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PREFACE

The primary objectives of the investigation were to develop
and evaluate tectonic and photageologic mapping methods for both
forested and sparsely vegetated terrain, and to test applications
for Montana. This involved the study of imagery for different
seasons, spectral bands, and print'scales, the laying and Study
of mosaics, experimental use of 70mm positive transparencies,
and optical color enhancements of multispectral 70mm chips. De-
tailed evaluations reguired the campilation of geologic truth
maps, the use of underflight photographs, and field checks. We
concliude that visual geologic'intefpfetatfon of ERTS imagery for
our area is best done using 1:500,000-scale paper prints of late
Fall imagery for Band 7 supplemented by Band 5. Forest cover
impedes but does not preclude photogeclogic interpretation;
significantly more geologic information can be extracted from
imagery of grass-covered areas. R

Although identification and mapping of major rock units,
folds, and intrusive domes could be done locally with reliability
and precision (even to the extent of revealing errors in the
state geologic map), wide~scope photogeologic mapping by opera=-
tor image interpretation would be discontinuous and could not be
accomplished for large areas underlain by strata of the Precam-
brian Belt Supergroup. With local exceptions such mapping_would
not be advantageous for Montana, which hés already been-coVered
by a combination of detailed and reconnaissance geologic mapping.
However, this approach would yvield valuable photogeolegic recon-
naissance information for less studied areas of gemerally similar
geology, latitute, and climate e]sewheré'in the worid.

A wealth of new geologic infonnatibﬁ'was gained from an ERTS
lineament map of western Montana prepared by annotation of frac-~

ture~controlled geclogic lines. Careful evaluation indicates




that this new type of geologic map'is an inekpensiVe substitute
for a compiled tectonic map in several important respects. lts
lines, which represent mainly high-angle faults and sets of frac-
tures {faults or joints), may be used in tectonic map preparation
to locate probable unmapped faults, to identify structural do-
mains, to anélyze fracture patterns, and to guide'geothefma] and
petroleum exploration. The relationship of ore to lineaments in
western Montana was poor, suggesting only limited application of
ERTS lineaments in a search for additional hydrothermal cre de-
posits.

We recommend that geologists use an ERTS lineament map to
gain new tectonic perspectives and Insights. QOur lineament map
of western Montana is being expanded to cover eastern Montana,
and arrangements have been made for its publication by fhe Mentana
Bureau of Mines and Geology. Extensions of this investigation
now in progress relate mainly to lineaments. - They include domain
delineation by rose diagram analysis, evaluation of iilumination

‘bias using plastic relief maps, possible advantages of edge

enhancement on the scanning microdensitometer for lineament map-
ping, and the relative importance of Precambrian basement struc-
ture in the development of 1ipeaments.
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TEXT

{ntroduction

Montana, with Its wide variety of geologic terranes, topography,.
climate, and vegetative cover (Figures 1, 2, 8, and 9), is ideally
suited for feasibility studies using ERTS imagery and classic photo-
geologic methods. On the continental divide and to the west is'rugged
mountain country interrupted by a number of small Cenozoic basins;
bedrock consists mainly of metasedimentary strata of the Belt Super-
group cut by'a number of granitic plufons. Fast of the divide are the
Montana plains, underiain by essentially horizontal Mesozoic and early
Tertiary sedimentary strata, which are locally deformed near areas of
mountain uplift out.in the plains and along the Rocky Mountain front.
In the latter areas Paleozoic carbonates are abundant. Significant
areas of Precambrian basement rock occur in southwestern Montana, and
volcanic rocks of Cretaceous and Cenozoic ages occur at a number of
places in the western half of the state. The front of the mountains
coincides with the edge of a foldbelt marked by numerous thrusts and
overthrusts., Zones of strike-slip faulting form structural breaks of
northwesterly trend thrdugh the central part of the western half of
the state (Lewis and Clark Lines or Montana Lineaments).

The plalns are grass covered, and their river breaks, mountain
uplafts, and flanking mountains have a sparse coniferous forest or |
brush cover centrolled by the semiarid climate. The mountains west of
the continental divide, on the other hand, are heavily covered by con-
iferous forests in response to the more moist climate.

Our investigation covered the feasibility of using ERTS imagery
for tectonic mapprng and analy5|s {mainly lineament studles) and for
photogeologic mapping (reck unit recognition and delineation) in both

“heavily forested and sparsely vegetated terrain. This involved deter-

mination of the most useful imagery in terms of spectral bands, season

of the year, and print scale, va]uation of optical calor enhancement

methods, development of the most effective techntques of annotatlon,
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Figure 1. Red band ERTS mosaic of Montana and adjacent areas showing contrasts in topography and vegetation.
Dark areas are coniferous forests except for irrigated lands along rivers. See Figure 2 for geographic de-
tails. Prepared by USDA, Forest Service, Division of Engineering, Missoula, Mentana, from 1972 late summer

and fall imagery. Original scale 1:850,000.
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Index mosaic of Montana (red band NASA-SCS mosaic, Fall 1972),
Numbers show locations of text figures.

Billings, BS - Big Snowy Mfs., Bu - Butte, G - Glacier Park, GF - Great Falls, H - Helena, L5 - Little Belt
Mts., M - Missoula, MR - Missouri River, R - Roundup, Y - Yellowstone Park, YR - Yellowstone River.
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and the evaluation of photogeologic and tectonic results using geolo-
gic map truth, underflight photo~interpretation, and field checking.
Most of the more detailed studies were carried out in the areas of
three designated test slites (see Appendix), for which high altitude
multiband and color infrared U-2 photography was provided by the NASA-
ERAP program. Applications of ERTS imagery interpretation to the pre-
paration of a tectonic map for Montana and revision of the state geolo-
gic were considered. A small part of the investigation covered possi-
ble apptications to the investigation of economic mineral resources
(bentonite, petroleum, and hydrothermal ore deposits).

Investigation was a team effort. |In addition to the authors, co-~
investigators were R. Berg and W. Johns of the Montana Bureau of Mines
and Geology. C.J. Vitaliano of Indiana University was a consultant for
Test Site 354D, and the late W.J. McMannis of Montana State University
was a consultant on statewide evaluation of applications and for a tec-
tonic mapping project in the Crazy Mountains Basin area. We acknow-
ledge the contributions of R. Flood, K. Hawley, and L. Wackwitz, who
served as research assistants. D. Comstock and personnel of the U.S.
Forest Service Division of Engineering provided some photolab services
and laid the first ERTS mosaic of Montana as a cooperative project
(Figure 1). Our file of ERTS imagery for the state and high altitude
aerial photography for test sites has drawn visits from many profes-
sional people in a variety of disciplines, including geology, soil
science, hydrology, forestry, range management, w'ldlife biology,
geography, and land use planning. These contacts, which are continu-
ing, have not only allowed visitors access to imagery, but have been

stimulating to us as well.



Interpretation Methods

Most of our werk involved the annotatlon and interpretation of
black and white paper prints at a scale of 1:500,000, using canven-
tional photogeclogic techniques. ERTS mosaics at a scale of
111,000,000 were used for regional studies. We experimented with
annotation using the camera lucida method with 70 mm transparencies
under a binocular microscope (Wild M7) and with 1:1,000,000 scale
prints on a Zoom Transfer Scope. These methods were not as convenient
or effective as direct study of the larger prints, but they allowed
supplemental annotation for different spectral bands and times of the
year without preparation of enlargements. The binocular microscope,
used over a bright light table, allowed eva]uatfon of fall scenes for
which undodged standard paper prints wesre very dark and for which
1:1,000,000 scale positive transparencies were lacking. Experimenta-
tion with optical color enhancement using a Spectral Data Corporation
multispectral viewer {Model M64) involved recording images by 35 mm
camera on Ektachrome EHB fiim for later projection and study. High
altitude aerial photographs from U-2 flights provided a bridge between
annotations of satellite imagery and ground truth in the form of geo-
logic maps and field checks for selected areas designated as test
sites {see Appendix).

Print Scale and Preparation

First attempts at- annotatlon using standard 1:1,000,000 scale
prlnts proved unsatlsfaCLory because the prlﬂt scale was too small for

the detail we wished to show, and because of the very dark tone of the

late fall prints. Both problems were solved by using 70 mm negatives

suppiied by NASA to prepare enlargements at scales of 1:500,000 and
1:250,000. Very dark negatives for late summer were replaced with



lighter negatives exposad from 70 mm positive transparencies in a con-
tact printer. Prints at a scale of 1:500,000, which not only provided
necessary space for annotation, but also matched the scale of the Geo-

logic Map of Montana, provad ideal for most of our purposes.

Seasonal Effects: Sun Elevation and Vegetation

We evaluated imagery covering the periods late August through
November, 1972, and iste March through June, 1973, for seasonal ef-
fects affecting photogeologic interpretation. Although sharp in de-
tail, imagery for late summer of 1972 was disappointing. With low
shadow relief from sun elevations of 40~50°, certain topographic
features important for photogeologic interpretation were difficult or
impossible to see, making it necessary to rely on the less effective
recognition elements of tone and drainage pattern. Images for late
fall {sun elevation 20-30°) were much more satisfactory because land-
forms are sensitively revealed by topographic shadowing (Figure 3) and
tonal differences are at least as useful as for late summer.

Camparison of imagery before and after autumn leaf drop did not
reveal any striking effects useful in photogeologic interpretation,
but comparison of growing season imagery (June) with earlier or later
imagery suggests enhancement of tonal contrast for grassy areas under-
lain by tilted sedimentary rock units (Figure 4). However, prevailing
cloud cover during June minimized the utility of this enharcement,
which daes not apply to forested areas in any case. Fiood plains with
deciduous trees and brush, or with irrigated fields, show the bhest

tone contrasts during the growing season.

Effects of Climate and Vegetation

Except in some grass-covered valley areas, Montana west of the
contirental divide has a climate wet enough to support dense conifer-
ous forests which grow on deep residual soils (Figure 1). Bedrock is

poorly exposed in most of this region and conventional geoclogic map-~
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Figure 3. Three Forks area, showing headwaters of Missouri River
(center). Note parallel ridge and valley topography representing
inclined sedimentary strata partly covered by Cenozoic basin fill
(B). Plunging folds are visible above D. Figure 3-1 (left), imaged
26 August 1972, indicates weak shadow modelling from high sun angle
of 48° (1D# 1034-17461-7). Figure 3-2 (right) imaged 6 November
1972, shows strong enhancement of topography from a low sun elevation
of 25° (1D# 1106-17465-7) . Width of scene is 46 miles (74 km).

Figure 4. Enhancement of tone contrast by vegetation on grass-covered
noses near Ringling (see also Figure 15). Figure 4-1 (left) for 28
June 1973, shows strong tone banding (1D# 1340-17463-7). Figure 4-2
(right) for 22 May 1973, shows much weaker tone banding (ID# 1303-
17412-7) . Width of scene is 24 miles (39 km).
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ping on the ground is a difficult and uncertain task. Structural
complexity and the subtleties of stratigraphic correlation within the
Precambrian sedimentary formations of the Belt Supergroup, which out-
crop in most of the region, add to the burdens of the field geologist.
ERTS imagery is similarly difficult to interpret In this region. Most
tonal variation appears to be more nearly related to questions of
forestry than to geology. The only topographic expressions of geology
in most of this region are in the form of lineaments apparently related
to faulting, and certain landforms representing surficial deposits such
as glacial moraines and floodplains. Upturned edges of folded sedimen-
tary beds are not topographically expressed as strike ridges and val-
leys, and outlines of igneous intrusives or volcanic fields are gener-
ally difficult or impossible to see. In contrast, Montana east of the
diVide, which is drier and predominantly grass-covered, is favorable for
photogeologic interpretation, showing tone contrasts locally and fairly
good topographic expression of differentially eroded strata overall.

Geologic Utility of the Different Spectral Bands

Multispectral scanner Band 6 and especially Band 7 (reflected

infrared radiation) provide the most suitable imagery for our purposes

" because they most clearly reveal topographic detail. Contrasts be-

© tween most naturaliy occurring vegetation are minimized, and conifer-

ous forests are imaged in a tone light enough to allow shadow relief
to be seen. Band 5 (red band}, which emphasizes variations in plant
cover, is frequently a useful suﬁplement to Band 7. This is especfa]-
ly true for summer imagery with fow shadow relief, on which .the dark
tone of forest patches in Band 5 is a clue to the existence of north-
erly facing slopes. Some rock units in the semi~arid regions east of
the continental Divide are tonally distinguishable in Band 5 because
of contrastihg vegetative cover, but they are geﬁerally.recdgﬁi2eab1é
in Band 7 imagery also.

We have found Band 4 (green band) imagery to be much less useful

than the others for photogeclogic interpretation. Detail is less

sharp because of haze effects, and the contrast range is limited.

‘However, in Band 4 imagery shallow areas of larger lakes are clearly
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marked by the light tone of visible bottom. This is particularly
noticeable for Flathead Lake at Polson Bay at the south and in the
delta area at the north. At the time of lowest water level in the
Spring, the tone differences related to water depth are seen also in
Band L imagery, and it would appear that a rough bathymetric map coqld
be made for parts of the lake using a scanning microdens!itometer

(ip# 1270-17582, 19 April 1973).

