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1. PROBLEMS: No problems were encountered during our analyses,

2. ACCOMPLISHMENTS:

1. Considerable effort was expended during the interval from
11/1/81 to 4/30/82 in revising he manuscript that we submitted to
the Journal of Geophysical Research in November, 1981. Although the
paper was accepted in its original form, we felt that revision was
needed, The manuscript deait with the discovery of a Precambrian
rift running NW-SE through Missouri as seen in both free air and
Bouguer gravity anomalies and HCMM data. The revised manuscript is
attached, We have substantially changed the paper, including the
addition of magnetic field anomalies, basement rock types, and
seismic refraction profile data for the area. OFf importance to this
study, we substantially revised the section on linears seen in
processed HCMM data covering the area. Included in the revised
paper is a discussion of what HCMM data were utilized and a map that
shows linear features seen from a merged daytime thermal image with
a shaded relief map of topography. Also drawn on the Figure (Figure
11 of the paper) are mapped faults and folds, and the outline of the
rift running through the state. HCMM lingars ware mapped separately
by three geologists, with the linears drawn on the figure haing ones
seen by all three people, HCMM Tinears in some casas corraspond to
mapped features, in some cases they are extensions of mappad
features, and in some cases they do not correspond to any mapped
structure. The linears correlate nicely with the trend of the

Precambrian rift as seen in the gravity data, suggesting that the
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linears are indeed related to the underlying basement structure,
The pattern of faulting is consistent with uplift, suggesting that
the rift is isostatically readjusting. HCMM data proved to be
particulariy useful because the synoptic coverage and the broad
piXxel width in effect filtered out all but regional-scale
structures.

The reason that JGR paper took so long to revise and the reason
that these quarterly reports are delayed is that we were invited by
the editor of EOS (Tronsactions, American Geophysical Union) to
submit a paper on our Missouri rift, stressing digital imaye
processing oft potential field and topographic data, That paper is
also attached - it appeared in the May 4, 1982 issue of EOS, with
our color gravity maps on the cover.

2. Attached are HCMM daytime thermal IR, night time tharmal
IR, and apparent thermal inertia images that have been
contrast-enhanced and transformed to Mercator projections. Also
attached is a daytime IR overlain onto a shaded relief map and an
apparent thermal inertia image overlain onto a shaded relief map.
Frame numbers are A-A0045-19420-2, A-AQ045-19420-1, and
A-A0044-08310-3. These products were processed and used as part of
a Masters Thesis finished in May 1, 1982 by John Strebsck. In the
thesis Strebeck examined correlations between the HCMM data
products, linears, and gedslogic units. The significant results are
included in the attached J.G.K. paper. The thesis reference would

be:

Strebeck, J.W., 1982, Structure of the Precambrian basement in the

Ozark Plateau as inferred from gravity and remote sensing data,
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Master of Arts Thesis, Washington Univ,, 142 p,, available

Univ. Microfilms, Aan Arbor, Michigan,

Strebeck now works with Mobil 0i1 Corp., Dallas, Texas, where he
should be joining their remote sensing/image processing group after
preliminary "indoctrination" into the company.

3. We have begun to examine the difference in information
content between day IR, night IR, albedo, and thermal inertia
finages. For the frames listed above, the day IR image was found to
have the greatest discriminability for rock types and with regard to
structural patterns. The reason seems to be primarily due to
topography in that most gealogic units in southern Missouri exhibit
a distingtive topography and wmost structural foaburas that we have
mapped are controlled by the distribution of stream valieys. The
day IR image best expresses these distributions because the
brightness (relative temperalure) is sensitive to differential solar
heating due to slopes. For the three frames discussed above, the
day IR contained 0.63 of the fractional variance of the three data
sets, while the night IR contained 0.12 and the atbedo data
contained 0.25. Apparent thermal inertia images should provide an
indication both of topographic roughness (since slope effects on
differential solar heating have not been removed) and an indication
of thermal anomilies that are controlled by variations in soil or
rock exposura, vegetation type, and moistura content., We are
presently concentrating on delineation of these latber features,
1.e,, identifying linears in southern Missouri that are nobt directly

controlled by topography.
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4. We have also coded the thermal IR and albedo data as hue,
saturation, and brightness values to generate a color display,
following the work of Haydn, University of Munich. However, we find
that the transformation used by Yaydn to go from hue, saturation,
and brightness to red, green, and blue images is only correct for
relatively narvow hue range. A universal derivation is attached,
along with a color print where the day, night, and albedo images
have been encoded as hue, brightness, and saturation. A color print
is also included that has the apparent thermal inertia coded in a

color spectrum and overlain onto a shaded reiief map.

3. FUTURE WORK:

1. Presentation of results of analyses of HCMM data as part of a
paper to be presented at COSPAR, Ottawa, Canada, on May 19,
1982, entitled:

Arvidson, R.E., E.A. Guinness, J.W. Strebeck, 1982, Structure of
the Midcontinent basement - Topography, gravity, seismic, and

remote sensing data.

and included in the session on Geophysical Measurements of Major

Crustal Features From Space.

2. An oral preséntation of our HCMM work at the spring meeting of
the American Geophysical Union, YWash,, NS, during the week of

May 31, 1982. The abstract is attached and entitled:

Strebeck, J.W., E.A. Guinness, R.E. Arvidson, 1982, Linear

Structures in Missouri seen with Heat Capacity Mapping Mission
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ABSTRACT

Digital free afr and Bouguer gravity anomaly images have been
constructed for the region bordered by 25° to 49° N, lat. and 80° to
110* W. long. from approximately 287,000 station readings. The
technique used to interpolate between station locations was based on
a two dimensional spatial filter, vhere the average of the anomaly
values located within the filter area was computed. The images
contain as many as 256 contours (values in byte variable), so that
subtle anomaly patterns can be identified and traced with much
greater certainty than on most contour maps. A newly discovered
feature in the midcontinent is a gravity low that begins at a break
in the midcontinent gravity nigh in S.E, Nebraska, extends across
Misscuri in a NW-SE direction, and intersects the Mississippi Valley
geebivs Yo form the Pascola arch., The anomaly varies from 120 to 160
km in width, extends about 700 km, and has a medial gravity high for
part of its length. The maximum Bouguer amplitude of the anomaly is
approximately 34 milligals below values for the surrounding region
and cannot be explained on the basis of a thickened section of
Paleozoic sedimentary rock., The gravity data and the sparse seismic
refraction data for the region are consistent with an increased
crustal thickness beneath the gravity low. Discrete positive
magnetic anomalie®, some of which correspond to mafic intrusives,
are concentrated along the borders of the gravity low. Digitally
enhanced thermal infrared images from the Heat Capacity Mapping
Mission show a distinct alignment of linear structures with the

gravity feature. The linears in some cases correspond to mapped
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high angle normal faults, to drape folds over relief within the
Precambrian basement, and in some cases to extensions of mapped
structures. The gravity anomaly also cuts across the major
Precambrian boundary in S.E. Missouri marking the change from older,
sheared granites and metasedimentary rocks, to younger granites and
rhyolites. Given the cumulative evidence, the gravity anomaly is
probably the present expreossion of a failed arm of a rifting event,
perhaps one associated with the spread'ng that led to or preceeded

formation of the granite and rhyolite terrain of southern Missouri.
INTRODUCTION

We have been puréuing relationships between the pattern, age,
and origin of structural features within the Precambrian basement
rocks of southern Missouri and the locations and genesis of ore
deposits. The area is a well known lead mining district, where
Mississippi Valley type Pb-Zn-Cu ores have accumulated in Cambrian
carbonate rocks associated with stromatolitic reef and backreef
facies (Gerdemann and Meyers, 1972). The location of these facies
was controlled by the location of the shore line, which was in turn
controlled by the pattern of faulting of the Precambrian basement
(Grundmann, 1977; Sweeny et al., 1977; Evans, 1977; Paarlberg and
Evans, 1977; Mouat and Clendenin, 1977). In addition, iron ores of
magmatic origin can be found in the Precambrian basement rocks along
fracture zones (Kisvarsanyi , 1976).

Structural studies of basement rocks in southern Missouri have

been pursued for a considerable amount of time (see: Kisvarsanyi
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and Kisvarsanyi, 1976), and a significant amount of information has
been gained on the distribution of Precambrian rock types and ages
(Kisvarsanyi, 1974; Bickford et al.,, 1981; VanSchnus and Bickford,
1981). However, 1ittle has been done in terms of understanding how
the structure of the region is related to the overall structural
configuration of the midcontinent or how such features are related
to the structural history of the area. In this paper we utilize
digital image processing techniques ‘to reduce and display a variety
of potential field, topography, geologic, and remote sensing data
for the midcontinent. The intent is to delineate how structural
patterns in southern Missouri are related to the broader features of

the midcontinent.
DISCRIPTION OF DATA AND PROCESSING METHODS

Digital image processing techniques have a potentially wide
range of utility for display and analysis of geographically (i.e.,
array) oriented data sets. In our case, data covering the
midcontinent were processec on a PDP-11/34 minicomputer with
interactive image display per%phera]s, using'standard digital image
enhancement, filtering, and geometric operations. The reader is
referred to standard texts such as Moik (1980) for further
information oh imége processing techniques, and to Arvidson et
al. (1982) for examples of the utility of image processing in
processing, display, and interpretation of topographic and gravity
data for the continental United States.

