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The Remote Geologic Analysis (RGA) system was developed by Pacific Northwest Laboratory

(PNL) to identify crustal structures that may affect seismic wave propagaUon from nuclear tests.

Using automated methods, the RGA system identifies all valleys in a digital elevation model

(DEM), fits three-dimensional vectors to valley bottoms, and catalogs all potential fracture or fault

planes defined by coplanar pairs of valley vectors. The system generates a cluster hierarchy of

planar features having greater-than-random density that may represent areas of anomalous to-

" pography manifesting structural control of erosional drainage development. Because RGA uses

computer methods to identify zones of hypothesized structural control of topography, ground
truth using a weU-characterized test site was critical in our evaluation of RGA's characterization

of inaccessible test sites for seismic verification studies. Therefore, we applied RGA to a study

area centered on Yucca Flat at the Nevada Test Site (NTS) and compared our results with both

mapped geology and geologic structures and with seismic yield-magnitude models. This is the

final report of PNL's RGA developmem project for peer review within the U.S. Department of En-

ergy Office of Arms Control (OAC) seismic-verification coL_-nunity. In this report, we discuss the

Yucca Flat study area, the analytical basis of the RGA system and its application to Yucca Flat,

the results of the analysis, and the relation of the analytical results to known topography, geolo-
gy, and geologic structures.

Our analysis consisted of three parts. The first part was a geomorphic pattern-recognition

analysis in which we applied a valley-finder algorithm, a vector-flttir_g algorithm, and coplanar

analysis to the entire Yucca Flat DEM to identify coplanar valley segments that may be evidence
of erosional control by planar fracture zones. The RGA algorithms generated 26,473 planes from

the Yucca Flat area of the NTS. In the second part, we used statistical cluster analysis to locate

zones of coplanar valley segments that were of anomalously high density (compared with random

associations), which were the final output of the remote analysis. We derived several thousand

clusters containing as many as 2,351 planes. From these, we picked the most significant clusters
based on statistical and geologic criteriadeveloped in previous test applications; the result was
21 clusters to be evaluated with geologic and geophysical data from Yucca Flat. In the third part,

we compared output of the remote analysis with topographic, geologic, and geophysical features
to evaluate structural significance.

By comparing these clusters with topographic, geologic, and geophysical data for Yucca Flat,

we concluded that H_ accurately detects vaneys in the DEM, performs accurate coplanar cor-

relations, and isolates statistically meaningful plane clusters that can be ranked in order of sig-

nificance. While segments of RGA plane clusters correlate with numerous mapped faults, no sin-
i,

gle fault or associations of fault zones seem to correlate with a substantial length of the RGA

plane clusters. In part, this is an artifact of the study area; the relief of Yucca Flat is too small

for the initial geomorphic pattem-recognition method used in RGA to detect any valleys. Overall,

however, we think that the significant RGA plane clusters manifest larger structures than those

mapped at the surface in the area of Yucca Flat. This supposition is borne out by correlations of

Yucca Flat-crossing RGA plane clusters with features found in isopach, structure-contour, grav-

ity-anomaly, and magnetic-anomaly maps of Yucca Flat. Ali of the RGA plane clusters that cross

Yucca Flat correlate with linear features, such as truncations, thinnings, or offsets, in these maps



of subsurface features. Further, few features are found in the maps that are not associated with

one of these clusters. We are confident that the RGA study of Yucca Flat identified significant

fracture zones that, in addition to defining the obvious Basin-and-Range structural bounds of

Yucca Flat, affect file down-thrown block underlying the basin and carry through into the bound-

ing ranges.