Coior Enhancement

Considerable effort was expended in attempting to use optical
color enhancement as an aid to geclogic interpretation of ERTS imagery.
Success was not nearly as frequent as Tailure and the value of the
results has not been commensurate with the effort expehded. Black and
white enlargements of Band 7 (infrared) imagery are as useful as colar
enhanced imagery for most applications we have attempted.

Operation of the equipment was a major obstacle. Endless adjust-
ment and tinkering seemed necessary to get scenes in acceptable reg-
istry and we generally settied for two~band enhancement rather than
spend the time to get three or four iméééé projected simultaneously.
Many of the equipment problems were eased considerably by projecting
the images in larger format directly onto a wall screen, bypassing the
internal mirror in the equipment.

First actempts at color enhancement consisted mostly of attempts
to simulate the natural colors of the scenes. Resulis were pleasing
aesthetically but not notably helpful in geclogic interpretation.
Somewhat better results were obtained by pursuing the opbbSite
approach, obtaining an unnatural and jarring color scheme. This
seemed to have the effect of encouraging people to visualize new re-
lationships inétead of simply trying to recognize familiar places,

But the effect was more beneficial from a psychological than from any
other point of view. Jarring color schemes are not much more reveal-

ing of bedrock distribution than natural ones.
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Long hours were spent in methodically making changes of fiiters
on a particular scene, looking as systematically as possible for some

combination that might reveal certain kinds of bedrock. There were

such combinations but the kinds of bedrock they_revealéd were such

things as 1imestone ridges and unconsolidated valley fill that are
visible on the black and white enlargements. No color combinations
were found that clearly revealed bedrock distributions that were not
also apparent on single-band hlack and white en?argemenfs. '

The best success with color enhancement was in an experiment with
a mosaic covering eastern Montana. We projected diabositive copies |
made from the NASA-SCS ERTS mosaic for Bands 5 and 7 (late summer-fall,
1972) . Some outcrop patterns surrounding large dome uplifts were
strongly emphasized by color enhancement and much easier to see than in
black and white prints. However, over much of the projection area,
vegetation patterns unrelated to bedrock geology controlled the color
distribution. A similar mosaic enhancement for western Montana was
dominated by the influence of vegetation and not useful for photo-

geologic purposes.

Photogeologic Recognition Criteria

| Our photogeologic studies involved the experimental mapping of
fracture lines (lineaments), folds, domes, and dip directions, as well
as the delineation of different rock units occcurring over wide areas.
In these studies, landform was almost always the most Important recog-
nition elehent; Drainage péttérn and density were ¢ommonly next in
impdrtance, and tone was usualiy the least helpful of the common
recognition criteria. The association of lakes with erosional and
depositional topographic features of glacial origin was used to de-
lineate areas of glaciated terrain. Specific recognition criteria for
differént.geOIOQEC structures and rock units are discussed in later

sections.

10
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Annotation

Our annotations were done on transparent acetate overlays with
overhead projector pens and water soluble ink. Cartographic control
was established by tracing major streams in blue. Different geologic
features were distinguished through the use of different colored lines.
Corrections could be made after erasing withAa damp cloth. Final
annotations were protected by spraying with a plastic varnish. Though
very simple, this system works quite efficiently, and it allows easy

comparison with ground truth maps at image scale.

(X



Lineament Mapping

The most common and widespread geologic features visible on ERTS
imagery of Montana are straight geologic lines here designated as
lineaments. We put a great deal of effort into mapping and evaluating
these features, which are believed to be controlled mainly by lines of
fracture. ERTS iineament maps are a new and inexpensive type of tec-
tonic map, with a potential not fully understood and uses not fully
exploited. Definition, recognition, and annotation of ERTS lineaments
are discussed below, as are operator and illumination bias, compila-
tion of ground truth data, ad our evaluation of the geologic signifi-

cance of lineaments and 1ineament maps.-
Definition and Recognition

The term lineament has had several different usages, some related
to major tectonic features and some to features seen in aerial photo-
graphs; most uses imply straightness. In this report, lineament, where
not otherwise quatified, refers to an ERTS lineament. Our use is close
to that proposed by Lattman (1958) for aerial photomosaic lineaments,
namely fracture-related linear trends of topography, soil, vegetation
and straight stream segments. Lines caused by tilted bedding and folds
ére excluded in all cases where those origins are appafent. We mapped
lineaments which range in length from about 2 miies (3 km) to 50-90
miles (80-145 km).. Most of them would be regarded by Hoppin (1974) as
tinears (less than a few tens of kilometers in length), but those long~
er than 100 km qualify as lineaments according to his definition.

Visual recognition and annotation of lineaments using conventional
photogeologic methods obviousiy involves considerable subjective judg-
ment with corresponding risk of operator bias and error. To reduce
these factors to a_practicabié minimum, we defined three categories of

lineaments: straight escarpments, straight segments of streams or valleys

12

LIRS R L T T i P S e 4 ~.-..<.A..m~..«m...m.mw.«.;~.._...-.



including minor valleys alignedon opposite sides of a drainage divide
or trunk stream, and straight tonal boundaries unrelated to normal
stratigraphic contacts (Figure 5). Some lineaments change character
along their length passing from escarpments to tonal boundaries or
straight stream valleys. All aligned features were annotated along
the route of lowest topographic expression - along the base of an
escarpment or a straight stream valley, never on ridge crests. Linear
features corresponding to upturned edges of sedimentary strata were
not annotated if their nature was apparent.

No difficulty derived from confusion of bedrock lineaments with
cultural features such as transmission lines or agricultural patterns.
Conceivably this could become a problem in areas more densely popula-
ted than Montana.
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Figure 5. ERTS scene showing simplified lineament annotation compati-
ble with small scale of picture. Figure 5-1 (left) is a Band 6 print
of the Missoula-Flathead Lake area showing excellent topographic shad-
ow modelling. (3 October 1972, 1D# 1072-17571). Width of scene is
about 93 miles (150 Km). In Figure 5-2 (right), only the more bold
lineaments have been annotated. Hachured lines are scarps; dashed
lines are straight canyons and streams.
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Annotation and Map Compilation

Annotatlion was done on transparent acetate sheets over {:500,000
scale prints, using different colors for different operators. Copies
of overlays by different operators were registered for comparison, and
an edited Tinal overlay prepared for each scene, Final overlays were
traced onto a base map using main streams for control (Fjguré'é).' In

the compilation process any discrepancies in the areas of 40 percent

sidelap were reconciled.
Operator Bias

Insurance against operator bias was provided by having several
operators (five for most of the image scenes) prepare annotations
(which included elongate folds and circular structures as well as
1ineaments). Lines shown by only one operator were discarded, and
lines shown by only two were carefully re-evaluated. '

.Operator bias did appear, as had been expected, but there was
relatively little operator error. Some operators were much more con-
servative than others in Identifying and anhotating.geo]ogic_feétures
but none had any problem distinguishing between geolegic and cultural
features and none drew lines where no apparent justification could be -
found. Neither waé there a great problem with misplaced lines, all
operators consistently drew their lines along geological]y reasonab]e
routes., ' | |

Experience suggests that adequate insurance against bias and error
could be gotten by having two experienced operators prepare separate
annotations for comparison, and that the few reéu]ting dIscrépancies
can be resolved by discussion dufing re-examination of the imagery.

Our evaluation of operator bias and error ?nQCOnventiénaI photo-
~geologic interpretation of ERTS imagery led us to conclude that the

problem is no different than with annotation of ordinary aerial photo-

L



graphs. We believe that any group of similarly competent geo]ogists .
provided with the same imagery and the same background of local geolo-
gic knowledge would prepare a similar ERTS lineament map. Most ERTS
lineaments have sufficient objective reality to be independently ob-
servable by different operators, and differences of opinion about their
reality or continuity can ordinarily be resolved by agreeing to draw
dashed or dotted lines along the places where uncertainty exists.

Our experience in working on ordinary aerial photographs and in
geologic mapping on the ground has led us into uncertainties very
similar to those encountered in study of ERTS imagery. It is often

difficult to decide on the ground whether a fault exists and, if so,
| where it should be drawn and how to describe its movement. Qur ERTS
lineaments are'aé convincing to us as many faults or suspected faults
that we have drawn on the ground and we have a similar level of con-
fidence about their geologic reality. B

Our decision to assembie annotations for individual scenes into a
regional mosaic of limeaments rather than to use a regional mosaic of
- ERTS imagery for direct annotation was caused initially by problems in
accurately fitting together a 1:500,000 scale mosaic. It proved adVén-
tageous. in further reducing operator error and bias, however. All
operators are tempted to carry a lineament as far as possible once they
are satisfied of its reality. Annotation of an imagery mosaic pre-
sents numerous opportunities to yield to this temptation and extend
Iineaments to the point where they can be seen only with the eye of
faith., Limiting operators to one scene at a time prevents this and
insures that the very long lineaments really were independently ob-
served on different image frames and their length not realized until
the mosaic had been assembled. Forty percent sidelap provides an

extra check on consistency.
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I1lumination Bias

I Tlumination of all Imagery by the morning sun shining from a ‘
southeasterly direction is a problem that we cannot evaluéte-pretisely;
Most of our annotations seem to us to be biased in Tavor of topograph-
ic lines having a northeasterly trend, transverse to the iTlumination
direction. We have freﬁuent]y been surprised to see structural fea-
tures trending in that direction clearly manifested in the ERTS imag-
ery while others, with a northwesterly trend, are difficult or impos-
sible to see. |In parts of our area where good geologic maps exist,
the lineament pattern seems to be weighted in favor of northeasterly
trending structures and against those that trehd norfhwest. This is
strongly suggested by rose diagrams comparing lineaments and faults in
northwestern Montana (Figure 12). However, the fact that all the
imagery is illuminated from the same quadrant makes precise evaluation
of this suspected bias quite impossible. [t would be helpful to obtain
imagery illuminated from another quédrant,and'we believe this would
add significantly to the geologic utility of ERTS imagery.

Utilization of Ground Truth Data

Structural and other ground truth.data of several types were
compiled on overlays at 1:500,000 for comparison with the lineament
map (Figure 6). The first step was the utilization of small scale re-
gional geologfc and tectonic maps for comparisdn of méjor features.
Source maps used were the Geologic Map of Montana (1955), the Tectonic
Map of the United States (1962}, and the Structure Contour Map. of the
Montana Plains (1955), supplemented by the Geologic Map of the United
States (1974). Data compiled were faults (by type), and also the .
boundaries of tectonic provinces, Cenozoic intermontane basins, outcrop
areas of Precambrian basement, volcanics, granite plutons of Creta-
ceous age, and shallow intrusive bodies of Tertiary age. Faults were

s = o -
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Figure 7. ERTS lineament truth map for western Montanma. All except dotted lines coincide with
lineaments in Figure 6. Any lineaments in Figure 6 not represented in Figure 7 are unevaluated
lineaments which possibly represent unmapped faults or fracture trends. See film transparency
of this figure in pocket. 1:500,000 scale original is available at cost as sepia or paper print
from Department of Geology, University of Montana, Missoula, MT 59801. Superficial gravity
glide faults south of Bearpaw Mits. are omitted from truth map.
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Figure 8. Key tectonic and rock boundaries for western Montana. Compare with Figures 6 and 7
See film transparency of this figure in pocket.
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compared to the iineament map at original scale (1:500,000) to develop
a lineament truth map (Figure 7). All compiTations were reduced to
small size and printed in different colors on diazochrome transparen-
cies for comparing different types of information with Tineaments on
the overhead projector (Figures 7, 8, 9).

" A second step involved the preparation of muchvmore detalled
fault truth maps for & large area in northwest Montana {expanded Test
Site 354 A, B, C) and & smaller area in southwest Montana (expanded

 Test Site 354 D) {corners of expanded sites are shown on Figure nE

This effort involved use of all appropriate published and unpublished
geologic maps smaller in scale than 1:24,000. Maps were reduced in
scale on a Kail reflecting projector supplemented by a Zoom Transfer
Scope. Field checks and study of U-2 photographs were utilized to
evaluate 1ineaments in parts of these areas.

Faults from the detailed compilations for the expanded test sites

are delineated by separate symbols on the lineament truth map (Figure

-7), which shows I}neaments representing the following: 1) previously

mapped faults from regional maps, 2) additional previously mapped
faults from detailed maps, and 3) neﬁly discovered and confirmed
faults., Also shown are mapped faults not seen as lineaments in ERTS
imagery. When Figure 7 Is superimposed on Figure 6, one can locate a
large number of unevaluated Iineaments where no lines in Figure 7
match lineaments in Figure 6. Many of these may turn out to be newly
discovered faults or fracture trends. ,

Lineament annotations done independently by W.J. McMannis for the
Crazy Mountains Basin area in south-central Montana were evaluated by

him using the state geologic map and a personal kaowledge of ground

.truth'(See Figure 10).

*_See Figure 23 for complete outlines of expanded test sites,
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Lineaments (topographic linears), faults, folds, and outcrop trends drawn by W.J. McMannis

Trom ERTS imagery for the Crazy Mountains Basin and uplifted margins, south-central Montana (22 Novem-
ber 1972, 1D#'s 1122-17353-7, 17355~7; 23 November 1972, ID#'s 1123-17511-7, 17414-7),



Lineament Truth

The scale of ERTS Imagery Immediately suggests Its use for anal-
ysis of faults or sets of smaller scale fractures, and this kind of
appiication is virtually forced by the limitations of ERTS resolution.
Most minor tectonic lines {less than 1-2 miles long) are not revealed
in the imagery. | | ' ' |

ERTS lineaments are a new form of geologic data. They exist in-
dependently of their interpretation in the same way that magnetic
anomalies or hot springs exist regardless of how they may be under-
stood. Interpretation of ERTS lineaments, like that of other forms of
data, is usually a matter of establishing a relationship; not a speci-
fic or categorical identity, ta other geoiogic features. Lineaments
certainly have a variety of origins and at least a few of them are
probably random alignments of otherwise unrelated features.