Netional Oceanic and Atmospheric Administration (NOAA) digital
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topography, together with land station measurements of gravitational
acceleration, comprise two important data sets that we employed in
the study. The area chosen for analysis of the topography and
gravity ranges from 25° to 49° N, lat. and 80° to 110° W. Jong.,
thereby covering regions from the eastern edge of the Rockies on the
west to the Appalachians on the east, and from the Superior Province
on the north, to the Gulf of Mexico on the south. The topography
consists of average elevations for areas covering 30 seconds in both
latitude and in longitude. Gravity stations are typically spaced
three km apart, but vary between hundreds of meters to ten
kilometers nver the study area. The gravity data were reduced to
free air and to Bouguer anomalies courtesy of the Defense Mapping
Aerospace Agency Center, St. Louis, Missouri. The reference field
at sea level used was based on the 1967 International Gravity
Formula, with all the data referenced to the 1971 International
Gravity Standardization Net. Bouguer anomalies were computed based
on a slab model with a density of 2.67 gm/cm3. No local terrain
corrections were included.

Magnetic anomalies were also included in the analysis.
Unfortunately, digital data for the region were not available at a
reasonable cost. Consequently we restricted inclusion of magnetic
coverage to the state of Missouri, based on the 1943 statewide
contour map of vertical field intensity anomalies. The state map
was photngrapﬁed onto film and then the film was digitized,
resulting in a digital image of magnetic anomaly contours for
Missouri. Similarly, the basement rock type map for the

midcontinent compiled by Bickford et al. (1981) and VYanSchmus and "
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Bickford (1981) was transformed to a digital format for use in
comparison with other data sets.

Other digital data sets that were utilized in this work
included Heat Capacity Mapping Mission (HCMM)} images. HCMM
consisted of a satellite with sensors capable of imaging the surface
in the visible to the reflected infrared (0.5 to 1.1 micrameters)
and in the thermal infrared (10.5 to 12.5 micrometers) (Price,
1977). Each image element in the HCMM data covers about 500m across
and one scene covers about 700 km in width and in height. The
visible-reflected infrared sensor was used to measure the broad band
albedo of the surface, while thermal infrared data acquired during
the day and night provided information on the magnitude of diurnal
temperature changes. These parameters can be used to solye for the
thermal inert;a of the surface, a thermophysical property that
depends on the density, thermal conductivity, and specific heat
(Kahle et al., 1976). Thermal infrared data, including estimates of
thermal inertia, haye been shown to be useful in delineating
structural features in a variety of geological contexts (Sabins,
1969; O0ffield et al., 1975; Watson, 1981). HCMM data were
included in this study both becaus# of the applicability of therma)
data in structural studies and because the synoptic view is
appropriate for examining the surface expression of regional-scale
structures. HCMM images for southern Missouri were contrast
enhanced, digitally registered to one another, and displayed in a
varijety of formats designed to emphasize structural trends. Details
of HCMM processing techniques will be discussed in a Tater section.

The first step in the analysis of topographic and gravity data
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was to scale the dynamic range of the data to fit within the range
of a byte variable (i.e., 8 bits or 256 discrete values), The hyte
data were then stored in image arrays, registered to a common base
if needed, and processed. Final displays were transformed to
Mercator projections and overlayed with latitude-longitude grids.
The byte-encoded topographic data were first stored in an array with
30 second spacing in both Jatitude and longitude, The data could be
displayed as an image if the byte-encoded values were converted to
brightness or to color values. Alternatively, a shaded relief image
could be constructed if a photometric function for the surface is
assumed. Figure 1 shows a shaded relief image transformed to a
Mercator projection and depicting topography under the assumption
that the surfuce cbeys Lommel-Seeliger scattering law (Batson et
al., 1975). The simulated sum is from the northeast at 20° above
the horizon.

Generation of images from the gravity anomaly values is more
complicated than generating displays from the topographic data. The
reason is that the gravity stations are not located along regular
grid intersections. We chose a simple, but pow::ful spatial
filtering technique for interpolating between station locations.

The byte-encoded anomaly values were first assigned to array
locations closest to the station locations. This procedure produced
an array in part'occupied by valid data and in part occupied by
blank zones. The filtering algorithm that we then applied was
developed by Eliason and Soderblom (1977), used to produce
topographic maps from the Pioneer-Venus altimetry data (Pettengill

et al., 1980), and applied to generating gravity images for the
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continental United States by Arvidson et al. (1982), The technique
involves use of a spatial filter of N x N elements., The average of
the valid data points within any given filter location is computed
and used to replace the midpoint value, but only if a valid datum
does not already exist at that array location. In practice, the
gravity data were processed using several filter passes, beginning
with a 3 x 3 element filter and ending with a 21 x 21 element
filter, The choice of filter sizes'was governed hy station
spacings, which varied from hundreds of meters to ten kilometers.
The result is an interpolated data set, except for regions that had
so few valid data points that a user-defined threshold was not met,
In our case, we set the threshold so that at Jeast 20% of the
elements for any filter position would have to have been occupied by
valid data for an interpolation calculation to proceed.

The interpolated gravity data can be displayed as a gray tone
image, as is done in Figure 2 for free air anomalies. Black areas
in the image correspond to zones with too few stations to allow
valid interpolations. The gravity data can also be dispfayed as a
shaded relief image, where gravity highs and lows are illuminated as
if they were hills and valleys. Figure 3 is a shaded relief image
of the free air anomalies with the simulated sun placed at 15° above
the northeastern horizon.

The gravity anomaly images displayed in Figures 2 and 3 and
equivalent Bouguer anomaly presentations have been checked against
published maps (e.g. Woolard and Joesting, 1964; McGinnis et al.,
1979; Simpson and Goodson, 1981). Generally the images and

published maps correspond. However, the images have intrinsically
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more information displayed, for at Teast three reasons. First, the
grid spacing used to interpolate between station readings is more
claosely spaced than the spacing used to generate most published
continental-wide contour maps. Second, there can be as many contour
intervals in our displuys are there are values in a byte (256).
Third, because of the particular filtering algorithm used, areas
with closely spaced stations retain local details of anomaly
patterns. For instance, Figures 2 and 3 show a major gravity
feature (free air low) that begins at a break in the midcontinent
gravity high and extends about 700 km to the southeast. One of the
distinguishing aspects of this feature is not the amplitude of the
Tow but rather the sharp gravity gradient associated with the edges
of the anomaly. Although sections of the feature have been noted in
the past (see: Phelan, 1969; Cordell, 1979; Russ, 1981), the
images shown in Figures 2 and 3 provide new information and a
broader perspective that show the trend and location much more
accurately than can be seen in published maps.

Finally, an important aspect of comparing data sets is the
ability to merge or overlay one data set onto another to produce a
visual display that maximizes the eye's ability to see correlations
between the data sets. A useful technique is to allow one data set
(gravity anoma1fes, for instance) to control the hue (dominant
wavelength) and saturation (degree of purity) of a color image,
while another data set (topography, for instance) controls the color
brightness (Arvidson et al., 1982). Also, it is possible to combine
values of a given parameter with a shaded relief presentation of

that parameter by allowing the value to control the color hue and
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saturation, while the local gradient, expressed in shaded relief
form, controls the brightness (Pettengill et al., 1980; Kobrik,
1982). For example, Figure 4 is a version of the free air image
where the anomaly values have been color-coded and overlain onto a
shaded relief version of the anomalies. The effect is Lo produce an
enhancement showing information related both to the value of the

anomaly and to the local gravity gradient.

BASEMENT STRUCTURE IN MISSOURI AS DEFINED
BY GRAVITY ANOMALIES AND SEISMIC PROFILES

Figure 5 is a sketch map showing the major structural features
seen in the free air anomaly images showa in Figures 2, 3, and 4 and
in Bouguer images covering the same region. The free air data
facilitated mapping of major tupographic features associated with
the Cordillera, Ouachitas, and the Appalachians. The Bouguer data
provided new information that allowed us, for instance, to map the
strong positive anomalies associated with the Mississippi embayment.

