the data produces a good starting point. Thus the 1
or 2 percent and 98 or 99 percent points are transformed linearly to the
extremes of a 256-step gray scale (0 and 255) and the center density value
(Dn) of the distribution is transformed linearly to the center of the gray
scale (127 Dn). Other useful products include linear stretches on paper where
a single print character is assigned for each Dn value and color—coding on
film.

The next processing operation is performed to register the night-thermal
file to the day files. This operation, including a discussion of the general
considerations, are detailed in Watson and others (198l). Control features
are selected from the positive transparency images produced from the CCT and
locations are measured to one pixel accuracy. These values are then used to
determine the affine coefficients for a best—fit transformation (REGALG).
This transformation provides a rotation correction for the inclined satellite
orbital tracks, an origin shift, and scale changes both along and across the
scan line. The actual registration of the night file is then performed using
the affine transformation coefficients in the GEOMX4 computer program. This
program assigns radiometric values to the newly registered image employing a
nearest—neighbor method.

| At this stage the data are in the appropriate format for thermal-inertia
and temperature-difference mapping. The algorithms which we use (Watson,

198la) employ average scene values of albedo, day temperature, and night
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temperature. The portion of the scene from which these values are determined
is based on the assumption of atmospheric invariance and thus, as a minimum
constraint must be cloud-free on both images. The program RAPFIT is then used
to compute the appropriate coefficients for this algorithm, and the program
HCMTIDT 1is employed to construct both temperature-difference and thermal
inertia files. The resulting files are then processed using these techniques
described in the beginning paragraph of 4.0.

Another analysis technique used in this study is to construct profiles
across the image data. The end points of particular profiles are chosen and
digital values along the line are obtained for all products: day reflectance,
day thermal, registered night thermal, and thermal inertia using a nearest-
neighbor algorithm. The corresponding elevation profile 1is obtained by digi-
tizing the appropriate portion of a 1:250,000 topographic map and adjusting it
to match the satellite data. This task is made easier if the profiles cross
distinct features such as reservoirs and rivers. After the elevation data are
registered to the satellite data, the program PROFLE 1is used to plot the
profiles and cross plot pairs of data values. The profiles can be plotted at
various scales and thus directly overlaid om any base material for compari-
son. The cross—plotting option is valuable for examining correlations (for
example, we observed that the day thermal versus elevation data fit the adia-

batic lapse rate).
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