Many lineaments coincide with known faults and it seems likely
that the vast majority of all our lineaments are directly related to
faulting or jointing. Many of the conventional geolagic criteria for
recognition of faults correspond exactly to the criteria for recogni-
tion of lineaments. The obvious first step In interpretation of
lineaments is to check their reiationship to faulting.

Unfortunately, recognizing and mapping Taults by conventional
geologic techniques is at least as subjective a procedure as drawing
lineaments on ERTS imagery - more so in many ways because most faults
are located by a single geolagist working é]bne on the problem. Indi-
vidual geologists tend to have strong personal bias in their manner of
interpreting evidence of faulting and vugorous dlsagreements between

different workers are commonp]ace Therefore, a convent fonal geologic
map or field checking by conventional geologic methods can hardly be
regarded as definitive techniques for relating lineaments to faults
which tend to be obscure. Nevertheless, they are the best techniques

available.
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Map Comparisons. Very careful comparisons were made between ERTS

lineaments {Figire 6) and compiled fault maps and field check informa-
tion to produce a map showing lineament agreements with known faults
(Figure 7). Resulis of the comparisons are given in Table 1.

For Montana west of Longitude 110° W., an area of about 71,000
square miles, a comparison of Figures 6 and 7 at full scale reveals
the following: Of some 1169 lineaments, 137 or 11.7% are coincident
with faults shown on the state geologic map and regional tectonic maps,
leaving 1030 or 88.1% in the uncertain category if more detailed and
recent maps are not utilized for truth data. Surprisingly, 305 faults
shown on the regional geologic maps were not seen as ERTS lineaments.

The above figures imply a surprisingly poor correlation between
ERTS lineaments and mapped faults of short and intermediate leagths
(except for overthrusts and thrusts, a large proportion of the major
faults were seen as lineaments). However, more detailed data for ex-
panded test sites within the larger area analyzed above indicate a
better correspondence. For expanded test sites 354 A, B, C and 354 D
(Figure 7), which have a combined area of nearly 27,000 square miles
and 533 total Tineaments, data indicate that 13.9 percent of the linea-
ments match faults shown on the regional maps and an additional 13.1
percent of the lineaments coincide with faults shown on more recent,
detailed geologic maps covering most of the expanded sites. For these
sites, 27.0 percent of the lineaments correspond to mapped faults.

The absence of ERTS lineaments for a signif‘cant number of faults
shown on regional geologic maps is partly explained oy the fact that
17 percent of them are thrusts or overthrusts having relatively low
dips, which tend not to be expressed erosiocnally as straight Tines of
topography or drainage. Perhaps some of the other faults which are
not matched by lineaments lack dips steep enough to develop straight
erosional lines recognizeabie as ERTS linéaments.

A detailed analysis was made for two smaller areas within expanded

site 354 A, B, C. These were recognized as structural domains on the
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Lineaments colncidant
wjth faults on reglonal
gevlogic maps

Additional lineaments
matched by faults aon
detalled geologlc maps

Hewly discovered and
confirmed faults

Unevaluated |incamenss
{probably malnly .con-
trolled by fracture)

Total ERTS lineaments

Faults from reglonal
geologic maps, not
represented by ERTS
lineaments

Table 1. Comparison of ERTS Tineaments with faults from reglonal maps and
more detalled geologic maps of larger scale {(sce Figures & and 7).

A B c D

Expanded Test Site Expanded Test 5Tte
354 A,B,C. 354 o.
(23,000 sq. mi.) (3600 sq. mi.)

All of Hontcna west
of Long 110° W,
{71,000 sq. ai.)

Yestern Hontana
excluding expandad

ttes,
: %EE;QUO sg. ml.)

# of lines
(2 of total)

# of lines
(3 of total)

# of tines
% of total)

ml. of lines
(% of total)

ml. of tines

# of lines
(3 of total}

{% of total)

50 645 21 123 63 137
{13.2%) {20.82) {15.5%) {15.3%) (9.43) {11.73)

54 394 4 77 - -
{14.3%) (12.72) {9.0%) {5.62) -

2 21 - - - 2

(0.5%} (0.7%) - - - {0.22)
272 2037 nz 603 573 1030
{72.0%) {65.8%) {75.5%) {75.12) (90.3%) (88.12)
378 3057 155 803 636 HE9

83 th2 34 ' 232 150 305



basis of coherent but different 1ineament patterns (see Fig 6 for
colored and shaded domain locations in northwestern Montana). The
areas were chosen because the quality of geologic mapping is gen-
erally very good and the difficulty of seeing either faults or linea-
ments very great. The quality of geologic exposures is generally

poor throughout the areas, and the bedrock consists of extremely thick
sections of uniformly resistant Precambrian strata in which displiace-
ments are rarely obvious. The areas provide a most demanding test

of the reliability of ERTS lineaments as guides to faulting. Detailed
geologic map truth shows that approximately 40 percent of the linea-
ments correspond with faults, fold axes, and other linear geolcgic
features such as contacts. Approximately 32 percent were not directly
shown on published geologic maps but could be added to them without
doing violence to either the mapped outcrop pattern or the style of
structural deformation. The balance of the 1ineaments, approximately
28 percent, are inconsistent with map truth because they fall in
places where significant faults could not be added to the map without
doing violence to the outcrop pattern and in some cases materially
altering the apparent style of deformation. Our assessment of the
comparison, based largely on general familiarity with the regional
geology, Is that the lineament map is closely similar to the regionai
pattern of faulting. A rose diagram analysis is reported in a later
sectian.

Field Checks. Field checking of lineaments which did not match

mapped faults was carried out for 12 lineaments at 17 localities,
mostly within expanded test site 354 A,B,C. Localities yielding
definitive results are shown by code numbers on Figure 7. Two new
faults were confirmed at localities #1 and #2 along parts of linea-
ments having lengths of 7 and 14 miles, respectively. At localitles
#3, #4, #5, #6, and #9, evidence was found for fracture control in the
- form of joints and/or shears striking parallel to the trends of the

lineaments, but no discrete faults could be located in the time
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atlocated for field checking. Basalt dikes occupy north-trending .
fractures at locality #9, which Is in the ldaho batholith. At two
other localities (localities #7 and #8) evidence for faults on trend
with lineaments was found, but it was later learned that these faults
had recently been mapped and are shown on a preliminary copy of U.S.
Geological Survey 1:250,000 scale mapping. Along three other linea-
ments field checks were inconclusive. Evidence for faulting or frac-
ture control along 9 of 12 lineaments investigated on the ground sug-
gests strongly that a high percentage of the unevaluated lineaments on
our map represent faults or sets of minor faults or joints. This is
not surprising in light of the fact that we studiously avoided annota-
tating other kinds of geologic lines such as folds and normal strati-
graphic contacts. '

Rose Diagram Comparisons. Another approach used in evaluating

the relationship between ERTS lineaments and faulting was considerably
more statistical. Rose diagrams of lineaments and faults for two do-
mains in northwestern Montana were prepared and are shown in Figures
11 and 12, where they can be compared. Their resemblance is generally
close although not precise. We conclude that the ERTS lineaments and
faults in this region show essentially the same pattern and could be
used interchangeably for statistical analysis of tectonic patterns,

We have no immediate explanation for the slight differences be-
tween the rose diagrams for ERTS lineaments and mapped faults in wes-
tern Montana. We do not infer that they reflect adversely upon the
significance of the lineament map or its overall utility for statisti-
cal analysis of fracture trends. A possible explanation is weak
eqechelon'overlaps of faults to form lineaments aligned with the zone
rather than individual faults. Or some of the faults may have been

mapped tn error.
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Crazy Mountains Basin Study. Detailed lineament annotation of

the Crazy Mountains basin area of south-central Montana (Figure 10}
was undertaken by the late William J. McMannis of Montana State Univer-
sity, a consultant to the project. His goals were to determine the
utility of ERTS imagery for delineating the basin margins, folds,
faults, and stratigraphically controlled lineaments, as well as to
cdmpare the pattern of fracture-controlled 1ineaments of the basin
proper with that of its uplifted border areas. The area, which covers
some 24,000 square miles, includes two major fault zones belonging to
the Lewis and Clark lines (the Nye-Bowler and Lake Basin fault zones).
Dip within the basin is mainly gentle (1 to 9°). Sparse vegetation
and numerous outcrops enhance the utility of ERTS imagery for strué-
tural annotation and provide a useful contrast to most of the areas we
studied farther west. The basin is underlain at the surface by Creta-
ceous and Paleocene sedimentary rocks. Its borders are composed of a
varijety of deformed sedimentary rocks as well as volcanics and igneous
intrusives, ' ' '

McMannis found he could effectively delineate the basin margins
on the basis of topography,_and folds and faults uﬁt?ingﬁiueisin on
the basis of standard photogeclogic interpretation prfset strata or
prominent Tinear escarpments). Outcrop trends of tilted strata were
easily drawn and constitute about 13.5 percent of all annotations.
However, recognition of sedimentary strata where horizontal was very
difficult. ' -
| '"Topographic linears'", which make up 84.5 pércent of all annotated
lines, are equivalent to ERTS lineaments as used in this report. Be-
cause conditions in the area are ideal for their expression, they are
shown on the mép iﬁ much finer detafl than is possible for most areas
farther to the west. Some dikes in the radial swarm in the southern
Crazy Mountains and some small jgnéous intrusives were also mapped.

The Lake Basin fault zonre, with tts short faults of northeast

trend arranged en echelon in a west~northwest trending zone, could not
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be located without the aid of ground truth information; the difficulty
may be related to masking by other fracture-controlled lineaments of
northeast trend. On the other hand, the rather similar Nye-Bowler
line is boldly manifested on the ERTS imagery through obvious offsets
of sedimentary beds and alignments of steéply-tilted strata:

Professor McMannis prepared a series of rose diagrams showing
orientations of lineaments annotated within the CfaZy Hountain basin’
and in the surrounding highlands. The wost significant of these,
Figure 13, indicate similar lineament distributions for both the basin

and its margins, with a strong maximum oriented northeast. These sug-

gest that no important tectonic differences exist between basin and

. margin. The cause of the northeast trend maximum is ungertain, - I1lu~

mination from the southeast and control by Precambrian basement struc-
tures are possible factors. _ '

Professor McMannis mapped a large number of structural features
quickly and cheapiy, but he points out that "nothing really new was
seen in this study of the Crazy Mountains Basin and adjacent areas...
a wide scope structural perspective then seems to be the main advan-
tage." However, he also suggests that '‘the gréatest use of ERTS
imagery is Tikely to be in regional and worldwide reconnaissance
geologic Investigations. [t provides a means of quickiy‘ascertaining
the location of major uplifts and basins, and perhaps of gaining a.
feel for the structural style exhiblted., Sub-regional studies ... can
henefit from the perspective of viewing large areas in one Image ...
areal geology seems most !ikely to be best done on the ground using
conventional aerial photographs.'

30,



-37.

£

400d SI §5VJ TYNIDINO
THI IO ALTIEIONA0NdAY

90 27e

t&o

Rose diagrams for ERTS lineaments in Crazy Mountains Basin and its uplifted border areas
Left diagram covers 1630 lines in uplifted
areas marginal to the structural basin. Right diagram covers 1682 lines within the basin. Graphed
lines include a small number of fold axial traces and linear outcrops, but are predominantly lines

Figure 13.
(See Figure 10 for map data). Radius scale is in percent.
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Tectonic Meaning of ERTS Lineaments

Our lineament maps show most major high-angle faults, patterns of
lesser Tault and joint sets, and a good approximation of structural
style. Field observations and rose diagrams for lineaments and Taults
indicate that s preponderance of lineaments not coincldent with
mapped faults are actually fracture-controlled and owe theitr alignment
to the orientation of sets of joints or minor faults. The major
shortcoming of ERTS 1ineament maps appears to be their failure to
represent low-angle faults (thrusts and overthrusts), whose existence
must be inferred from other data such as arcuate patterns. It is our
observation that very useful lineament annotations may be made for
heavily forested mountainous country underlain by Precambrian Belt
strata which are homogeneous In their resistance to erosion and which
practically never reveal folds or bedding attitude through landforms
or tone. More detailed ERTS lineaments maps may be drawn for sparsely
vegetated areas and for sedimentary terranes susceptible to differen-
tial erosion. Denser spacings of lineaments appears not only to be a
function of drier, less heavily vegetated areas, but also of areas
underlain by crystalline bedrock (gneisses and granites) of Precam-
brian and Cretaceous ages. A pattern of linecaments obtained in a few
hours by annotating ERTS imagery can be used in much the same way as

a geologic map of faults that might represent generations of field

mapping.
Lewis and Clark Lines

A major feature in the tectonic framework of Montana is the zone
of the Lewis and Clark lines (stippled in Figure 8) which extends
southeasterly from northwestern Washingien to the vicinity of Billings,
Montana. |t defines the northern boundafy of the Columbia basalt
plateau, the ldaho batholith and the Boulder batholith, as well as
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the southern boundary of the Kaniksu batholith. We tentatively
interpret it as ¢1 old and inactive continental transform Tault,

One of our major objectives was to determine whether such features
could be advantageously studied in space imagery. Though it is often
vague and discontinuous on geologic maps, we had heid some hopes that
through-going features in ERTS imagery, no mattetr how subtie, would
delineate the major paths of this structural boundary. However, it
has been annotated only as a swarm of parallel short lineaments along
the zone of its passage through northern ldaho and into western Mon-
tana (colored band, Figure 6). The Lewis and Clark lines are mani-
fest on our lineament map as a zone marking the boundary between
regional domains of homogeneous lineament patterns. We interpret
this as meaning that it functioned as a soft boundary between two
parts of a continental plate that sheared through a broad zone rather
than aiong a simpie surface.