The midcontinent gravity high is a major gravity anomaly in the
midcontinent. In our data this feature has a maximum free air
anomaly of 85 milligals and a maximum Bouguer anomaly cf 50
milligals. The midcontinent gravity high i3 about 70 km wide,
contains Keewandwan basalts that date at 1.1 Ga, and has been
interpreted as a failed continental rift (Chase and Gilmer, 1973).
Flanking lows on either side of the high have been modeled as thick
(several kilometers) arkosic sediments deposited as the load

associated with the basalts caused regional subsidence.
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Considerable structure an also be seen ‘in the greenstone-granitic
terrain of the Superior Province located to the northwest of the
midcontinent gravity high. The Wisconsin Arch, the Quachitas, and
the Wichita-Arbuckle system are just a few of the other features
that have a recognizable gravity signatures, For reference, the
Quachitas have a maximum free air and Bouguer anomaly magnitudes of
76 and 54 milligals below the surrounding regions.

A subtle, but pervasive gravity feature seen in both the free
air and Bouguer images ‘is a linear low that begins at a break near
the southeastern end of the midcontinent gravity high (40.5°
N. lat., 96° W. long.), strikes in a southeasterly direction, and
extends to the Mississippi Embayment (36° N. lat., 90° W. long.).
The low varies between 120 to about 160 km in width, extends about
700 km in length, and for part of its length exhibits a medial
gravity high. The maximum Bouguer anomaly associated with the Tow
is about 34 milligals below values for surrounding regions. The
feature begins just to the northwest of Missouri and ends just
beyond the southeastern boundary of the state. We therefore
informally refer to the feature as the Missouri gravity low. As
discussed in Arvidson et al. (1982), the intersection of the
Missouri gravity low with the Mississippi Valley graben as defined
by Kane et al. (1981), is the site of the majority of the
microseismic epicenters recorded in the 1970's by the S$t. Louis
University seismic network (Stauder et al., 1977). In addition, the
northern boundary of the intersection is the site of the circular
Bloomfield anomaly, while the southern boundary is the site of the

Covington anomaly., Both features can be seen in the free air and
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Bouguer data as distinct, circular positive anomalies, Kane et

al, (1981) suggest that these two anomalies, which are also positive
magnetic anomalies, are due to intrusions of magmas during the
Mesozoic Era. The intersection of the Missouri gravity low and the
Mississippi Valley graben is also the site of the Pascola arch as
defined by Phelan (1969) and Eryin and McGinnis (1975).

Several gravity profiles were generated across the Missouri
gravity low to illustrate its form and to model subsurface density
configurations. The location of the southern-most profile is shown
in the sketch map in Figure 5, Values for the topography, free air,
gnd Bouguer anomalies for this profile are shown in Figure 6, A
simple model for the anomaly would be a thickened section of
relatively low density sedimentary rock overlying a downwarped
regjon of the Precambrian basement. However, drill holes covering
the general area of the profile A-A' indicate a typical cover of
Paleozoic sediments of only a few hundred meters over the low, with
no discernable thinning on either side (Kisvarsanyi, 1974). Thus,
the gravity signature must be related to a inhomogeneity within the
Precambrian basement rncks. Cordell (1979) reached a similar
conclusion for that part of tﬁe law located in the southwestern part
of the Rolla quadrangle (37° to 38° N. lat.; 90° to 92° W. long.),
where there is a slight local thickening of sedimentary cover over
the gravity low. |

Some seismic data exist for Missouri that provide information
on the possible subsurface configurations of the crust that would
give rise to the observed gravity anomaly patterns. Stewart (1968)

conducted a reversed seismic refraction survey of about 300 km in
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length along an east-west 1ine in northern Missouri crossing the
gravity Jow at about 39.8° N, lat. Results indicate that the crust
consists of three major layers, with average depths of about 5, 20,
and 40 km and a 3/4 degree of dip toward the west, Stewart (1968)
also conducted a reversed profile in southern Missouri that extends
across the gravity low at about 50 km to the northwast of the
gravity profile A-A' (Figure 5), The refraction data for Stewart's
(1968) southern profile exhibit very low signal/noise ratios,
perhaps because of significant lateral inhomogenwities within the
crust, Results are compromised by the low quality of the data,
although an arguement can be made for a thickened crustal section in
the southwestern half of the profile and somewhat higher crustal
velocities beneath the northeastern half of the traverse (Nuttli,
1976). Finally, McCamy and Meyer (1966) conducted a seismic
refraction survey from Little Rock, Arkansas to Cape Girardeau,
Missouri, reversing a survey done several years earlier. The
refraction profile cut across the Bloomfield gravity anomaly and ran
in a NE-SW direction within the Mississippi embayment (i.e., to the
southeast of profile A-A' of Figure 5). As discussed by Ervin and
McGinnis (1975), this region is unusual in that the crust is
slightly thicker and underlain by an anomatously high velocity layer
as compared to Stewart's (1968) profile in northern Missouri, The
anomalous layer probably corresponds to high density material at the
base of the crust, material that may have been emplaced in
association with the Precambrian rifting that produced the Reelfoot
rift.

In summary, the seismic data suggest a slightly thicker crustal
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section under the Missouri gravity low. although this interpretation
is compromised by poor data and the complicating influence of rocks
associated with processes that probably lead to formation of the
Mississippi embayment. If it is assumed that the Missouri gravity
Tow is due to a thickened crust, then a 34 milligal anomaly, and a
density contrast of 0.3 gm/cm3 between crust and mantle, is
consistent with a crustal excess of about 3.3 km under the anomaly
(Strebeck, 1982)., Alternatively, if it is assumed that lateral
density variations cause the gravity anomaly, than tpe anomaly would
be consistent with rocks that were 0.1 gm/cm3 less dense than
surrounding materials for the first 4 to 8 km below the surface
(Strebeck, 1982). Of course, other models of crustal
inhomogeneities can be generated. However, in the absence of other

constraints, they are not worth pursuing at this point.

RELATIONSHIP OF MISSOURI GRAVITY LOW TO
PRECAMBRIAN ROCK PROVINCES AND TO
MAGNETIC ANOMALIES

Information on the distribution of Precambrian rock types in
Missouri is limited because of the relatively few drill holes that
have penetrated into the basement and because of the complexity of
the Precambrian geology in the area (Kisvarsanyi, 1974; Bickford et
al., 1981; VanSchmus and Bickford, 1981). There is, however, a
major boundary between 1.6 Ga old rocks composed largely of sheared
granites and metasediments, and younger 1.4 Ga old granites and

rhyolites. The boundary runs in a NE-SW direction, as is shown in
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Figure 7, where the basement rock map of Bickford et al. (1981) has
been overlain onto a shaded relief map depicting Bouguer anomalies.
The Missouri gravity low cuts across the boundary at nearly right
angles, There is also clearly an extension of what are thought to
be older metasedimentary rocks into the younger terrain along the
gravity los. Kisvarsanyi (1974) notes that the area containing the
reentrant of older rocks is also a structural high on contour maps
depicting the paleotopography of the Precambrian surface and on
structured contour maps of Paleozoic sedimentary formations.
Presumably, older Precambrian rocks are exposed along the low
because of isostatic readjustment and erosion of the younger
granites and rhyolites preferentially along the feature,

The observation that the gravity low cuts across the major
Precambrian age and vock type boundﬁry in Missouri suggests that the
Tow is related to a structurai feature. Further support for this
suggestion can be found in the locations of areas with discrete,
positive magnetic anomalies. Figure 8 shows regions with vertical
intensity magnetic anomalies higher than 600 gammas as black
splotches superimposed on the gray tone and shaded relief versions
of Bouguer anomalies for Missouri. The 600 gamma contour interval
was chosen on the basis of delineating discrete magnetic highs. The
magnetic highs are in part clustered along the flanks of the gravity
low, i.e., where the gravity gradient is high. Other magnetic highs
coincide with discrete gravity highs, such as in the area underlain
by the Bloomfield intrusion in southeastern Missouri or the Salem
intrusion in the mirddle of tha gravity low (Figure 8). Clearly,

mora work needs to be done to establish the pattern of magnetic
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anomalies in more dJdetail, along with establishing the relationship
of the anomaly patterns and the gravity low, Examination of
unpublished maps constructed by 1. Zietz supports the observation
that the magnetic highs are along the flanks of the gravity low.
Previous work shows that some magnetic highs in Missouri can be
correlated with relatively fron rich igneous rock bodies (Phelan,
1969; Cordell, 1979). The location of the discrete magnetic highs
Jong the flanks of the gravity low Suggests that the flanks
correspond to zones of weakness where magmas have been intruded,
Kane et al. (1981) note a similar correlation of magnetic highs
along tig perimeter of the Mississippi Valley graben. The gravity
and magnetic anomaly patterns, and the observation that the gravity
low cuts across rock and age provinces, provide strong evidence that
the Missouri gravity low is a consequence of a major inhomogeneity

within the crust.

RELATIONSHIPS BETWEEN FOLDS, FAULTS, AND LIMEARS
IN SOUTHERN MISSOURI AND BA:EMENT STRUCTURE

In this section we describe relationships between the Missouri
gravity low and the patterns of faults, foids, and linears that
exist within the Paleozoic sedimentary rocks covering Missouri, The
particular tack that we take is to map the patterns of linear
features from HCMM thermal images, compare those linears to the
distribution of known faults and folds, and finally we relate the
trends for the structural data to the gravity low.