Based on a preliminary correlation of RGA plane clusters with yield residuals from yield-mag-
nitude models of weapons tests at Yucca Flat, we find that the clusters apparently do not divide

the down-_ol_ped block under Yucca Flat into sub-blocks that have systematically different yield
residuals. Rather, the clusters apparently affect model residuals for tests conducted in the clus-
ter "zones." Residual values within the cluster zones are in most cases significantly different from
those in the bodies of the sub-blocks outside. However, similar differences occur along the trac-
es of the Yucca and Carpetbag faults; because of tke nox_uh-south distribution of tests for which

we have yield x'esiduals, we cannot completely separate correlations between the residuals, the
plane clusters, and the faults. At present, we know too little about the derivation of the residuals
for this to be a compelling correlation.
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INTRODUCTION

Using teleseismic data to discriminate underground nuclear tests from earthquakes and to
estimate yields requires knowledge of the seismic responses of both test and receiver sites and of

the seismic-wave propagation paths between sites. Because characterizations of the crustal het-

erogeneities that affect seismic-wave propagation are generally unavailable, current yield-estima-

tion methods use empirical models that require statistical analysis of data from several blasts to

evaluate each test-site/receiver-site couple. This approach is clearly subject to relatively large

• random and systematic errors that can conceivably be reduced by partiUoning a test site into ar-

eas of potentially different seismic response before developing the empirical yield-magnitude

models. Because most test sites are inaccessible, the method for characterizing such crustal het-

erogeneities must be able to rely solely on remotely sensed data; however, the characterization

method must also be able to use whatever field geological and geophysical data may become
available.

ANALYTICAL APPROACH

Beginning in FY 1986, Pacific Northwest Laboratory (PNL) developed the initial automated

geomorphic pattern-recognition part of a Remote Geologic Analysis (RGA) system to identify

crustal structures that may affect seismic wave propagation from nuclear tests. The RGA ap-

proach to geomorphic pattern-recogniUon is to first use simple, automated methods to identify

primiUve geometric surface features such as valleys, ridges, facets, and terraces, and then to ag-

gregate successively larger, more complex features. Using a DEM as its only input data, the ini-

tial RGA pattern-recognition system identifies linear segments of valley bottoms and fits planes

to those segments that are coplanar. Specifically, RGA algorithms identify all points in the DEM

that are lower in elevation than their neighbors, string these low points together into continuous
valley bottoms, and fit vectors to colinear seglnents of the valleys. The analysis then compares

valley-segment vectors to find those that are eoplanar, and calculates the locations and orienta-
tions of the resulting planes. The RGA system ,uses statistical clustering of the planes to spatially

locate zones of anomalously high density for comparison with mapped geologic features.

Implicit in the prototype RGA pattern-rex:ognition approach is Eliason's (1984) hypothesis
that segments of erosional valleys that lie along approximately planar faults or fracture zones are

coplanar. Of all the stream valleys in a landscape, then, the parts of interest are those segments

that lie along zones of shearing or fracturing where erosion is enhanced as a result of weakening
of the rocks, percolation of meteoric water, and accelerated weathering. By using vectors fitted

to these valley segment_, the RGA .system further assumes the segments that serve to identify

. planar shear zones are linear. These assumptions are reasonable because most stream longitu-

dinal profiles are only slightly curved, and a shear-zone-defined valley is, by definition, almost

straight in map view. There will be other, linear valley segments in topography that are unrelated

to enhanced erosion along faults or fractures, but RGA assumes that the pattern-recognltion
analysis for planes elin_lates most of these uncorrelated vectors.

APPLICATION TO YUCCA _'LAT

Because RGA uses computer methods to identify zones of hypothesized structural control of

topography, ground truth using a well-characterized test site was critical for evaluating RGA's



characterization of inaccessible test sites for seismic verification studies. Therefore, RGA was ap-
plied to a study area centered on Yucca Flat at the Nevada Test Site (NTS) and results were com-

pared with both mapped geology and geologic structures and with seismic yield-magnitude mod-
els.



YUCCA FLAT STUDY AREA

In a March 1988 workshop on PNL's RGA system, arms-control verification community par-

ticipants concluded that the initial RGA geomorphic pattem-recognitio n concept was sufficiently
developed and showed promise for geologic studies in support of yield determlnation. The par-

ticipants further concluded that long-term support of the RGA technology by OAC should be

predicated upon the results of a proof-of-principle application to a real test site. We selected the

Yucca Flat area of the NTS for this trial application because the topography, geology, and sets-

• mology are relatively well known. Because the RGA pattern-recognition methods are more easily
illustrated using an application, we first describe the study area in this section before proceeding
in the next sections to describe the analysis and to evaluate the results.