Apparently finding an inactive continental transform will invoive
more than locking for straight lines on ERTS Imagery. Our experience
suggests that one fruitfui approach will consist of objectively de-
fining domains of homogeneous ERTS lineament patternsand then examin-
ing the boundaries between them to determine whether they may also be
plate boundaries. We have begun to apply this approach by dividing
our region into arbitrary 50 mile squares. Lineaments within each
square are being measured for azimuth and length -and the results tabu-
lated and plotted as rose diagrams. Homogeneous 1ineament domains can
be identified by adding arid squares with similar rose diagrams until
a change is found. We believe that such a procedure will be a more
fruitful approach than looking for boundary lines on ERTS imagery and

Tineament maps, especially for areas east of Missoula.
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Folds

For areas of sparse vegetation, mainly in the mountains and on
the plains east of the Continental Divide, plunging folds with widths
(wave lengths) larger than 3 miles (5 Km) may usually be delineated
from ERTS imagery; the minimum wave length mapped was one mile (i.6 Km) .
Folds are recognized on the basis of looping paraliel ridges or tone
bands (Figures 3 and 4). In the case of large anticiinal uplifts such
as the Little Belt and Big Snowy Mountains, which are some 8 to 30
miles across (14-48 Km), dip direction on the flanks can be determined
from dip slopes and flatitons (Figure 14). For smaller folds identi-
fication of fold type (anticline or syncline) was possible from dip
direction based on ridge asymmetry. About half of the 30 folds deli-
neated in the Three Forks area and Test Sites 354D and F were correctly
identified by type. Determination of dip direction from asymmetric
ridges on the smaller folds is enhanced by stereoscopic viewing of
sidelapping image pairs.

In Test Site 354D and 354F, ten plunging folds wider than two
miles were mapped from U-2 photographs at a scale of 1:125,000. Of
these, seven had been delineated previously using ERTS prints, and six
of these had been properly identified as anticlines or synclines; the
seventh was indeterminate. |t should be noted that when plunge is not
present, the mapping of small folds from ERTS imagery becomes virtually

. impossible because ridge and tone bands are aligned rather than looping.

Folds mapped from ERTS imagery were compared to the Geologic Map -
of Montana (Ross and others, 1955), and a significant discrepancy was
turned up for a large anticlinal nose near Ringling (Figures 4 and 15)
where the location of the axial trace could be drawn accurately from
the ridge-valley and tone pattern. At the horizon of the Cretaceous
Eagle Sandstone, which is expressed as a prominent hogback with dark-

toned forest on the northerly side, the nose as shown on the state map
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Figure 14, Expression of dip slopes and domes on Central Montana
uplift, Little Belt Mountains. Note prominent southeast dip seen
from shadowed flatirons in southeast corner. (ID# 1087-17402-6,
18 October 1972). Wid+h of scene is 48 miles (77 km).

RTE: R.8E.
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/( TKI
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Figure 15-1 (left). Detailed ERTS delineation of noses near Ringling,
Montana. Solid line represents base of Eagle Sandstone. (From 1: 500,000
Prints of Figures 3 and 4). Satellite mapping here reveals significant
errors in Geologic Map of Montana, shown in Figure 15-2 (right). Kc -
Colorado Shale, Ke - Eagle Sandstone, TK] - Livingston Formation.
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is located 1.5 miles (2.4 Km) to the east of its accurately drawn

ERTS location, and the trend suggested by'the geologic map is some 20°
of f the cleariy expressed ERTS trend. The data from ERTS here sug-

gests significant errors of 0.5 to 1.5 miles in ground reconnaissance
mapping which should be corrected when the state map is revised.

A number of large folds exist in the regions of western Montana
underlain by Precambrian sedimentary rocks belongihg to the Belt
Supergroup. Except for the White River syncline, which is capped by
lower Paleozoic limestone, none of these folds is revealed in the
ERTS imagery. This is due in part to the heavy forest cover and in
part to the monotonous lithologies of the Precambrian argillites,
quartzites, and impure limestones, which are néar]y uniform in resis-

tance to erosion and therefore not expressed topographically.
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Circular Structures

Although not included on the final 1lineament map, all circular
and arcuate patterns were annotated during }ineament mapping, and
efforts were made to identify their origins. Search of the literature
and the general reglonal familiarity of the investigators explained

most of the circular structures as being related to known igneous

intrusions.

Granite stocks at Castle Mouﬁtain near White Sufphur Springs and
McCartney's Mountain northwest of Virginia City are conspicuously evi-
dent as circular structures. Numerous other circular or near-circular
granite stocks such as those in the Flint Creék Range, the Belt Moun-
tains, and the Marysville stock are subtly visible on imagery re-
ceived from some orbital passes and not visibie at all on others.
Still other granite stocks, such as some of those in the Garnet and
Sapphire Ranges, are not visible on any of the ERTS imagery. _

Several ffelds of laccoliths and stocks comprising parts of the

Montana alkalic igneous province appear on ERTS imagery as swarims of

‘small circular structures. These are conspicuously evident in the

Moccasin and Judith Mountains north of Lewistown (Figure 16), the
north flank of the Little Belt Mountains (Figure 14}, and in the
Sweetgrass Hills east of Cutbank. Domes at the first two localities
were annotated at a scale of 1:500,000 (Figure 17.); THéy were recog-
nized on the basis of topographic expression revealed by low sun

angle illumination. Domal form exposed by differential erosion was
easily seen, and in some cases concentric ridge-valley'topdgraphy |
at the margins was also visible. These domes, which are the result

of intrusion at horizons ranging from Cambrian to Cretaceous, range

in diameter from less than 3 miles (5 Km) to 8 miles (13 Km).

Other laccoliths and stocks are visible, even though inconspi- = -

cudus, In the Highwood,.Crazy and Adel Mountain areas, all in west-

central Montana. Eroded volcanic vents and radial dike swarms asso-
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ciated with these intrusive bodies are not visible, except for a

few short segments of some of the larger dikes, on the ERTS imagery
(Figure 18). It would not be possible to deduce the nature of these
smaller intrusive bodies from examination of ERTS imagery without
the help of ground truth knowledge.

Figure 16. Prominent circular domes of intrusive igneous origin
north of Lewistown. (1D# 1087-17402-6, 18 October 1972).
Width of scene is 35 miles (56 km).

An ultramafic stock intrusive into Precambrian sedimentary rocks
about five miles northeast of Libby in the northwestern corner of
Montana is faintly visible on ERTS imagery as a circular target three
miles in diameter (5 Km). Other, much smalier, ultramafic diatremes
known to exist in the breaks of the Missouri River near Great Falls
are not visible.

A number of small voicanic centers and one cluster of apparent
maar craters, all probably Pleistocene or latest Tertiary in age,
exist in western Montana along the line of the Lewis and Clark linea-
ment system. None of these features are visible on ERTS imagery, no
doubt largely because of their small size.

Several distinct circular patterns were noted on ERTS imagery
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Figure 17. ERTS delineation of intrusive domes and the Central Montana uplift in the Neihart-Lewistown
area (see Figures 14 and 16). J -Judith Mountains, NM - North Moccasin Mountains, SM - South Moccasin
Mountains, BSM - Big Snowy Mountains, LB - Little Belt Mountains. Double and single lines around out-
side of Big Snowy and Little Belt Mountains represent approximate horlzon of Jurassic Morrison Forma-
tion. P - Palevzoic strata, G - area of terrace gravels on state geologic map.
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of the northeastern part of the ldaho batholith, all of them in remote
and very rugged areas. No explanation for these was known to the
investigators or availabie in the published literature. One of these
structures, located in [fdaho south of the Lochsa River (T.35N.,
. R.I3E.), is five miles (8 Km) across and is defined by arcuate can-
yons. it was visited briefly by three students, who found fine-grained
igneous racks that appear likely to be associated with volcanic acti-
vity. No evidence of shattering or shock metamorphism was noted.
Everyone involved in geologic annotation of the Montana ERTS
imagery was alerted to the péssibility that meteoritic impact struc-
tures might be found, !t is easy to imagine a sizeable crater exist-
ing unknown somewhere in the heavily wooded and roadless areas of the
northern Rocky Mountains. Except for the unexplained features in
the ldaho batholith, no circular structures have been noted that can
not be explained by igneous intrusion. It seems unlikely that we
have discovered any meteorite impact structures unless the magma for

one of the igneous-related circular features was generated by impact.
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ldentification and Mapping of Rock Units

Alluvium

Floodplain alluvium and alluvial deposits of low terraces along
the larger streams are recognized from ERTS imagery on the basis of
visible streams, meander patterns, slope breaks, and the presence of
growing pasture grass, crops, brush and deciduous trees nourished by
artificial irrigation or natural sub-irrigation. During the growing
season, these areas are much darker in tone in Band 5 and'much Tighter
in tone in Band 7 than than surrounding unwatered areas.

Partly dissected upland alluvial blankets of late Tertiéry or
Quaternary age in parts of eastern Montana are difficult to recognize.
Their presence may be suggested by smooth image texture and dry farm-
ing patterns (fallow and vegetated strips) on the plains flanking
mountain uplifts.

Glacial Deposits

The high plains north of the Missouri River were largely covered
by continental ice during the Wisconsin glacial period, and presumably
during earlier ones as well although very little is known about them
in Montana. Continental glacial deposits are locally recognizeable on
ERTS imagery of the high plains of Montana where they are densely
dotted by kettle lakes or hummocky on a larger scale than usual. Evi-
dence of glacially disordered drainage is also locally apparent. Gla-
cial outwash deposits are very difficult to recognize unless they are
pitted by kettle lakes in which case they are difficult to distinguish
from morainal deposfts.

The extent of continental and mountain Wisconsin glaciation was
mapped as a seminar project by Stradiey (1974) using 1:500,000 scale
Band 7 prints for the area Immediately east of the Rocky Mountain
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front from Canada to the Missouri River (ID#'s 1036-17565-7 and
1071~17513-7) . The procedure was to annotate all discernable lakes
and ponds and locate morainal boundaries at the outer edge of terrain
with high lake density. The mapping was done rapidly and with confi-
dence, except in the south, where an ice marginal lake apparently
subdued the topographic expression of the moraines, making them diffi-
cult or impossible to trace. Stradley's map compares favorably with
the reconnaissance glacial map by Alden {1952). Contacts are usually
closer than three miles of one another, and the confidence with which
~the morainal boundary was drawn from ERTS imagery in the north leads us
to conclude that the discrepancies are as much the fault of the ground
truth map as of the ERTS map. o

Farther to the east, partial mapping of the extent of Wisconsin
continental glaciation on the high plains of Montana would probably be
possible through examination of RTS imagery but we believe that most
geologists would find the product of such mapping too incomplete and
fragmentary to be satisfactory.

Valleys gouged by major alpine glaciers in the higher mountains
of western Montana are easily recognizeable on ERTS imagery as are the
larger moraines left by those glaciers (Figure 5). Minor alpine gla-
ciation is manifest on ERTS imagery mostly through tarn lakes and
ridges scalloped by smal! cirques; valley gouging and terminal moraines
left by small glaciers are difficult to see. Outwash deposits are also
very difficult to recognize. We believe that the extent of major al-
pine glaciation in the high mountains of Montana could be mapped rather
well through examination of ERTS imagery. The extent of minor alpine
glaciation could be mapped to a very reasonable first approximation.
Relatively 1ittle is known about the glacial geology of the northern
Rocky Mountains so it seems likely that mapping from ERTS imagety
would produce a worthwhile contribution.

In parts of Test Sites 354 A-C and B, underflight color infrared
photography was used successfully for detailed delineation of Pleisto-
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cene surficial deposits in the lower Clark Fork and Flathead River
drainages, where there are extensive deposits of till, outwash, and
lacustrine deposits related to tongues of the Cordilleran lce Sheet.
The study was done as a cooperative pilot project by W. Mark Weber,

who Is familiar with the mapping units from a previous detailed

ground study (Weber, 1972). He studied 1:125,000 scale RC-10 metric
camera transparencies (NASA-ERAP Flight 72-125) under the zoom stereo-
scope and prepared a map at photo scale which demonstrated the feasi-
bitity of differentiating and mapping deposits of glacial, glacio-
lacustrine, lacustrine-outburst flood, and alluvial origins. Ground
truth checks together with an examination of previously published maps
have confirmed the photogeologic interpretations. In parts of the |
area, previously unrecognized deposits and stratigraphic relationships
have been delineated by the photogeologic interpretation. Attempts to
recognize the same units in ERTS imagery using black and white en-
largements and color additive viewing were disappointing. The results
suggest that stereoscopic color infrared satellite imagery with reso-
lution between that of ERTS imagery and the underflight photography can
be effectively used for glacial mappindrwestern Montana north of
Missoula.