Figure 9 shows a HCMM thermal infrared image over southern
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Missouri taken during relatively clear atmospheric conditions at
approximately 1:30 p.m. on June 10, 1978. The frame has been
contrast-enhanced and transformed to a Mercator projection. Water
appears dark (cool) because it does not warm as quickly as
vegetation, soil, or rock. A correlation plot between the apparent
temperature seen in this image and a map of the magnitude of
topographic slopes demonstrates that the dominate control on
temperature is relief. Areas with high relief show as relatively
dark {cool), while relatively fiat regions are bright (warm). For
instance, the bright polygonal zone centered at 37.6° N. lat., 90.5°
W. long. corresponds to flat terrain underlain in part by igneous
rocks of the St. Francois Mountains and in part by the surrounding
Cambrian sedimentary rocks. The dark area to the southwest of this
region corresponds to Ordovician carbonates that have been dissected
by streams. Flood plains of the streams and the major rivers are
flat and therefore relatively bright (hot). Finally, the relatively
smooth, bright regions to the north of the Missouri River and east
of the Mississippi River coincide with the glacial til1l deposits
related to the Wisconsin and earlier periods of glaciation.

We also combined a shaded relief image of topography with the
daytime thermal image by multiplying the two data sets on a element
by element basis. The resulting product is shown in Figure 9.
Clearly, linear features are enhanced in the merged data relative to
either the shaded relief map or thermal images shown alone. The
reasons are at least three fold. First, topographic linears can be
readily discerned on shaded relief maps (Wise, 1976). Second,

topographic linears associated with river valleys would be enhanced
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because of the higher temperatures for the valleys as opposed to the
hills. Combining the thermal image with the shaded relief map
provides, in effect, a nonlinear enhancement of the topography.
Third, any linear thermal features not related to topography would
remain in the data. This product was used as our primary base for
constructing a linears map for southern Missouri. An apparent
thermal inertia image was also constructed using the formulation of
Price (1977) and overlayed onto the .shaded relief image. However,
this product did not provide a significant amount of additional
information, probasly because the nightime thermal and the albedo
data contain oniy 25% of 13% of the varjance inherent in the 3
dimensional thermal day-thermal night-albedo data set.

Figure 11 is a sketch map showing linears from the processed
HCMM data. Also shown are folds from a version of the Missouri
structures map (McCracken 1971) and faults from the latest geologic
map of the State (Anderson et al., 1979). The folds are thought to
he drape folds over the Precambrian surface in areas with
significant relief due to basement faulting (McCracken et al.,
1971). Most of the faults are high angle normal faults, although
some evidence for shear movement can be found (McCracken et al.,
1971). The area occupied by the high temperature region of the
St. Francois Mountains and surroundings is also drawn on Figure 11.
Note that linears, faults, and folds generally strike in a direction
parallel to the gravity low. Also, the sharp southwestern edge of
the St. Francois Mountains is coincident with the northern flank of
the low. Further away from the low the the azimuths of features

tend to disperse. Clearly, the basement inhomogenaity associated
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with the Missouri gravity low has had a pronounced influence on the
pattern of faulting and folding that has propagated through the
Paleozoic sedimentary cover. The preponderance of normal faulting
in the area implies, as does the reentrant of older basement rocks
along the gravity low, that the domirate structural activity
associated with the crustal inhomogeneity beneath the gravity low
has been one of vertical readjustment. Preferential uplift along
the low is also consistent with the‘pattern of vertical

displacements shown by the mapped faults in the area (Figure 11).

THE AGE, ORIGIN, AND EVOLUTION OF THE
MISSOURI GRAVITY LOW

The Missouri gravity low must be older than the Paleozoic
sediments that have been deposited over the reentrant of older rocks
into the granite-rhyolite terrain. Th2 reason is that any uplift
and stripping of the younger granite-rhyolite rocks along the
gravity low must have occurred before the Precambrian surface was
buried. The oldest abundant sedimentary rocks in southern Missouri
consist of Upper Canbrian sandstones called the Lamotte Formation
(Anderson et al., 1974).

A number of events affected the region now occupied by the
gravity low during the Precambrian including: (1) The set of
processes that led to formation of the granite-rhyolite terrain of
southern Missouri, Bickford et al. (1981) speculate that a rifting
event or a convergent plate margin might explain formation of the

granite-rhyolite units; (2) Rifting that was associated with the
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opening of the Reelfoot basin, the Precambrian precursor to the
Mississippi embayment (Ervin and McGinnis, 1975); (3) Rifting
associated with formation of th2 midcontinent gravity high (Chase
and Gilmer, 1973); and (4) The postulated continent-continent
collision associated with the Grenville orogeny (Burke and Dewey,
1973).

At this point it is useful to summarize the characteristics of
the Missouri gravity lew. The feature has a negative Bouguer of
about 34 milrigals, a width varying from 120 to 160 km, it has a
medial high for part of its length, and it extends about 700 km in
length. The low is perhaps best expressed within the younger
granite-rhyolite terrain of southern Missouri. The flanks of the
feature exhibit magnetic highs, some of which are probably due to
igneous intrusions. Finally, the feature controls the pattern of
normal faulting in the Precambrian basement rocks and overlying
sedimentary cover. Except for the lack of a discernable thickness
of sedimentary fill overlying the granite-rhyolite terrain, such a
description is consistent with an origin as the fajled arm of a
triple junction. In fact, there are examples of relatively recent
rifts that have negative anomalies with no associated sediment fill,
although Burke and Whiteman (1973) interpret these anomalies as
beirg due to ponding of magmas at the base of the crust.

The Missou;i gravity low could have formed as the failed arm of
a triple junction that existed before formation of the
granite-rhyolite terrain. The triple junction site would have been
to the southeast, with the other two rifts becoming active spreading

centers. Closure of that spreading center, with subsequent
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continent-continent collision, may have been the most plausible
method of generating the abundant alkalic igneous activity that
produced the younger granite-rhyolite terrain. In the process, most
of the sediment fill within the failed rift would have been
metamorphosed, intruded into, and covered by the alkalic magmas
associated with formation of the granite-rhyolite terrain., The
metasediments found in the reentrant of older rocks in this terrain
[Figure 7) may be the remnants of this valley fill. Subsequent
events, such as the formation of the Reelfoot rift that is
postulated to have occurred at approximately 1.2 Ga (Ervin and
McGinnis, 1975), could have served to reactivate parts of the rift,
Reactivation certainly accurred during the mid-Paleozoic to
Mesozoic, when the southeastern end of the low was structuraily
active as the Pascola arch, We stress that our interpretation,
although plausible, is by no means unique and serves only as a
working hypothesis to be updated or discarded as new seismic,
potential field, and rock-type data are acquired. It is of interest
to note that an origin as a failed rift arm may provide a new
perspective on the source of the Pb-Zn-Cu in the Paleozoic
sedimentary cover, since base metal mineralization is a common

process associated with rifting events (Burke and Whiteman, 1973).
SUMMARY AND IMPLICATIONS
1. Standard digital image processing techniques have been used to

interpolate and display free air and Bouguer anomalies and

topography as gray tone, color-coded, and shaded relief images
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for the midcontinent as part of an analysis of how structural
features within the Precambrian basement of Missouri relate to
the broader structure of the midcontinent., In addition, the
Precambrian basement rock type map of Bickford et al., (1981) and
magnetic anomalies for Missouri have been digitally merged and
displayed with the gravity data to facilitate examination of
correlations. Finally, Heat Capacity Mapping Mission (HCMM)
thermal image data covering southern Missouri have been enhanced

and overlayed onto shaded relief versions of topography.

A major and previously unrecognized gravity anomaly (Missouri
gravity low) in the midcontinent is a 700 km long, 120-160 km
wide free air and Bouguer low, with a Bouguer amplitude of up to
34 milligals. The anomaly displays a medial gravity nigh for
part of its length. The low begins at a break in the
midcontinent gravity high in southeastern Nebraska, extends in a
southeast direction through Missouri, and intersects the
Mississippi Valley graben as defined by Kane et al. (1981). The
northern and southern edges of the intersection of the Missouri |
gravity low and the Mississippi Valley graben are the sites of
discrete positive gravity anomalies that are thought to be due
to plutons. Also, many of the epicenters associated with the
New Madrid seismic area are within the crustal block defined by
the intersection of the gravity low and the Mississippi Valley

graben. Discrete positive magnetic anomalies exist along the
flanks of the Missouri gravity low. Finally, the gravity low is

the site of a reentrant of older Precambrian metasedimentary
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rocks into the younger granites and rhyolites that underlie much

of southern Missouri, The amplitude of the low is too high to
be related to thickening of Paleozoic sedimentary rocks. Rather
the anomaly 1is probably due to a basement inhomogeneity. Two
seismic refraction profiles (Stewart, 1968) cut across the low
in two places in Missouri, In both cases, the seismic data are
consistent with a slightly thicker crustal section beneath the
gravity low. The magnitude of the gravity anomaly is congistent
with a crustal excess of 3.3 km as compared to surrounding areas
or with a crust that is slightly less dense (0.1 gm/cm3

contrast) in the upper 4 to 8 km,

A HCMM daytime thermal image was overlain onto a shaded relief
image of topography covering the area underlain by the gravity
Tow in southern Missouri. These data show that linears trend in
the same direction as the low. On the other hand, linears tend
to be dispersed in azimuth away from the gravity anomaly.

Mapped faults (high angle normal faults, wainly) and drape folds
over basement relief in the Paleozoic sadimentary cover of
southern Missouri follow a similar pattern. Some of the HCMM
linears correspond to the mapped structures, in some cases they
are extensions of such features, and some lin2ars do not
correspond to mapped features. In any case, the correlation of
the gravity low and the structural data suggest that the low is
a major basement rift and that the structures in the Paleozoic
deposits are due to vertical readjustments related to the

crustal inhomogeneity that gives rise to the low.
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The Missouri gravity low is older than the oldest Paleozoic
sedimentary rocks that cover the reentrant of metasedimentary
rocks into the younger granites and rhyolites. The oldest rocks
correspond to the Upper Cambrian Lamotte Formation, The gravity
Tow could be the present expression of a rift that formed as a
failed arm of a triple junction occurring before or during the
events that led to the younger granite-rhyolite terrain of
southern Missouri. Emplacement of the igneous rocks would have
effectively covered or metamorphosed sadimentary rocks that
formed as valley fill with the rift, Reactivation of the rift
has certainly taken place since it formed. Association of the
Missouri gravity low with a unique history is difficult at this
point because of lack of information on basement rock types,
ages, and seismic controls on crustal configurations beneath the

Tow.
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FIGURE CAPTIONS

Digital shaded relief map of topography is displayed in
this image with the simulated sun located at 20° above
the northeastern horizon. A Mercator projection is used
for this and the other images in the paper. Numbers
running vertically on the right hand side are degrees
north latitude and numbers at the bottom are in degrees
west longitude, The particular area of coacern is
Tocated in the box bound by 25 to 49° N. lat., and 80 to
110° W. long. The resolution of the image, measured as
the width of a picture element (pixel) is about 7 km.

At that resolution little structural control of

topography is evident within the midcontinent.

Gray tone image of free air gravity anomalies for the
same area as displayed in Figure 1. Black areas
correspond to regions where stations were spaced too far
apart to allow reasonable interpolation. Bright regions
correspond to positive anomalies, medium gray to areas
with anomalies close to zero, and darker areas to
regions with negative anomalies. The anomaly range goes
from +66 to -360 milligals. A sketch map illustrating
structural features evident in the image is shown in
Figure 5. The midcontinent gravity high extends as a
NE-SW trending linear high, flanked by lows, in the
upper half of the image. Note the subtle linear low

extending from a break in the gravity high, toward the
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southeast, to about 36° N. lat., 90° W. long.

Shaded relief image depicting free air anomalies as if
they were hills and valleys illuminated by a sun located
at 15° above the northeastern horizon. Note the
correlation between the shaded relief of topography and
this figure in areas of high relief. Note the linear
gravity low that begins at the break in the midcontinent
gravity high and strike; southeasterly toward 36°

N. lat., 90° W. lTong. A Bouguer image displays a

similar patten for the Tinear gravity low.

This color image combines a color-coded version of the
free air image shown in Figure Z with the shaded relief
image shown in Figure 3. The effect is to be able to
discern both the value of an anomaly for a given region
and an indication of the local anomaly gradient. Red
corresponds to free afr values greater than 20
milligals; yellow to orange indicate a range from 0 to
20 milligals; green corresponds to -10 to 0 milligals;
blue-green denofes -30 to -10 milligals; and blue
corresponds to values smaller than -30 milligals. This
figure was the base map used for constructing the

structural features diagram shown in Figure 5.

Sketch map showing major structures delineated in the
free air images of Figures 2, 3, and 4 and equivalent

presentations for Bouguer data. The Missouri gravity

low is a subtle, but pervasive feature that extends from
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the midcontinent gravity high to the Mississippi
embayment. The location of the Mississippi Valley
graben is in part from Kane et al. (1981). A-A' is the

Tocation of the profiles shown in Figure 6.

Topography, free air, and Bouguer anomalies are Shown
for profile A-A' of Figure 5. The profile cuts across

the Missouri gravity low.

Rock types of Bickford et al. (1981) have been coded to

discrete color values and overlayed onto a shaded relief ;
version of Bouguer anomalies. Sun is from the west at

15° above the horizon. Color values are as follows:

Medium blue - felsic rocks; yellow - granite; orange -

rhyolite; purple - gabbro; dark blue - basalt; red -
metasedimentary rocks; green - Sioux Quartzite; and

light blue - Keweenawan sedimentary rocks.

Vertical intensity magnetic anomalies with amplitudes

greater than 600 gammas are shown as black splotches on

gray-tone and shaded relief images of Bouguer anomalies i
for Missouri. Patterns of small black splotches near
the southeastern edge of the state and in the upper
right are spurious and are remnant from the original
digitization of the Missouri magnetic anomaly map.
Arrows point to the Bloomfield (lower right) and to the
Salem magnetic highs (Phelan, 1969; Cordell, 1979). ,§

Both features are probably due to relatively mafic

intrusions. Note that many of the magnetic highs are
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clustered on the edges of the Missouri gravity low. The
sun is from the west at 15° above the horizon for the

shaded relief data.

This figure is HCMM daytime tharmal infrared image
covering southern Missouri that has been contrast
enhanced and transformad to a Mercator projection., Flat
areas are brighten (warmer) that regions with high

relief. HCMM frame ID A-AO045-19420-2.

The HCMM contrast enhanced daytime thermal infrared
image has been overlaysd onto a shaded relief image
depicting topography. The sun for the shadad relijef
image is from the west at 20° above the horizon. The
overlay tends to enhance subtle topographic features
while retaining linear thermal anomalies not associated

with relief.

Sketch map showing the Missouri gravity low, mapped
faults and folds, and linears as mapped from the HCMM
thermal image, and from the thermal-topngraphy overlay.
The structural trend is dominated by the trend of the

Missouri gravity low. Azimuths of structures tend to

disperse for regions far from the Tow.
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The ¢ase in then mada that the shock wave re=
sults yeporzed by Brown and MacQusen, wha voporte
ed the ¢=y phasa tfansition at 230 GPs, favor the
cholce of y=fron st inner dore pressures,

It appears that purs y=iron alone sutisfioes
the dansity and Vulk modulus requirements of the
inner cove, veochemicul arguments vould favor
the addition of Ni to pure iren. However 1{ Ni
1a afued to y-iron, a lighter element {such aw
8 nunt also ba added to compansate for the
fncreaoe in denaity resulting from the Ni,

T2IA-0

New, Shock Wave Data for Pyrite and fts Relation

fo.tha gageh!s Core

THOMAS Jo AHRENS and CHRISTOPHER R. CREAVELA
(Seiemologleut Laboratory, California Institute
of Technology, Pasadena, CA 91125)

(*Present addresst Aclanclc~Richfield Corp,,

Los Angalas, CA)

New shock and releasa wave dota in the 73 to
1830 kbar range for single crywtal pyrite (ret?,
lou spin) demonatrate no detuctibla phase change,
ovar the pressura rangae investigated, Combining
the present ¢ ta with Simakov ot al. data to
3200 kbar, fite rlojely to linear shock (Ug)
particle (Ug) vulocity relation Uglkn/sec) =
5:36 + 1,44 up, The infarred zero-pressure
bulk sound >pead 18 close to that obaerved
ultvasonicallyt 5,36 to 5.43 km/sec and the
release data constrain the sound cpeed along the
Hugoniot to 1ia in the ¥ange 5.0 to 6.2 km/mee
from 384 to 1830 kbar, and consteain the density
variatlon of Grunefsen ratlo to y ¥ 3.8 (pg/n)i+ds
This behavior contrasts mavkediy with that of
Feg,sS which dnltlally has Fet? {n the high=spin
state and undergoes an ~ 14% depsity {ncrense
to a high pressure phase below 100 kbay, which
may hava Fet? in the low-spin state, When the
new pyrite datn and recent reanalyses of
pyrriotite are usad with shock wava data for
iron and seismic data for the core the essontially
nearly ideal additiviey of the molar volume of
§ in iron sulfides can be demonstrated. Depend-
ing on thermal profilea assumed, soma 9 to 13 and
10 to 13% § are inferred in the liquid outer
core from the pyrite and pyrrhotite data,
respactively,

T21A-10

Dynamics of Chemicnlly Enrichod, Interpally
Heated Plumes {n the HMantle
il R ——antle