Several large fce-marginal lakes formerly existed on the high
plains of Montana leaving shorelines and deposits easlly recognizeable
on the ground. These are not visible in the ERTS imagery. Neither is
it possible to recognize evidence of the former existence of Glacial
Lake Missoula, a very large lake formed by glacial i poundment of the
Clark Fork River drainage in western Montapa. But the cionnelled
scablands of eastern Washington, an extensive tract scoured by the
catastrophic floods released when Glacial Lake Missoula suddenly

drained, are conspicuously evident.
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Cenozoic Basin Fill

intermontane basins in western Montana are filled to a depth of
severail thousand feet with unconsolidated sediments deposited during
much of Tertiary time. Excavation by rivers Tiowing during Pleisto-
cene time has dissected the Tertiary sediments, developing a complex
topography of modest relief in the basin floors and depositing allu-
vium locally. . | '

Approximate extent of Tertiary basin fill deposits is easily
mapped from ERTS imagery because they coincide almost exactly with
the floors of the basins, where there s a prominent break between
forested slopes and open lowlands (Figures 1, 2, and 3). But success
in mapping the extent of basin floors is not actually success in
recognizing Tertiary basin=fill sediments from ERTS imagery. Several
of the intermontane basins contain large areas of older bedrock ex-
posed in the basin floor itself or in pediments marginal to the basin.‘
Parts of the western end of the Missoula Valley and southern end of
the Flint Creek Valley are floored by Precambrian and Paleozoic sedi-
mentary rocks, and large areas of the Jefferson and Madison Valleys by
crystalline basement rocks. We have not been able to differentiate
these areas of older bedrock from areas underlain by Tertiary sedi-
ments by examination of ERTS imagery. The best conventional photo-
geologic approach to this problem is to base the distinction upon dif-
ferences in drainage pattern and texture ~ areas underlain by older

bedrock normally display a close texture and departures from dendritic

pattern. Unfortunately, the erosional topography developed on valley

floors is too low in relief and too small in scale to be easily visible
on ERTS imagery. _ o

Optical color enhancement using diapositives for two or three
multispectral scanner bands in many combinations crisply differentiates
basin floors from adjacent mountains. Sharp color differentiation of

natural valley floor grasslands and irrigated farmiands is easily ob-
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tainable, and the colored projections usually emphasize locations of
vegetation-enhanced spring areas as well as gallery forests along
streams. But we have not succeeded in finding optical color erhancer
combinations that differentiate between valiey fill and older bedrock
in the valley floors.

Evidently the differences that make valley floors distinguishable
from adjacent mountains on ERTS imagery are almost entirely based on '
vegetative cover rather than bedrock. The sagebrush and grass that
covers most va]]ey floors seems to have a spectral response quite dif-
ferent from that of the trees that cloak the mountain slopes. This
conclusion is supporfed by the observation that in several places
where forests extend onto the floors of intermontane basins, as in
parts of the Flathead and North Fork Valleys of northwestetn Montana,
it is very difficult to find the boundary between valley floor and
mountain slopes on the ERTS imagery.

Volcanices

We annotated ERTS imagery for three Cretaceous and early Tertiary
volcanic fields in detail and made a cursory examination of the youth- .
ful Yellowstone Plateau volcanics to ascertain the recognition charac-
teristics and mappability for voleanic rocks of different compositions,
structure, age, and vegetative cover. O0f the four fields, the Adel
Mountain volcanics were easily recognized and accurately mapped. Two
fields, the Lowland Creek volcanics and the heavily forested Yeliow-
stone wvolcanics ¢ould be recognized and mapped with partial success.
The fourth, the Elkhorn Mountains volcanics, could not be recognized
in ERTS imagery. Our general approach was to study imagery until geol-
ogic boundaries of the volcanic fields became apparent, after which
the boundaries were drawn on an overlay and checked against available
ground truth information. For cases where the boundaries withstood

the check against ground truth, the imagery was critically re-examined
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to determine which characteristics were distinctive.
The Adel Mountain volcanic field, which lies on both sides of the
Missouri River Canyon between Wolf Creek and Cascade (Figure 18) con-

sists of some 3200 feet of dark-toned rocks ranging in compositian

from trachybasalt to latite and resting disconformably on shaly Creta-

ceous beds. Dips are gentle to moderate. Eruption probably occurred
in latest Cretaceous time, whén lava was also intruded outward as

dikes to form a number of laccoliths to the northeast. The laccoliths
have been unroofed and occur mainly as buttes exposing the igneous rock
on the tops and upper edges.

The Adel Mountain volcanic field and its outpost laccoliths are
distinguished by dark tone; this tone, which results from a combination
of bedrock influence and scrub forest cover, is apparent even where
trees are absent. The main field is characterized also be rough topo-
graphy and medium-textured drainage of irregular pattern, as well as
lack of regular intarnal structure. The larger laccoliths show mesa-
like form. Surrounding grass-covered Cretaceous strata are lighter in
tone and smoother in image texture.

Comparison of the ERTS-drawn contacts of the volcanic field with
those of the Geologic Map of Montana indicate excellent correspondence.
Contacts are within a mile of each other over an estimzted 80 percent
of the perimeter. A minor peninsula of volcanics at the southeast cor-
ner of the field was not mapped from the imagery, and a mistake was
made just south of Cascade, where patches of terrace were mapped as a
laccolith {shown without pattern in Figurel8-2).

Four lines of northeast trend mapped from the imagery are the ex-
pression of thin, steeply-dipping dikes cutting horizontal strata. The
two dikes east of the river are prominent ridges. Validity of ERTS

mapping of the long dike on the west is complicated by proximity to a

road.
Interpretation of the Lowland Creek volcanic field, located in the

vicinity of Butte and Anaconda, is much more difficult than for the
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Figure 18-1 (left). ERTS-1 detail of Adel Mountain volcanic field and Missouri River Canyon.
Buttes to north are unroofed laccoliths (I1D# 1089-17515-7). Figure 18-2 (right). Contacts of
Adel Mountain Volcanics drawn from Figure 18-1 (solid lines) compared with those of state geologic
map (dashed). Dotted lines are dikes. K - Cretaceous sedimentary rocks. Pattern - volcanics.




Adel Mountain field. The Lowland Creek volcanics consist of some 6000
feet of flows and pyroclastics of gquartz latite and rhyolite composi-
tion erupted during the Eocene, after erosion had exposed focks of the
Boulder batholith on which the volcanics lie. In general, these vol-
canics appear hummocky and are distinguishable by their relatively open
drainage texture and lack of apparent structural control in drainage
pattern (compared to the batholithic rocks). They are quite different
in appearance from the younger Tertiary sediments with which they are
in contact on the west; these are characterized by a smooth image tex-
ture. Parts of the boundaries hetween the volcanics and the granitic
rocks and Tertiary sediments were successfully drawn from ERTS imagery.

Although it is beyond the outlines of our study area, we did re-
ceive imagery of northwestern Wyoming on which we were able to trace,
fairly satisfactorily, the boundaries of the very young Yeliowstone
volcanic field and the outline of the Island Park caldera. These
features, unlike the Alel Mountain volcanic field, are in heavily for-
ested terrain and involve very light-colored volcanic rocks. Preser-
vation of original flow and caldera landforms were important to this
delineation.

‘The andesitic Elkhorn Mountains Volcanics located mainly on the
east flank of the Boulder batholith were erupted during Cretaceous
time, almost simultaneously with the emplacement of the batholith.
Probably because they are close in composition to the batholithic
rocks they presently appear indistinguishable in ERTS imagery.

From our experience viewing volcanic rocks in ERTS imagery it
seems probable that young and undeformed volcanic fields are recogniz-
able whether exposed in arid or forested regions. O0lder volcanic rocks
which have been deformed or deeply eroded are very difficult to recog-
nize regardless of their vegetative cover. Any volcanics which are
mineralogically similar to the surrounding rocks will be difficult or
impossible to distinguish. Recognition and successful mapping of the

Adel Mountain volcanics was possible despite their age because they
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are relatively undeformed, they contrast in tone and vegetative cover
with the surrounding sedimentary rocks, their forest cover is sparse,
and they have associated dikes and eroded laccoliths which are topo-

graphically expressed.
Granitic Rocks

Several major batholiths as well as numerous smaller intrusions of
granitic rock exist within our study area and considerable effort was
devoted to finding ways of recognizing them by examination of ERTS
imagery. Although some 1imited success was obtained, we did not find
generally applicable criteria for recognition of granitic rocks.

Ground observation of large areas underiain by granite in the
northern Rocky Mountains shows that they usually display a very open
drainage texture which is normally dendricic except where locally
fracture-controlled. Hillslopes tend to be convex and smooth on a
large scale although often dotted with large rounded outcrops. Forest
cover is nearly continuous except for grassy openings on south-facing
slopes and occasional meadows in higher mountains. These characteris-
tics would seem to be sufficient to provide a basis for recognition of
granite on ERTS imagery. Unfortunately, most of the country rock into
which the granites of the northern Rocky Mountains were intruded happen
to develop vefy similar topography and forest cover so recognition of
granite in ERTS imagery turﬁed out to be more difficult than had been
expected.

Determined and systemafic efforts to find a way to characterize
granite by optical color enhancement met with very limited success.
Imagery scenes including parts of the ldasho and Boulder batholiths were
methodically run through the changes of color combinations and intensi-
ties to see if one could bg found that would differentiate granite from
other kinds of rock. Occasionally a combination would show a short

stretch of contact between granite and its country rock but none were
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found that would affect a large proportion of a batholith or two dif-
ferent batholiths In the same way. Variations in vegetation did show
up very well under optical color enhancement, especially the brush-
covered scars left by the enormous forest fires of 1910 in northern
ldaho. Other forest fire scars were obvious in various color combina-
tions, and we suspect that many of the unexplained color patches re-
presented anomalies in forest vegetation caused originally by fire or
insects. No systematic relationship between color patterns created in
the optical color enhancer and distribution of granite were ever noted
except very locally on such a limited scale that it seemed likely to
be accidental. We concluded that color variations due to differences
in vegetative cover for reasons unrelated to the bedrock geology over-
whelmed any geologic effect.

Intrusive bodies are locally recognizeable on black and white
prints for Bands 5 and 7, but their granitic composition is suggested
only by geologic inference. Examples are McCartney's Mountain west of
Twin Bridges and Castle Mountain near White Sulphur Springs, both of
which are large granite stocks intrusive into Paleozoic and Mesozoic
sedimentary rocks. They form isolated high mountains rising conspic-
uously above the surrounding countryside, and doming by intrusion is
indicated by dip slopes on their flanks and by their circular patterns.
However, nothing in the ERTS imagery directly identifies them as gra-
nite. Their composition must be inferred from their size and intru-
sive relationship.

Numerous granite stocks and small batholiths intrude Precambrian
sedimentary rocks belonging to the Belt Supergroup. Some of the lar-
ger ones are subtly evident on ERTS imagery but others are not visible.
Those that do appear are seen as faint circular or arcuate outlines
enclosing an area of somewhat more open drainage texture and slightly
di fferent image texture. Both the ldaho and Boulder batholiths are
largely surrounded by these same Precambrian sedimentary rocks from

which they cannot be differentiated in ERTS imagery except locally.
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The one notable success in recognizing granite on ERTS imagery
came during examination of the Pioneer Range of southwestern Montana
where large masses of granlte are intrusive into Precambrian and
Paleozoic sedimentary rocks. In this case, granite is characterized
by a fine-textured, non-dendritic drainage pattern, which contrasts
with a much more open dendritic pattern on'Be]t'country rock and dif-
ferentially eroded topography on layered Paleozoic country rock. At-
tempts to follow the granite contact on the imagery revealed substan-
tial differences from the outline shown on the state geologic map
(Figure 19). A field check extended by mapping on conventional aerial
photographs showed.the outline traced on ERTS imagery to be correct
and the state map to be wrong. This added approximately 42 square
miles (109 square ¥m) of granite to the amount previously mapped in
the Pioneer Range. We believe it likely that further successes of
this kind can be obtained using ERTS imagery in regions such as the
northern Rocky Mountains to trace outlines of large intrusive bodies.
However, ground or aerial photograph truth is reguired to establish
the location of the contact at several sites before it can be traced
on the ERTS imagery with any real confidence.

Both the Boulder and Idaho batholiths have contacts with volcanic
rocks in several places. |In the case of the idaho batholith, these
are the Challis volcanics and their equivalents, dominantly rhyolitic
ashes erupted during Eocene time onto an erosion surface already de~
veloped on the granite. Parts of the Boulder batholith are roofed by
the Elkhorn Mountains volcanics, an andesitic sequence approximately
the same age as the batholith and apparently erupted from the molten
granite as it intruded the crust. Other parts of the Boulder batho~-
tith are overlain unconformably by the Lowland Creek volcanics erupted
during early Tertiary time. These volcanic sequences could:%e reliab-
iy recognized on ERTS imagery or diffefentiated from the adjacent
granites except very locally. Short sections of contact could be
traced in places starting from points located on the basis of ground
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Figure 19. Granite contacts from ERTS imagery (solid lines) for Pioneer
Range compared with state geologic map. Error in state map (west center)
and delineation of 42 square miles of previously unmapped granite were
confirmed by field check and study of conventional aerial photographs
(ID# 1035-17520).
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truth knowledge but it was not possible to outline these bodies by
studying ERTS imagery. We doubt that InVestigators dealing with
Imagery of a similar geologic situation and comparable exposures
elsewhere would be able to correctly deduce the geologic relationships
or outline the outcrop areas of the major rock units without the bene-
fit of ground truth controt.