Henry E. Eby and David A. Yusu (Dept. of Goology,
‘Atizona State University, Tempe, AZ B85287)

1t has been proposed that plumes are finito~
amplitude nanifestations of loculized thermal
instabilitien produced at tha lower (hot) thermal
boundary layer, owing to the dastabilizing
cffects of strongly temparatura-dependent mantle
rheology. If the primitive deep mantlo 48 en~
riched in radionctive heat sources from inhomo=
geneous planatary accretion (Anderson, 1973),
then thatmal instabilities may furnish a viably
mechaniam to extract the enriched heat sourcas
fnto the upwelling, which is then propelled
rapidly upuards by these moving heat sourced,
Accordingly ve have modelled the thermal-
mechanical structures of thase chemically en-
riched, subsolidus plumes by means of boundary
layer techniques in which both {nterndl heating
with a loealized spatianl variation and a strong=
1y temperature-dependent viscosity, character-
istic of mantle materials, are incorporated,
The equations govarning the conservation of mass,
enargy and pomentum ave solved numerically, Two
ditferent modes of heating have been studied:
(a) the plume is driven solely by n conceptrated
amount of radiogenic heating (b) the encrgy
source 1a derived from both the localized radio-
aceivizies and a hot adlabaric tempernture im-
posed at the centerline of the plune, We find
that for mechanfsm (a) to produce velocities
greater than 10 em/yr vequires radloactive
concentrations equivalent to those typical of
granitic rocka, On the other hand, narvou,
fast mantle plumer, 0 (m/yr), are aasily achieva-
ble for heat production rates characteristle of
occanic basnlts and adiabatic temperature ex-
cosses of a few hundreds of degrees,

Anderson,D,L,, Chemical Plumea in the Mantie,
Geol. Soc, America Bull., 86, 1593-1600, 1975.
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TimesDependunt Nirerlral Hodaln nt Single and
— poubleslaver Mantla Convection

Ao P. FOST and I, B, SACKS (Dept, of Terrestrial

Hagnetism, Carnegie Inatitutlon of Washington,
5241 Broad Dyanch Poad 1M, Washington DG 20015)

Contrary to ysochenical evidence,current modals
of mantle convection acsuming stendy state motion
favor single-layar convection.Relaxing the stendy
state assunption, we have studied the tlme evo-
lution of two-dimensional Boussinesq convection,
A survey Involving varjation of waveral parame~
toys has besn completed. Fach model has Carteslan
qaometry, oxponential viscosity dependenca on
temparature, and free-slip boundacies, Initial
copditions wets chosen as a fluid at rest with a
uniform temperature gradient (pure eonduction),
rapdomly perturbed at ths 5% level, Paramators
varjod includes choico of fnitial nolde, Ra {105
to 109),aspect ratio A (1 to 2), heating source
(a1} bottom, all internal, or half and half), and
spatlal vaviation in the tamperatura alony the
bottom boundary (25% amplitude cosine variatinn),

The time davelopment is sensitive to the choice
of the initial nolse, except when varlaticns in
the bottom temparature are present, which then
datermina tho transient call structure (plunes
rise over each temperature maximum), For Ra=10’,
the initinl single-layer mtructura forms a tran~
pient phase of double~layer cotivaction, with as
nany as 4 cells in cach leysr. Stendy state solu-
tions in all cases favor mingle-laysr convection,
Increasing A Increasas ths tendency for the
double~layer transient to occur, Varying the loce

.ation of tha heat source has little qualitative

effect upon the evolution. Double~layer structure
occurs without the large temperature differcnce
batween the two layers required in steady state,

The timescalu for oxistence of the double-layer
structure 1s 1 b,y, (with Rax)07, a3 appropriate
for whole-mantle convection}, ¥Whap compared to
thy timescale for plate motlons {about 0,1 b.y.),
the results inply that tirw-dependent modeln are
necessary for understanding santle conveetion;
translent perlods of double-layoer convection may
have axisted in tha past, or may exist now,

CONTINENTAL GEGRHYSICS
(FP) Dominfon ¢ Tues AM
Larry Brown {Cornell Univy)

Presiding
T21B~}

Gravitationally Induced Strosses in a Thin,
sphierlesl Shell

As K. COODAGRYE (Division of Gravity, Geothermics
and Geodynamics, Earth Physice Branch, Ottawa,
Ontario, KA 0Y3)

In situ stress measurements gepernlly indicate
that the vartital compressive strass is zero at
the surface of the Earth and increases with dopth
approximately as the overburden pressure. On the
other hand, the mean horizontal compressive strosy
is pon-zero («10 MPa) at the surface and increases
with depth less quickly chan the overburden pres-
sure does. The Tnsult is that the ratlo of
horizontal to vertical streas ias greater than
unity near the surface ana only tends to fall
belsw unity at depths greater than 1 to 2 km. This
behavieur (in particular the presence of non=zero
horizontal compressive stresses at the surface) ig
predicted for gravitationally induced stresses {n
& thin, homogeneous, elastic apherieal shell en-
closing a "£luid" under a prassura equal to the
toral weight per unit area of the shell., The
horizontal compressive stress at the surfaco is
related to the thickness of the shall, Assuning
that only a thin portion of the Earth's outer
crust can sustain shear stresses over long perfods
of geologlc time, data from Canads and southerp
Africa indicate thiut the effectiva thicknass of
the elastic crust In these arcas ig of the order
of & and 2 ku respectively. Although tuo-dimen~
slonal elastic theory does not prediet finite
hopizontal compressive stresses at the Earth's
surfoce, the results of the thin shall theory can
be used to help correct the calculatlons of
gravitationally induced stxesses in simple two-
dinenatonal geologlical nodels,

T218-2
Now Depth-to-Curie Isothern Map of Arizona

H. R. long (Centor for Lithospheric Studies, The
University of Texns nt Dallas, Richardson,
Texas  75080)

Co L, V. Atken (same)

W. J, Pueples (Departmant of Geologicnl Scelences
Tha Untvarcicty of Texas nt El Paso, F1 Paso,
Texas  79968)

This page may be freely copied.

The variation in heat flow in Arizona has been
interprozed utidizing a varivty of geophyalcal
and geochenfcal duta, The deptheto-Curie iso=
therm has been previously determined fn Arlcona
by sp-e¢cral analyals, spectral varching, and by
exaalning the general amplctude varisclons of
aeromatnetic anomalies, “\'"' are aigatficant
disagrovsents betvaen the lnterpretations of
much of these data, In thus atudy, the Curle
dupth has been analyzed by inverafon of over 60
magnetic anomalies, with the Backus-Gilbect
tochinique providing staviscical analysin of the
rogults, Vertical resolutlon {» #2 km at 20 Io
Popthe range from 3 kn below sea level to 2} ko
tafsds  The rosults agres in gensral with speeo
tral matching results, but not well with the
other types of Gurie dupth analyses, Shallow
dopths ave indfcated along the transition be=
twaen the Colorado Plateau and Basin and Range
provinces, in tha White Hea., &n southwest
Arizona, and in southeast (Tucson area) Arizona.
Central and southecentral Arizena in the Basip
and Range show anoualously deep (20 kn) Cure
depths, An assuiption i made that the thick-
ness of magnetlc bodias is deternined thermally,
not lMthologically. Although the lataral varia~
tion in heat tlov peasurements pererally agres
with Juteral changes &y Curle depths, few come
plataly corrected values are availablo, Some
corralations exist with crustal selsmology ex-
peciments, Proliminary MT modeling by He A
Ander of Los Alampa Natlonal Loboratory indicates
extramely close correlations with ralative
variations of Curie depths in varfous parts of
Arizona, DNumerical heat flow rodels using the
Curla temperature as a boundary condition have
been constructed to compare with heat flow and
HT interpretations,

T210~)

Linear Basement Structure fn the Midcontinent,
U.5.A. = Gravity, topography, remote sensing, and
seismicity data,

R.E. _ABVIDSOM, E.A. GUINNESS, J.W. STREBECK
(Mchonnel] Center for the Space Sciences,
Washington University, St, Louis, Mo., 63130)

Some 500,000 individual gravity readings for
the continental U.S. were reduced to free air an
Bouguer anomalfes, The anomalfies were then fil-
tered to produce maps with 256 contour intervals
using the algorithm that generated the Pfoneer
Venus altimetry maps, A linear gravity low,
with an amﬁ’litude of about 30 mg, extends from a
bireak fn the mideontinent gravity high in S.E.
Nebraska to the Pascola Arch (horst) in the
Mississippt cabayment, There is a suggestion of
an extension o the northwest into Wyoming based
on {1} The aligament of a sharp gradient ?but
only a few mg &) in the free afr data along the
Horth Platte River, and {2) The alignment of
fractures §n the Precambrian of Wyoming., In
southern Missouri, as shown by digital topography
and Heat Capacity Ha,pging Hission data, the
gravity Jow seems to have controlled a number of
basement normal faults, In addition, most of the
New Madrid seismic epfcenters occur in the crustal
block defined by the {ntersectfon of the low with
the Mississippi Valley graben, The origin of this
Tincar basement structure §s problematical,
although the fact that the structure cuts across
age and province boundaries is suggestive of a
transcurrent fault.

T21B~4

Linear Structures in Missouri Seen with Heat
apacity Mapping Mission (HCMM) Data
J.W. STREBECK, £.A. GUINNESS,R.E. ARVIDSON

‘chonnei] Center for the Space Sciences,
Hashington University, St. Loufs, Mo., 63130)

M apparent thermal {pertfa map was produced
for the state of Missourd using HCPM night/day
thermal infrared (IR) images and an albedo image.
Differences in rock types (betwezen Precambrian
fgneous rocks, Cambrian section, and younger
units) and some structura) linear features can
be seen on the map, These structures were empha-
sized by overlaying the thermal inertia images on
digital shaded relief maps depicting topography.
In general, there 1s a good correspandence bétween
structures scen in the HCMM data and mapped faults,
Often, HCMM structures extoend beyond 1imits of
mappad features, In addition, a number of natural
Tinear features were detected that do not corre-
spond with mapped structures. Finally, the ob-
served trend of many of the HCMM structures s
coincident with 2 30 mgal, J40 km wide, Bouguer
gravity low that traverses Missouri in a HW-SE
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Image Processing
Applied to Gravity and
Topography Data
Covering the

Continental

R. E. Arvidson, E. A.
Guinness, |. W. Strebeck,
G. F. Davies, and K. |.
Schulz

McDonnell Center for the Space Sciences
Washington University
St. Louis, Missouri

Introduction

A great deal of digital topographic infor
mation and gravity data exist that cover the
continental United States For instance, data
sets that can be purchased from the National
Oceanic and Atmospheric Administration
(NOAA) include (a) elevations averaged over
30 s of latitude and longitude for the coter-
minus United States and (b) over a half mil-
lion gravity readings from stations distributed
across the entire country, although in an ir-
regular manner. Both the topography and
the gravity data sets are fundamental to the
ur serstanding of the structure of the crust
and hithosphere, and especially to the under-
standing of the relationships between topog
raphy and structure (McGinns et al., 1979,
McNutt, 1981, and others)

The intent of this work is to show the ap-
plicability of fairly standard image-processing
techniques to processing and analyzing large
geologic data sets. In particular we have uti-
uzed image-hltering techniques to interpolate
between gravity station locations in order to
produce a regularly spaced data array that
preserves detail in areas with good coverage
and that produces a continuous tone image
rather than a contour map. We have used
standard image-processing techniques to digi-
tally register and overlay topographic and
gravity data, and we have displayed the data
i ways that emphasize subtle but pervasive
structural features. In this paper we discuss
the techniques used, briefly describe the
products, and illustrate the potential of the
methods by discussing subtle linear structures
that appear in the processed data between
the midcontinent gravity high and the Appa-
lachians.

Data Processing
Techniques

Data processing was conducted on a PDP-
1134 minicomputer with interactive image

U.S.
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storage and display peripherals. Software is
based on mini-VICAR, with a variety of ap-
plications programs to conduct filtering. en-
hancement, and geometric operations. The
reader is referred to such standard refer-
ences as Motk [1920] for further information
about general techniques used in image proc-
essing. Our software was developed partly at
the Jet Propulsion Laboratory; partly at the
U.S. Geological Survey, Flagstatl, Arizona;
and partly by us

For purposes of this paper the dynamic
range of both the topography and the gravity
data were first scaled to ht within the range
occupied by a byte variable (i.e., 8 bits or 256
discrete values). The byte-envoded data were

then stored in dita arrays, where the arvay
element spacing was 30 s in both latitude and
longitude. For the topography this procedure
produced a regular array of byte-encoded
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data that had 28580 rows (latitude) wnd 7080
columns (longitude). The data arrays covered
a lattude range from 25% 10 49°N and a lon
gitude range ftrom 667 w0 125°W

The resulting topography data array could
be displayed as an image if the byvte-encoded
data were comverted o color or brighiness
values. An alternative and quite useful meth
od of depicting topography 1s o generate a
digital, shaded rehet map. Figure | shows
such a product, which was generated on a
version of the data Ale that was first trans-
formed 1o a Mercator projection, digitally re-
duced in size by a factor of 7, and then used
to generate a relicl map. The shading process
is based on the assumption of a photometric
function for the surface (Lommel Seeliger
function in our case). The brightness as-
signed 1o a given array element location de-
pends on the local slope magnitude aad di-
rection and is relative 1o an assumed solar az-
imuth and elevation [Batson et al., 1975)

The gravity data were reduced o Free air
and o Bouguer anomalies courtesy of t).¢
Geopositional Department. Defense M.pping
Aerospace Agency Center, St. Louis, Missou-
1i. The reference field at sea level that was
used in the reduction was based on the 1967
International Gravity Formula, with all the
data referenced to the 1971 laternational
Gravity Standardization Net. Free air anoma-
lies were computed from the following for-
mulation: 8gya = g + 0.3086h — vy, where
Agya = Free air anomaly (mGal), g = read-
ing, h = elevation (positive down to geoid),
and y = theoretical gravity value. A second-
oirder terin was added 1o the elevation correc
tion when the magnitude of the correction
exceeded 0.1 mGal. Bouguer anomalies were
computed on the basis of a slab with density
2.67 gm/em’, using Agpa = dgpa - 011194,
where Agpa = Bouguer anomaly in mGal
Local terrain corrections were not included
the Bouguer anomaly computations

Generating images from the gravity data
presents a more comphcated problem than
the opographic data since the gravity stations
are not located along a regular grid. For both
the Free air and Bouguer anomulies the data
were hirst scaled to fit within i byte variable
(i.e., 256 discrete values). The scaled data

1S J1887

W [os , (- il 7S

Fig. 1. Shaded reliet map depicting NOAA 30-s elevation averages for the continental
United States. Numbers running vertically along the sides of the image are degrees of
north latitude, while numbers along the bottom are degrees of west longitude. This and
other maps i the paper are Mercator projections. The sunulated sun was et at 207 aboyve
the western horizon Dark blocky areas are missing data
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were placed into an arvay with the same ele-
ment spacing (30 5) and geographic coverage
as the topography data array. The element
location closest 10 a given gravity station loca-
tion was astigned the station value, thereby
producing an array occupied in part by real
data and i part by blank zones

We chose to use a conceptually simple, but
powerful, hltering approach for interpolating
between the real gravity data points. The
technique was developed for processing lunar
consortium data wund was also used 10 pro-
duce altimetry maps from the approximately
100,000 elevation estimates obtained by the
Pioneer Venus radar mapper [Eliason and So
derblom, 1977, Pettengill et al., 1980). The
technique involves use of a spatial filter that
generates a moving average through the data
array. At any given postion within the data
array the filter occupies a box of N % N ele-

ments. The mean value of the gravity anoma-

lies for stations located within the box is used
as the interpolated value for the box center
only if an anomaly value does not already ex-
ist at that location. Shifting the filter over (he
array and repeating the operation for each
element location results in a partially interpo-
lated data set. Blank areas still remain in
zones without any data and in zones with so
little data that a user-defined statistical
threshold was not met. The threshold is de-
hined in terms of the fraction of elements
within the box that must have valid data in
order 1o replace the midpoint element with
the average, assuming that the midpoint did
not already have valid data

In practice the gravity data were processed
by using several hiter widths, beginning with
a3 x 3 element hilter and ending with a 21

P T
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Fig. 2. Shaded reliel map depicting filtered Free air anomalies. Black areas indicate re-
gions containing either bad data or too little data to have statistically valid interpolations.
The simulated sun was set at 15° above the western horizon. Variations in the anomalies
are, in effect, illuminated as if they were a set of wpographic ridges and valleys. For exam-
ple, the midcontinent gravity high (43°N, 94°W), which is a positive anomaly, stands as a
ridge, while the great valley of California (37°N, 120°W). which is a negative anomaly, ap-
pears as a trough

x 21 element filter. The threshold was set
such that at least 20% of the element loca-
tions at any given filter position must have
had real data values to be interpolated. The
choice of hilter sizes was governed by the sta-
tion spacings, which averaged several kilome-
ters but varied from hundreds of meters to
several tens of kilometers, A 3 > 3 element
filter, for instance, covers 90 s of arc in both
latitude and longitude, or about 3 km along a
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line of latitude. Note that regions with rela-
tively small distances between gravity values
were interpolated only over relatively short
distances, since once an element was assigned
a data value it was not aftected by later filier
passes. The net etfect of the hltering opera-
tions was to generate a vegular array of gravi-
ty data, with original data lefo intact and with
interpolated data between the original vilues
Some areas in the array, even with a 21 x 2]
element filter, still had 100 littde data to allow
mterpolation. Those areas appear black in all
of our displays