Drainage pattérns on smaller granitic bodies appear to be essen-
tially dendritic, insofar as can be judged by examination of the limi-
ted areas thev cover, but those on the ldalio and Boulder batholith
show strong evidence of structural contrel. Drainage in large areas
of the ldaho batholith is dominated by streams following a very strong
pattern of 1ineaments ﬁrending generally north and south ~ evidently
the batholith is internally deformed. In some areas of the central
and southern parts of the Boulder batholith the drainage tends to
follow a curious pattern of intersecting arcuate and straight linea-
ments vaguely reminiscent on a large scale of the patterns familiar on
suncracked mud. These different drainage patterns give the two batho-
liths distinctly different appearances in ERTS imagery and make it
evident that simple recognition criteria for granites based on dralinage
patterns of ERTS resolution will not be generally applicable.

Further explanation for the difficulties encountered in developing

definitive and widely applicable recognition criteria for granites

derived from the fact that the ldaho and Boulder batholiths lie in
distinctly different climatic regions and support different kinds of
vegetative cover. The idaho batholith is generally very well watered
and supports a varied and luxuriant forest. Substantial areas at
higher elevations were subjected to alpine glaciation. The Boulder

batholith, on the other hand, is In a much drier region and supports

a thin forest composed mostiy of drought tolerant trees. Pleistocene

glaciation was neither extensive nor erosionally effective except in a
few drainages. Large areas of the Boulder batholith are nearly

stripped of soil, probably by rainsplash erosion occurring when the
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vegetative cover was greatly reduced during dry interglacial periods,
and are now studded with large rounded outcrops. No such terrain
exists on the Idaho batholith. These differences seem sufficient to
account for the fact that the two large masses of granite display
rather different ERTS image tones and textures and make it seem most
unlikely that recognition criteria developed for one would serve to
identify the other. |

Several large and numerous small bodies of granite were intruded
into crystalline rocks of the Precambrian basement in southwestern
Montana during Cretaceous and early Tertiary time. These incliude the
Tobacco Root batholith and the southern portion of the Boulder batho- |
lith as well as various smaller intrusions in the Beartooth Plateau
and elsewhere. As might be expected, mo difference was discernible
In ERTS imagery between these younger granites and the chemically and
mineralogically similar gneisses, schists and granites they intruded.

There is a critical level of image resolution somewhere between
that of ERTS imagery and that of metric camera color infrared photo-
graphs from U-2 aircraft (NASA-ERAP Flights 72-125 and 74-140)., Most
granitic bodies east of the ldaho bathelith may be recognized and
mapped with some confidence in the aerial photographs. Examination of
Forest Service high altitude black and white photography suggests that
cofor is not a crucial factor. Major recognitibn criteria are scruh
forest, drainage pattern'and density, and visible effects of jointing.

Sedimentary Rocks

Recognition of sedimentary rock terrain in ERTS imagery is
straightforward in all areas of Montana except the heavily forested
mountains of the west. In Montana east of .the continental Divide
landforms of differential erosion, differences in image texture, and
tone changes related to stratigraphically controlied vegetation pat-

terns are the recognition characteristics of the Paleozoic, Mesozoic,
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and early Tertiary strata exposed there. - Easiest to delineate are up-
turned resistant units of limestone or sandstone expressed as linear’
ridges which reveal strike and sometimes the direction of dip (Figures
3, 4, 14). Individual ridges with lengths of 10-20 miles are not un-
common and easily mapped. With calibration from ground truth of aerial
photog raphs, they may be stratigraphically identified. The most éasily
mapped stratigraphic marker is the dip slope at the top of the'resis-
tant Palgozoic section. Others include the Madison Limestone ridge, a
valley represénting Jurassic shales, and the resistant Cretaceous Eagle
Sandstone.

In eastern Montana, whetre the Cretaceous and Tertiary sedimentary
strata remain essentially horizontal in large regions, their outcrop
areas are frequently distinguished by differences in vegetative tone or
image texture. Two units which have characteristic expressions are the
Eagle Sandstone, which is a bluff former, and the Bearpaw Shale, which
is light-toned to locally whitish. Experimental annotation in the Por-
cupine Dome area (iD# 1085-17291) using prints of Bands 5 and 7 deli-
neated 8 units which reasonably matched individual or combinations of
individual geologic map units of Cretaceous and early Tertiary age.

Attempts to trace the units laterally into imagery of the adjoining

‘orbit proved unsuccessful because of tone changes along strike. The

NASA-SCS ERTS mosaic for the area confirms the suggestion based on limi-
ted scene annotation that photogeologic mapping from ERTS may be done
confidently for local areas, particularly on the flanks of broad up~
lifts, but is difficult or impossible without ground truth control in
broad intervening areas. Nevertheless, a geologist unfamiliar with the
region and without access to ground truth would be able to infer that

it is underlain by very gently dipping sédimentary rocks which have been
broadly folded and domed along the trend of the central Montana uplift
(Little Belt Mountains, Big Snhowy Mountaingz and'Porcupine Doﬁe) and also
a?ohg éhé“Bléck_Hi}is and Cédé;mbréék Anticline trends., Two-color en-

hancements of the mosaic for Band 5 and Band 7 emphasize the more subtle
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tone differences seen on the black and white prints.,

Large areas of central and southwestern Montana east of the con-
tinental divide are underlain by folded Paleozoic and Mesozoic sedimen-
tary rocks. The upturned edges of resistant and non-resistant strata
are conspicuously evident (Figures 3 and 4). 1% is possible to dis-
tinguish between Paleozoic and Mesozoic sedimentary rocks in parts of
central and southwestern Hohtana because the Paleozoic section contains
several thick limestone sequencés and the Mesozoic sediments are predom-
inantly clastic. The limestones, which are resistant in the prevailing
dry climate, form bold ridges so sparsely cloaked in vegetation that
the light tone of the bedrock is sometimes apparent in ERTS imagery.
The most prominent of these ridges marks the Madison Group, which is
some 1500 feet thick. The Mesozoic strata form grass-covered lowlands
at the base of the Paleozoic dip slope. Sandstone ridges in the Meso-
zoic and Paleozoic are much less prominent than the ridges of Paleozoic
limestone, and they tend to have a band of coniferous forest on their
north facing slopes.

Most of Montana west of the continental divide is underlain by
Precambrian sedimentary formations belonging to the Belt Supergroup
exposed in a region that recefves sufficient rainfall te support a mod-
erately dense forest. All of the Precambrian sedimentary farmations
are very well indurated and none of them appears t¢ be notable different
from the others in its resistance to erosion. HNeither are there con-
spicuous differences in the kinds of vegetation that grow on the various
Precambrian sedimentary formations.

There is very little, if anything, in the ERTS imagery of western
Montana that might reveal to a geologist unfamiliar with the region the
fact that it is underlain by folded sedimentary rocks. Drainage tends
to be dendritic, except where fracture controliled, and there are no
linear ridges or tonal bands to betray the existence of sedimentary
rocks or their structures. Although they clearly show features such as

faulted range fronts, intermontane basins, drainage lineaments, and
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glacial topography, ERTS images and even aerial photographs of the Belt
terrain west of the continental divide border on being nondescript in
terms of rock recognition. We believe that a geologist without access
to local ground truth would be unable to make useful photolithologic
inferences or recognize fold structures from ERTS imagery of this ter-
rain.

Precambrian sedimentary formations in western Montana range from
being almost unmetamorphosed in most of the region to high-grade meta-
morphic rocks along tihe northern boundary of the tdaho batholith. These
large differences in metamorphic grade make no apparent difference in
their appearance on ERTS imagery. MNeither is it possible, as noted else-
where in this report, to discern a clear difference in appearance be-
tween the Precambrian sedimentary rocks and granites of the idaho bath-
olith.
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Mineral Resource Applications

Bentonite

The possibility of recognizing Bearpaw Shale known to contain ben-
tonite beds of economic potential was investigated for an area on the
flanks of the lngomar anticline, where the ground truth is well known
(Berg, 1970). The area is located about 80 miles northeast of Billings.
Negative enlargement prints at 1:500,000 scale wetre made from diaposi-
tives of Bands &4, 5, 6, and 7 for a scene imaged on 16 October, 1972
(1D# 1085-17291). Band 5 was selected as best for annotation purposes.
Two overlays were drawn, one delineating highly reflective areas of
irregular pattern and the other showing a continuous tonal boundary
thought to represent a lithologic contact. They were compared to a
1:500,000 scale lithologic map and to aerial photographs at a scale of
8" = 1 mile covering most of the Lentonite deposits of the area. The
overlays and ground truth data, which have been combined in Figure 20,
indicate that the suspected photogeologic contact closely matches the
sandstone-shale contact which marks the center of the anticlinal dome
(Judith River - Bearpaw contact).

Known bentonite exposures in the arva are too small to be recog-
nized directly in ERTS imagery, but the irregular reflective patches
may be a clue to their occurrence. These areas of high reflectivity
are surficial clay pans (mud-filled channels and depressions) develcped
in this area on the Bearpaw Shale, where dips are less than 3 degrees
and where bentonite beds are well exposed. This work suggests that tar-
get areas for Bearpaw bentonite exploration can be delineated rapidly
from ERTS imagery of the Montana plains.
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Figure 20-1 (left). Very light tone represents clay pans associated with low-dipping host
strata of bentonite beds in Bearpaw Shale on flanks of Ingomar anticline northeast of Billings.
(1D# 1085-17291, Band 5). Figure 20-2 (right). =RTS annotations compared with ground truth.
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Possible Applications In Petroleum Geology

The use of ERTS 1ineaments to delineate paleotectonic hinge lines
of interest to stratigraphers and petroleum geologists was investiga-
ted by George Shurr (1975) as part of a dissertation study of lower
Montana Group marine cycles in eastern Montana and adjoining South
Dakota. Prior to beginning field and subsurface stratigraphic stu-
dies and while participating in a seminar on satellite geology, Shurr
examined ERTS imagery to look for indications of tectonic boundaries
which might mark the edges of basement blocks. Using overlays and
1:1,000,000 scale prints for Band 5, he annotated all straight stream
segments and straight boundaries of tone and texture producing a
linear component map (Figure 21-1). On this he delineated zones or
“packages’ of line concentrations which he termed "1ineaments'.

These ''linezmeats' were refined by comparison with regional
aeromagnetic maps and a geologic map, gaining two additional "linea-
ments'' and making width changes in four others (Figure 21-2). Con-
fidence in the ERTS delineation was reinforced by coincidence of the
""Tineaments" with magnetic features and geologic structures such as
igneous domes, faults, folds, fold terminations, and strike change.

Shurr's regional stratigraphic studies indicate that lower Mon-
tana Group sedimentation was controlled by hinge lines located at
certain of the "lineaments''. He suggests that the "'lineaments' mark
the boundaries of basement blocks, where differential tectonism con-
trolled sea floor topography and influenced the position of progra-
dational shale prisms, as well és the distribution of bar and beach
sands. These relationships suggest that ERTS mapping may be a useful

- tool in stratigraphic correlation and mapping studies related to

petroleum accurrences.,
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Figure 21-1. Linear components (shorter lines) and preliminary
definition of "lineaments' (long lines) north and west of the Black
Hills. "lineaments'' are zones marking trends or concentrations of
linear components (after Shurr, 1975). Linear components were
drawn from Band 5 prints for September-October, 1972 (ID#'s 1047-
17170, -17173, -17175; 1084-17230, 17233; 1085-17285, 17291).
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Figure 21-2. Refined "lineaments'' derived from Figure 21-1 using
aeromagnetic and geologic map data. 'Lineaments' mark inferred
boundaries of basement blocks whose paleotectonic movements gener-
ated hinge lines which influenced sedimentation in the lower Montana
Group (after Shurr, 1975).

Hydrothermal Ore Deposits

Centers of hydrothermal min.ralization were located by plotting
mines and mining districts on the ERTS lineament map to determine any
relationships of ore centers to lineaments, lineament density, 1inea-
ment intersections, and lineament trends. |!nspection of the map did
not suggest any stri.ing relationships, nor did analysis of a general-
ized map of hydrothermal centers (Figure 22 compared with Figure %).
Assuming that each location of one of the four categories of symbols
for ore deposits and trends represents a center of significant hydro-
thermal mineralization, comparison with the lineament map reveals the
foliowing: Of 111 centers, 43% are on lineaments or just beyond

their ends, and 48% are in areas of high lineament density. Although
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Figure 22. Centers of hydrothermal ore mineralization in western Montana. Largest circles circum-
scribe many mines and indicate greater magnitudes of mineralization and production than small circles.
See film transparency of this figure in pocket.
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it is true that by far the greatest production has come from an area
of high 1ineament density (Butte-Basin-Helena area), another major
district {Philipsburg) is not characterized by high density. Nor are
other areas of high lineament density correlated with significant

”ﬁ?ﬁrothermal centers. High 1ineament density occurs

occurrence of
mainly in areas of large batholiths and Precambrian crystaliine base-
ment rock. Lineament intersections appear to correlate with the
locations of only 11 hydrothermal centers. '

There are several instances of a linear trend of ore deposits
coinciding with an ERTS lineament, but there is as yet no apparent
way of discriminating between a mineralized lineament trend and the
numerous others that show no sign of being mineralized. There are
also linear trends of ore deposits that do not coincide with any
mapped lineament. Many of the mining districts contain clusters of
ore bodies that do not coincide with any mapped lineament. Many of
the mining districts contain clusters of ore bodies that do not con-
form to any linear trend and do not appear to be related either to
lineaments or intersections of lineaments. Only in the zone of the
Lewis and {lark lines is there convincing indication of a systematic
relationship between lineament trends and locations of ore bodies.
Paralielism of symbol alignments with trends of coincident or nearby
lineaments was noticed for only 11 symbols, of which 6 were in the
domain of the Lewis and Clark lines west of Missoula. This zone is a
major tectonic element that can be traced for several hundred miles
and gquite possibly corresponds to a plate boundary active during Cre-
taceous time. Mineralization along faults belonging to this zone has
been well known in the Couer d'Alene district of northern ldaho and
its extensions into western Montana for many years. Alignment of ore
bodies along the trend of ERTS lineaments thus confirmns a familiar
geologic relationship. However, there are numercus lineaments within
this zone only a few of which appear to correspond with trends of ore

mineralization. There is nothing in the lineament map to indicate
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which lineaments should be mineralized and which not.

In many areas of the northern Rocky Mountains, the lack of cor-
relation between lineaments and ore deposition is readily understand-
able through consideration of the regional geolegic patterns. In at
least part of the region, it would be most surprising if there were any
systematic relation between lineament trends and core mineralization.

A few of the recently discovered ore bodies are stratabound copper de-
posits within formations of the Precambrian Belt Supergroup. Most
available knowledge about these deposits indicates that the ore miner-
als were deposited along with thelr enclosing sediments, and were not
emplaced in the rocks at some later time as secondary mineralization.
If so, their locations are more likely related to environments of
sedimentation than to later fractures expressed as |ineaments.

Economic ore deposits occur in @ much wider range of geologic
settings in the areas of Montana east of the continental divide. Some
of them are associated with the contacts of small igneous intrusions
emplaced late in the geologic history of the region. These intrusions
are not aligned along lineament trends. A number of other mining dis-
tricts are associated with centers of late volcanic activity, which
also bear no obvious relationship to lineament trends, possibly be-
cause the blankets of volcanic rock obscure any such trends that might
otherwise be visible in the underlying bedrock.

Efforts were made to relate tonal variations visible in the
ERTS imagery to areas of known ore mineralizatin hoping that hydro-
thermal alteration of the bedrock or weathering of sulfide ore bodies
might produce distinctive tonal patterns. None were observed that
could be distinguished by visual examination from the much stronger
tonal variations caused by geologically extraneous factors such as pat-
terns of grazing, farming or forestry practices. |t seems likely that
vegetative cover is too dense throughout most of the northern Racky
Mountain region to make visual recognition of hydrothermally altered

bedrock feasible.
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Landform Recognition and Classification

Our geologic study and annotation of ERTS imagery has relied
mainly on recognizing and interpreting landforms as revealed by
topograbhic shadowing, vegetation difference, and stream patterns.
Efforts have been directed primarily toward using ERTS imagery as a
vehicle for study of various aspects of bedrock geclogy as they are
expressed in the iandscape, and not toward study of the landscape
itseif. Nevertheless, we have, from necessity, deveted considerable
attention to landforms and it seems appropriate to Include some
comments on our observations in this report.

Elements of landscape observable in ERTS imagery include drain-
age pattern and density, free water surfaces, and ridges, hills, and
valleys with relief greater than a few hundred feet. Smaller ridges
are visible if they are favorably oriented to the illumination direc-
tion or have vegetation contrasts on opposite sides. Late fall
imagery with Tow-angle illumination (approximately 20-30°) is far
more useful than that spring and summer imagery (h0-60°), which
appears relatively flat and featureless in comparison. Recognition
of topographic detail, especially where there is uncertainty related
to tone differences, is sometimes considerably enhanced by stereo-
scopic viewing in sidelap areas for adjacent orbits (approximately
40% sidelap for our latitude). We found a pocket stereoscope and
1:1,000,000 scale prints to be convenient and effective for this
purpose. Getting seasonal, cloud-free sidelap pairs was often a
problem for this kind of study. Stereoscopic viewing revealed ridge
assymetry and dip direction in some cases where it could not be
determined from single print enlargements at 1:500,000 scale.

In the mountainous region of western Montana, topographic fea-
tures which may be commonly discerned on ERTS imagery include river
flood plains, cirques, glaciated valleys and their terminal moraines,

parallel stratigraphically controlled ridges and valleys, mountain
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fronts at the edges of the high plains, scarps, and Cenozoic basins.
Cirques, recognized by the presence of tarns and by their form, are
most easlily identified where forest cover is absent.

Topographic boundaries between mountain ranges and intermontane
basins or the high plains are generally obvious on ERTS imagery but do
not always coincide with the structural boundaries. Where older range
marginal faults are crossed by pediments, the structural boundary is
generally invisible or very subtly revealed by slight changes in
drainage density. If, as is often the case, the pediment is a Pleis-
tocene landform cut en Tertiary basin-fill deposits, the structurai
boundary between mountain and intermontane basin is completely invisi-
ble on ERTS imagery and only the topographic bhoundary is visible.

Drainage patterns are generally easily visible in mountain blocks
and it is possibie to determine by inspection whether they are den-
dritic or in some way structurally controlled. Bedrock structura is
most often revealed on ERTS imagery by departures from the normal
dendritic pattern of drainage networks. It is usually possible to
infer the kind of structural control of non-dendritic drainage pat-
terns visible in ERTS imagery by conventiocnal photogeologic methods.

Variations in drainage density are also easy to recognize in
ERTS imagery of mountainous areas, these usually relate to varia-
tions in kinds of bedrock but are also affected by such variable as
slope aspecf and quality of vegetative cover. Open drainage tex-
tures tend to develop in areas underiain by permeable bedrock and
soil; close drainage textures on surfaces less able to imbibe water.
It is usually safe to infer that adjacent large areas having differ-
ent drainage textures are underlain by contrasting kinds of bedrock
and such variations have locally proved to be useful guides to the
identity of the bedrock. In northwestern Montana, a region underlaln
almost entirely by Precambrian sedimentary formations belonging to
the Belt Supergroup, outcrop areas of the Wallace Formation genefa]ly

exhibit much closer drainage textures than those developed on other
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stratigraphic units. Unfortunately, the variations are not sharp
enough to permit precise delineation of the rock unit boundaries or
recognition of smaller outcrop areas - those less than several
square miles in extent.

in the plains areas of central and eastern Montana commonly
recognized landforms include river floodplains, the dissected areas
of river breaks, smooth upland surfaces, Tow, sinuous scarps localized
at horizons of horizental caprock, broad, elongate upwarps, laccolithic
domes, and looping ridges and valleys expressing ercded folds. Under
favorable conditions dip slopes and flatirons may be discerned on the
flanks of the uplifts, domes, and folds. Criteria other than topo-
graphic which aid in recognition of these features are irrigated
fields on floodplain-low terrace areas, grain fields on wpland sur-
faces, and brush or forest in the river breaks and on the uplifts.

Drainage systems develop much less relief on the high plains and
in the intermontane basins than in mountainous areas, so their pat-
terns and textures are correspondingly more difficult to see in ERTS
imagery. Nevertheless, they are visible in many places and appear to
be useful as guides to the kind and structure of underlying hedrock.
Much of the high plains surface, for example, is underiain by a thick
bed of coarse gravel sufficiently permeable to enforce development of
a conspicuously open drainage texture. In areas where the gravel is
tacking, much closer drainage textures develop - in some areas badland
topographies. Many of the streams on the high plains, and a few of
those in the intermontana basins, follow very straight courses that
appear to be fault controlled.

Estimation of relief from ERTS imagery can be done in a very
qualitative way utilizing vegetation and early or late show for high
elevation &reas and shadowing for low, steep slopes. Estimation of
slope gradient for smooth slopes may be done more quantitatively
where they face away from the sun and their slopes are in the range

of the sun angle at some season of the year. The method requires
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consecutive ERTS passes for determination of the grazing angle of

i 1lumination. Another method for estimating slope is use of the
standard angle of repose for local places where large talus slopes
are visible. Although the above methods might be applied to pioneer
studies in unmapped areas elsewhere in the world, they are either too
vague or too limited in opportunities to be practical in landform

analyses where topographic maps or aerial photographs are avallable.

Educational Impact

Educational programs in geology at the University of Montana
have benefited greatly frum the presence of the ERTS project in the
department. Beyond the short term benefits of research support for
graduate students and faculty, there are less obvious long-term bene-
fits which will probably prove to be far more important when they have
finally exerted their full impact.

By long tradition, educational programs in geology have proceeded
towards increasing speciallization and attention to detail. As stu-
dents proceed higher in the curriculum, they tend to narrow their
intellectual focus, often to the point of overlooking whatever hroader
significance their interests may have. The ERTS program has been a
powerful and stimulating antidote to that nearly universal trend and
has had the effect of leading many of our students to take a much
broader and more comprehensive view of geology than they would other-
wise have done. This change in view and perspective is especially
appropriate at a time when much of the major research in geology Is
directed towards large-scale tectonic interpretation.

Space imagery has a compelling quality of perspective and
immediacy not possessed by any other kind of data. Maps at the same
scale seem abstract and separated somehow from reality; they are not
convincing. Ground views and ordinary aesrial photographs are con-
vincing but lack perspective; people limited to that kind of data tend
to develop an ant-in-the-grass peint of view. ERTS imagery immediately
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conveys a sense of perspective aﬁd reality that otherwise requires
many years of experience to develop.

Displays of ERTS imagery on the walls of the Geology Department
have stimulated interest in regional geology and tectonic interpreta-
tion at all levels. A giant mosaic of the United States is used as
an exciting focus for discussion sessions in our large introductory
course, Use of imagery in advanced courses and seminars has been
equally effective and has led faculty and students into very broad
considerations of geologic relationships. Features that had always
been considered as separate and distinct problems are now seen to be
related and are mentioned in the same sentence rather than in sepa-
rate courses. We believe that this change in view and added perspec-
tive will have a permanent effect on our department that could not
have been achieved in any other way.

Summnary of Results

Print Scale, Seasons, Vegetative Cover,

Spectral Bands, and Color Enhancement

We found 1:502,000 scale paper print enlargements ideal for most of
our photogeologic and lineament studies. They provide needed Space for
annotation without significant sacrifice in image quality compared with
}:1,000,000 scale prints. Late fall imagery (sun elevation 20~30°) was
significantly better for our purposes than spring or late summer imagery
(sun elevation 40-60°) because of topographic shadow enhancement. Cloud
cover during the spring and early summer prevented a thorough evaluation
of vegetative enhancement of rock units during the time of greening and
drying in areas of grassland or sagebrush, but we did observe examples
of such enhancement for folded sedimentary rocks. Imagery for semi-
arid and sparsely vegetated areas east of the continental divide yields

more geologic information than for moister areas to the west, which are
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heavily covered with coniferous forest.

Infrared imagery of Band 7 was used for most of our annotations
because it minimizes the dark tone of coniferous forests, revealing
topographic detail not seen in Bands 4 and 5. Band 5 imagery (red
band) was used as a supplement to Band 7 where the differences in veg-
etation provided geologic information. Optical color enhancement was
utilized in an extensive series of experiments aimed at rock recognij-
tion and contact delineation of major rock bodies. Although enhance~
ments sometimes emphasized differences seen in black and white prints
for the different spectral bands for sparsely vegetated areas east of
the continental divide, the use of color did not significantly assist
us in photogeologic studies, For heavily forested areas color enhance-
ment for geologic purposes appears to be an impractical approach.

We found topography enhanced by shadow modelling to be by far the
most useful photogeologic recognition characteristic, not only for lTin-
eament mapping but also for rock identification and delineation experi-
ments. Image texture and drainage pattern were commonly helpful., Ex~
cept for areas east of the continental divide and for valley alluvium
and basin fill in the west, tone was a relatively unimportant recogni-
tion characteristic.

Lineament Mapping

Lineaments, a term here applied to straight geologic lines con-
trolled mainly by fractures (faults or sets of joints) and expressed as
scarps, segments of canyons or streams, and tone discontinuities, are
the most abundant and easily mapped geologic features seen in the ERTS
imagery of our area. We annotated lineaments ranging in length from 2
miles to 90 miles on overlays and compiled a composite map representing
21 ERTS scenes. Comparisons of annotations by five different operators
indicates good precision and very Iittle error in identifying linea-
ments, although some operators tend to be more conservative than others,

OQur map contains an apparent illumination bias favoring lines of north-
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east trend over those trending in a northwest direction.

l.ineaments were checked for all of Montana west of the 110th
meridian against faults shown on the state geologic map and regional
tectonic maps; the area of interest covers some 71,000 square miles.
For two expanded test sites covering a total area of 27,000 square
miles, we compared lineaments with faults shown on more recent, de-
tailed geologic maps. Two smalier areas in northwestern Montana which
represént domains of different lineament patterns were also evaluated
by map comparison and rose diagram analysis. In addition, a large area
in south-central Montana was annotated to compare lineament trend dis-
tribution within the Crazy Mountains Basin and in its structurally up-
lifted borders. The last mentioned project demonstrated that a much
more detailed lineament map is possible for the sparsely vegetated and
mainly non-forested plains area than for the heavily forested mountains
west of the continental divide. Field checks were made along parts of
12 Tineaments which did not correspond to previousiy known faults.