The hAltered gravity anomalies could be dis-
played as gray tone or as color-coded images.
As with topography, we hind that a very
effective visual display is a shaded relief map
Figures 2 and 3 depict shaded reliel maps for
the Free air and Bouguer anomalies, respec-
tively. Comparison of these products with
previously Hublished contour maps [e.g.,
Woolard and Joesting, 1964, McGinnis et al.,
1979] show similar broad-scale patterns
However, the maps shown in Figures 2 and 3
display inherently more information. The
reasons are threefold. First, a finer grid spac-
ing was used to interpolate between station
readings than any published map we have
been able to examine. Second, there are as
many contour intervals as there are values in
a byte variable (i.e., 256). Most contour maps
typically have a dozen or so contour intervals
Third, areas with a large number of closely
spaced stations retain details of the anomaly
patterns

The hltered gravity anomalies can also be
digitally overlaved onto the topography for a
visual display of the correlations between the
two variables. The technique that we used
was to first convert the byvte vali e for each el-
ement in the gravity arvavs to a given color
{Figure 4). The colors were choser in such a
manner that blue corresponded o the most
negative anomalies and red to the mos: posi
tive anomalies. Oranges, vellows, and greens
were chosen to n'pu'\l'n( mtermediate valies
Color-coded images depicting the anoman
patterns were digitally overlned onto a shad-
ed reliel map of the wpography simply by re-
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Fig. 3

Shaded relief map depicting filtered Bouguer anomalies. The map was pro-
duced in the same manner as the Free air anomaly map in Figure 2. No local terrain cor-
rections were included in computing Bouguer anomalies, .
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Fig. 4. This diagram shows the approxi

mate color-coding scheme used 1o produce
the color contours for the gravity anomaly
maps shown on the cover of this issue of Eos
Histograins showing the fractional area occu
pied by eich anomaly value were used 1o as-
sign colors in such a manner that each color
value occupies an area comparable 1o any
other color value. About 45 discrete color val-
ues (e, discrete hue and saturation values)
were used in cach anomaly map. On the oth-
er hand, the shaded reliel map versions of
the anomalies each contain 256 shades of

placing the brightness component for each
color with the brightness from the corre-
sponding location in an array containing the
\K:clrd relief map. The net result is a color
map where the brightness is modulated by
the shaded relief map, while the color hue
(dominant wavelength) and saturation (de-
gree of purity) are controlled by the gravity
anomaly values, Note that any color can be
uniquely defined by a hue (dominant wave-
length), saturation (purity), and brightness
[Stater, 1975). Such products are shown for
both the filtered Free aic and Bouguer anom-

alies on the cover of this issue of Eos. In both
cases the maps were transformed to a | ferca-
tor projection, digitally reduced by a facior of
7, and then processed as discussed above.

Discussion

A sketch map showing some of the major

structures evident in the color ind shaded re-

lief maps is shown in Figure 5. For this paper
we will restrict our discussion of the proc-
essed data to a portion of the midcontinent,

gray.

where we have a continuing interest in the
crustal structure and the relationships be-
tween basement fractures and ore deposits.
Such a discussion also serves to illustrate the
kinds of information that can be gleaned
from topography and gravity data that have
been processed in image format.

The dashed lines in Figure 5 define two
major structares in the midcontinent: a newly
discovered feature we call the Missouri gravi-
ty low and the Mississippi Valley graben, as
defined by Kane et al. {1981] on the basis of
gravity and aeromagnetic anomalies. The
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Alissouri gravity low can be seen on the color
and shaded relief maps as a 140-kin-wide fea-
ture that begins it a break near the southern
edge of the midcontinent gra.ity high ¢nd
extendd alross Missouri and into the Missis
sippi embayment. In the embayment the low
takes the form of a horst block called the Pas
cola Arch [Evvin and McGinnis, 1975). The
low has a Bouguer amplitude of about 30
mUGal for the region just to the northwest of
the embayment. The magnitude of the anom-
aly suggests a deep basement structure. In
fact the anomaly is consistent with an in-
creased crustal thickness of 3 ki at the Moho
or with a crust that has a density of 0.1 gm/
em” less than the surrounding areas for the
first 4 1o 8 kin below the surface [Strebeck,
1982]. Analyses of remote sensing data and
ground studies for areas overlying the gravity
low demonstrate that the regional fraciure
trends are coincident with the strike of this
deep basement feature, suggesting a fair de-
gree of control over the pattern of faulting in
the area [Guinness et al, 1982],

The iintersection of the Missouri gravity low
and the Mississippi Valley graben has clearly
served 1o control the emplacement of two
mafic plutons defined by Hildenbrand et al
[1977]: the Bloomington intrusion to the
north and the Covington intrusion to the
south. The two plutons can be seen as posi-
tive anomalies in the Free air color map and
as bumps on the shaded relief maps. Addi-
tionally, Figure 6 is a gray tone image of the
filtered Free air data that has been contrast
enhanced to show the variations in the mid-
continent. In such a display the most negative
anomalies are dark, .m(g less negative anoma-
lies are bright. ‘The Missouri gravity low is
clearly discernible, and there is a suggestion
of a NE-SW trending structure that, in fact,
outlines the Mississippi Valley graben. The
white dots represent over 1000 carthquake
epicenters recorded by the St. Louis Universi-
ty seismic network between 1974 and 1979
[Stauder ot al, 1977). Clearly, the epicenters,
which delineate the New Madrid seismicity
high, are concentrated in the crustal block
defined by the intersection of the Missouri
gravity low and the Mississippi Valley graben
Thus the intersection of these two crustal
structures seems to have provided both a
zone of weakness for the emplacement of
plutons and a focus for release of strain ener-
gy via earthquakes.

Examination of the Free air color map sug-
gests an extension of the Missouri gravity low
from the midcontinent gravity high to the
northwest, perhaps as far as to the Big Horn
uphitin Wyoming. The suggestion is based
on an alignment of a sharp break in the Free
air anomalies with the North Platte River val-
ley in Nebraska and with fractures in Wyo-
ming. The reality of such an extension must
remain open to question until further study.
If the extension 1s genetically related to the
Missouri gravity low, the combined lengths of
the two features would be over 1500 ki
There are other structures of comparable
length on the earth, namely transcurrent
faults such as the Altyn Tagh of China [Mol-
nar and Tapponier, 1975). 1t 1s conceivable that
the Missouri gravity low and the extension
into Wyoming are part of a transcurrent fault
system, sections of which have been reactivart-
ed during various time periods. Such an ori-
gin is also consistent with the observation that
the structure cuts across the basement age
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Fig. 5. Sketch map showing some of the major structures seen in the gravity anomaly
maps presented in this paper. The Missouri gravity low can be seen best on the shaded re
lief map versions of the anomalies. The two plutons are the Bloomfield pluton 1o the north
and the Covington pluton to the south. They can be seen as red dots on the Free air color
maps and as bumps in the shaded relief anomaly maps. The Bloombeld intrusion is located
at about 37°N, 90°W. The Mississippi valley graben location is from Kane et al. [1981], al.

though the outline can be seen in the shaded reliel anomaly maps.
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Fig 6.  Gray tone version of the filtered Free air anomalies. The map boundaries extend
from 34° to 45°N, 87° 10 99°W. The tw) horizontal lines correspond to 37° and 40°N laui-
tude, while the two vertical lines are 91° and 95°W longitude. Tn this map, bright areas have
large Free air anomalies, while dark areas have small (Le., highly negative) vaiues. The
white dots are earthquake epicenters for the period from 19741979, as recorded by the St
Louis University seismic network, The Bloomfield and Covington plutons are the bright
circular featares just to the north and south, respectivels, of the epicenter custer. The Mis-
souri gravity low extends from a break in the midcontinent gravity high, through Missouri,
and across the Mississippi valley graben. The intersections of the gravity low and the gra-
ben are the locations of the intrusions. In addition, most of the seismicity is concentrated

within the crustal block defined by the imntersection of the gravity low and the graben
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and province boundanes defined by Bikford
etal (1981 in Missouri. For instance, the fea-
tire could have formed during the postula
ed collision gvent that produced the Grenville
orogeny [Dewey and Burke, 1973)

lmblications for the
Earth Sciences

The future will see an increased availability
of a number of other large, geographically
oriented data sets that are applicable to earth
science problems, For instance, as part of the
National Uranium Resource Evaluation Pro-
gram, the Department of Energy has ac-
quired airborne digital gamma ray (net radio-
activity) data, aeromagnetic anomalies, and
Lydrogeochemical data for most of the conti-
nental United States. Such large data sets are
aptly suited for use with the kinds of tech-
niques described in this paper. O course,
analysis of any data set requires, above all,
the proper framing of scientific questions,
Also, the right kinds of data must be accessi-
ble to answer the questions. However, we do
feel that interactive digital image processing
of a variety of geographically oriented data
sets can lead o substantial advances in our
understanding of the ecarth
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