OQur studies indicate that 12-15 percent of the ERTS 1ineaments coin-
cide with faults shown on smali-scale regional maps, but that when de-
tailed maps are also used the proportion of lineaments corresponding to
known faults rises to 27 percent. Although field checking confirmed
only 4 new faults, two of which had been mapped independently by others,
5 other lineaments had trends parallel to sets of joints and/or shears
observed on the ground, Field observations along 3 lineaments were in-
conclusive. The ground check supports inferences from rose diagrams
and topographic expression that the lineaments we mapped are mainly
controlied by fracture. A difficulity with our lineament map is the
existence of a significant number of mapped faults for which no linea-
ments were annotated. These include thrusts and overthrusts, which have
low angles of dip and are unlikely to be expressed topographicaliy as
straight lines. The reasons for other faults not being expressed as
fineaments are unclear.

If thrusts and overthrusts are Ignored, our lineament map gives a
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good approximation of a fault map in representing most of the major
faults and the general pattern of lesser faults. The map suggests
different domains of homogeneous fracture patterns and structural
style.

Expectations that the synoptic view provided by ERTS imagery and
mosaics would clarify the obscure geologic map picture of the Lewis
and Clark lines were not fulfilled. Ve see this zone, which appears
to represent an inactive continental transform fault, as a band of
short lines with northwesterly trends separating areas to the north
and south of different lineament patterns.

We believe our mapped lineaments represent geologically signifi-
cant lines, even for the many cases where the meaning of the lines is
not understood. The map is analogous in some respects to certain
geophysical maps. |t can be used just as geophysical maps are used,
to stimulate geologic thinking and perhaps to shed light on specific
problems. We have made arrangements with the Montana Bureau of Mines
and Geology to publish a version of the lineament map expanded to in-

clude eagtern Montana.

Folds and Circular Structures

East of the continental divide elongate plunging folds larger than
3 miles in wave length may usualily be delineated from ERTS imagery,
and about half can be correctly identified as anticlines or synclines
on the basis of dip directions. Dip direction is inferred from flat-
irons on parts of the larger folds and from ridge and drainage assym-
etry in other cases. Delineation of a major anticlinal nose demonstra-
ted significant location and trend errors in a reconnaissance portion
of the state geologic map {1.5miles and 20°).

Some 40 circular structures ranging in diameter from 3 to 8 miles
were delineated from ERTS imagery. Most are recognized as domes in

sedimentary rocks. Shadow modelling reveals domal form directly in
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some cases and through concentric ridge-valley patterns in others.
The domes, which occur mainly east of the continental divide, are in-
trusive in origin (laccoliths and stocks). Forest cover present on
some of the domes does not interfere with their recognition in ERTS
imagery. We were alert to the possibility of discovering new impact
structures and checked those circular structures which are not ob-
viously domes using geologic maps and reports. We found no clues in
the literature suggesting impact origins for any circular structures
annotated from ERTS imagery. A field reconnaissance of a circular
structure mapped in the northeast corner of the ldaho bathelith sug-

gested an obscure relation to volcanism.
Identification and Mapping of Rock Units

Attempts to distinguish areas underlain by major rock units of
various compositions, map their contacts, and identify the units in
terms of rock composition met with mixed success. Locally, some very
precise mapping was done and significant errors in the state geologic
map were discovered at two locations. Alluvium, the extent of glaci-
ation In western Montana, and the borders of fill in Cenozoic basins
can be identified and mapped with reasonable continuity and accuracy.
Huwever, mapping the late Precambrian Belt Supergroup in western
Montana is not possible at all, and distinguishing granite in the
western area can rarely be done without the help of ground or aerial
photo truth. Under favorable circumstances voicanics can be delinea-
ted, but only if they are relatively undeformed and show contrasts
with the surrounding terrane. !t is possible to identify terranes of
sedimentary strata of Paleozoic and Mesozojc age If the beds are til-
ted and eroded differentially; rocks of the two ages can often be dis-
tinguished on the basis of the greater resistance and forest cover of
the Paleozoic carbonate sequences in contrast to the subdued topogra-

phy and grassy vegetation of the Mesozoic strata. Recognition of a
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few stratigraphic horizons within these sequences is possibie locally

where control from ground truth or aerial photos is available.
Mineral Resource Applications

Annotation of ERTS imagery for an area of knewn bentonite occur-
rences in the Bearpaw Shale northeast of Billings resulted in a map
showing elongate patches of very light tone. The-e were khown from
previous study to represent highly refiective clay pans characteristic
of the stratigraphic interval containing bentonite beds. The rela-
tionship suggests that ERTS imagery might be used to locate other
areas of bentonite occurrence in the Bearpaw Shale of the Mentana
plains.

A possible application of ERTS imagery to petroleum geology is
suggested by a dissertation investigation of the Montana Group for an
area northwest of the Black Hills. Prior to the start of field and
subsurface studies, a lineament map was drawn and used to delineate
zones of lineament concentration which might represent the borders of
basement blocks subject to differential tectonism through time, and
hence capable of influencing sedimentation. Comparison of the linea-
ment zones with geologic and aeromagnetic maps supported the assump-
tion, and resulted in refined block boundaries. Stratigraphic studies
suggest that the zones based on lineaments mark paleotectonic hinge
lines where differential block movements influenced the position of
progradational shale prisms and the distribution of bar and beach
sands.

Possible relationships of known hydrothermal ore deposits in west-
ern Montana to lineaments, lineament density, lineament trends, and
lineament intersections were evaluated by plotting mines and mining
districts on our lineament map and by preparing a more generalized map
of significant hydrothermal cénters for quantitative ccmparison with
the lineament map. Analysis shows that of 111 centers, 43 percent

occur on lineaments, 48 percent occur in areas of high lineament den-
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sity, and 10 percent occur at lineament intersections {(high lineament
density usually correlates with areas of Cretaceous granite and Pre-
cambrian basement rock). Eleven cases were found where mines or hy-
drothermal centers of mineralization are distributed along trends par-
allel to lineaments, but half of these are located in one area, the
gastern fringe of the Couer d'Alene mining district. Efforts to see
tonal anomalies which might reflect hydrothermal alteration or the
weathering of sulfide ore bodies were unsuccessful.

Interrelationships between hydrothermal centers and lineaments are
not particularly striking, and there appear to be no simple ways of
predicting probable locations of undiscovered hydrothermal centers from
the lineament map alone. However, for areas suspected of being favor-
able sites on the basis of other geclogic factors, the lineament map
might be used to localize limited targets for reconnaissance explora-
tion,

Landform Recognition

The study of landforms seen in ERTS imagery was not a stated ob-
jective of our investigation. However, because landforms were usually
the most important characteristic used in our photogeologic interpre-
tations, we are including some comment. The potential for using ERTS
imagery for identifying landforms was far beyond our initial expecta-
tions. Recognition of major features such as fault scarps, mountain
fronts, large uplifts in the plains area, and Cenozoic intermontane
basins is easily accomplished. What surprised us was the widespread
recognition of small landforms such as erosional and depostional fea-
tures of alpine glaciation, and hogback ridges, Tlatiron dip slopes,
cuestas, and escarpments formed by differential erosion of sedimentary
strata. Recognition of the smaller landforms usually requires favor-
able illumination (low sun elevation) or the use of the stereoscope in

areas of image sidelap.
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Suggested Applications and Cost Benefits

For Montana, an area previously covered by a combination of
detailed and reconnaissance geologic mapping on the ground, the
most important geologic uses of ERTS imagery appear to be the
preparation and analysis of tectonic maps, especially lineament
maps. On such maps, the longer lines usually represent high-angle
faults and the shorter lines lesser faults or trends of fracture
sets {minor faults and joints). Most overthrusts and low-angle
reverse-slip faults will not be represented by lineaments because
of their Tow dip.

The pattern of lineaments may be interpreted in the same way
as fracture patterns mapped from serial photographs or on the
ground. One use is the identification of structural domains re-
presenting areas of homogeneous fracture patterns in individual
structural blocks. Another use is the delineation of zones of
lineament concentration which may mark the boundaries of basement
blocks on which differential movements through time may have gen-
erated paleotectonic hinge lines. Such lines control sedimenta-
tion and may be Important in petroleum exploration. In tectonic
map compilation longer lineaments not coincident with known faults
should be regarded as strong indications of probable unmapped
faults and carefully checked on aerial photographs or on the
ground. To some extent, the lineament map of western Montana may
be helpful in localizing exploration for hydrothermal ore depo-
sits, provided other geologic conditions are favorabie.

Other aspects of tectonic map preparation, particularly the
delineation of folds caused by tectonic deformation and domes
caused by igneous intrusion, can be accompiished cheaply and
guickly using ERTS imagery for Montana east of the continental
divide. However, such mapping would tack detail and be incomplete
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in patches, especially where folds are small {less than a few
miles wide) or tack plunge. Such mapping would best be done
using existing geologic maps and aerial photographs. Neverthe-
less, our discovery of a significant location and trend erro-
for a nose shown on the state geologic map demonstrates the
possibility of using ERTS imagery to check fold delineation for
places where better control is lacking.

The recognition and mapping of major rock units of different
compositions from ERTS imagery, though possible to a degree, can
be accomplished more reliabiy and in more detail using existing
geologic maps suppiemented by aerial photo interpretation. How-
ever, compilation and conventional aerial photo-interpretation
are slow and relatively expensive procedures. In contrast, deli-
neation of major rock contacts, when calibrated with aerial photo
control tied locally to geologic maps, allows rapid and inexpensive
reconnaissance mapping and the identification of errors in the ex-
isting state geologic map (1:500,000). Another potential applica-
tion of ERTS photogeoclegic interpretation is the identification of

areas containing bentonite beds In eastern Montana.

It is difficult to quantify the cost benefit of geologic
uses of ERTS imagery in Montana. Lineament maps of local areas
can be prepared by experienced operators in a few days time. A
lineament map, useful as a substitute for a tectonic map in sev-
eral important respects can be prepared for the entire state at a
cost of only a few thousand dollars (if truth evaluations are not
included). The total cost of a statewide lineament map is pro-
bably oniy a few percent of the cost of a compiled statewide tec-
tonic map at the same scale. Additional benefits from use of
lineament maps in fields such as geothermal, petroleum, and ore

mineral expioration are expected to be significant.
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When the geologic map of Montana is revised, ERTS imagery
can be used to check for errors of omission and contact placement
in those parts of the existing map drawn originally on a recon-
naissance basis. Such a procedure requires only calibration of
ERTS annotations for very limited areas using ground or map truth
or aerial photegraphs. Lineaments drawn from ERTS imagery can be
used as described above as guides to possible unmapped faults.
The cost benefits of including these procedures in geologic map
revision program should be significant.

A miscellaneous benefit is the use of ERTS imagery and
mosaics as index maps in geologic reports. Not only do they show
geographic locations, but they provide a general overview in image
form which conveys information on such variables as topography,
alpine glaciation, vegetation, geologic structure, and the distri~-
bution of certain rock units. For the reasons cited above, ERTS
imagery is also a powerful tool in geologic education.

There are significant geologic applications and costs bene-
fits for Montana, despite the fact that the state has previousliy
been completely covered by detailed or reconnaissance geclogic
mapping. For geologically less studied areas of roughly compar-
ablelatitude topography, climate, and geclogic terranes elsewhere
in the world, applications and cost benefits would be enhanced
manyfold. For such areas we would expect to be able to prepare
a somewhat spotty but very useful and inexpensive photogeclogic
reconnaissance map at a scale as large as 1:500,000. The map
would show alluvium, the extent of Pleistocene alpine glaciation,
sediment filled Cenozoic intermontana structural basins, differ-
entially eroded sedimentary rock sequences and young volcanic
fields. With some control from aerial photographs, the more dif-
ficult reconnalssance mapping of granitic bodies and metamorphic

basement rock would be possibie for some cases. Structural fea-
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tures mapped from ERTS imagery alone would include major uplifts,
folds, and faults, as well as many of the smaller fold and dome
structures, inciuding some as small as two miles in width., Gen-
eral structural style would be apparent from inspecting the photo-
geologic map and a separate lineament map. Expected omissions
would include many or most overthrust and thrust faults, and

most folds for forest covered areas of homogeneously resistant

strata such as the Belt terrane of western Montana.
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Figure 23. Index map showing Montana test sites and ERTS~1 nominal orbital paths and scene centers.
Test Sites 354 A & C, B, and D were covered by NASA-ERAP Flight No. 72-125 (26 July 1972) and reflown
in part by Flight No. 74-140 (16 August 1974). Test Site 354 F was photographed during part of Flight
72-138 (11 August 1972). Sensors on these U-2 flights were the Vinten System (70mm multispectral) and
the RC-10 metric camera (Aerochrome Infrared 2443). Dotted lines show expanded test sites for
Iineament evaluation.
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