PHYSIOGRAPHY

The NTS lies in the Great Basin section of the Basin and P_nge Province (see Figures I, 2,
and 3), and our study area is itself characterized by a large basin, Yucca Flat. Yucca Flat is lo-
cated in the northeast quadrant of NTS and is bordered by irregularly oriented sub-basins and

ranges (Sinnock 1982). This study area consists of nine 7 1/2' quadrangles and can be divided
into six physiographic regions (see Figure 4). At the center is Yucca Flat, an alluvium-filled basin

generally oriented with the long axis north-south. The Halfpint Range lies east of Yucca Flat and

consists of north-northwest trending sub-bagins and ranges; the ranges trend more northeast-
erly toward the southern part of the region. South of Yucca Flat lies the CP Ridge region that

contains the northwesterly trending CP Ridge as well as the CP Hills. North of the CP Ridge region

is the Mid Valley region including Mine Mountain and the Calico Hills. In this region ranges trend

north to northeast. North of the Mid Valley region and to the west of Yucca Flat is the Eleana
Range, which contains north to northeast trending ridges and valleys with some east-west trend-

ing valleys as weil. Finally, to the north of Yucca Flat is the Quartzite Ridge region, characterized

by north to northeast trending ridges and valleys.

GEOLOGIC HISTQRY

The oldest rocks exposed in the NTS date from late Precambrian time and overlay an even

older igneous-metamorphic complex that is not exposed in the study area (Sinnock 1982). The
Precambrian rocks are overlain by a series of miogeoclinal deposits, or marine deposits derived

from the erosion of a stable continental landmass. Figure 5 illustrates a stratigraphic column of

rocks at the NTS; Figure 6 summarizes the geologic history of the site.

The stratigraphlc sequence at the NTS begins with the Johnnle Formation, followed by the
• Sterling Quartzite and the early Wood Canyon Formations. These three formations are predom-

inantly quartzites with local sandstones, siltstones, and dolostones in the Johnnie Formation

and siltstones and shales in the Wood Canyon Formation. Deposition of the Wood Canyon For-

" mation continued into the Cambrian. lt was overlain by the Zabriskie Quartzite, which was fol-
lowed by the deeper-water marine shales of the Carrara Formation. Carbonate deposition of the
Bonanza King Formation and clastic deposition of the Dunderburg Shale began after the Carrara.

The Dunderburg Shale may represent a minor pulse of uplift to the east, and the erosion that

produced this clastic sequence was followed by the deposition of carbonates of the Nopah Forma-

tion and the Pogonip Group of the Ordovician. These later carbonates could indicate a reefal en-
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vironment. Overlying the Pogonip Group is the Eureka Quartzite, which marks the regression of

the sea and the end of the Sauk Sequence. The seas returned later in Eureka time, reworked the

earlier sands, and deposited the transgressive portion of the Eureka Quartzite. Deposition of

more carbonates followed in the Ordovician Ely Springs Dolomite, unnamed Silurian Dolomites,
and the Nevada Formation, and Devil's Gate Limestone of the Devonian.

In central Nevada, the Antler Orogeny was a time of mountain building from the Devonian to

the Mississippian, but only a small disconformity at the NTS represents this event. This orogeny

created a land mass northwest of the _ and a trough where the Eleana Formation was depos-
ited. The Eleana Formation consists mostly of argillites with carbonates, quartzite, and conglom-

erates also present (Sinnock 1982). The conglomerates could be the result of the erosion of the

Devil's Gate Limestone (Poole, Houser, and Orkild 1961). FoUowing an early Pennsylvanian hia-

tus, deposition of the Tippipah Limestone continued into the Permian. The Tippipah Limestone

is the last recognized marine depositional unit in the NTS area; its deposition was followed by

intense regional compression beginning in the late Paleozoic and lasting through the early Cen-
ozoic (Sinnock 1982).

The compressional tectonics in the NTS resulted in extensive folding and thrust faulting dur-

ing the Mesozoic. Initial thrust faulting and folding are thought to have begun during the Neva-

dan Orogeny from the middle Triassic to early Jurassic (Burchflel, Pelton, and Sutter 1970), Fold

axes and thrust faults from this orogeny trend north to northeast, suggesting a compressional

direction from the northwest to west (Sinnock 1982; Speed 1978). The Sevier Orogeny in the late

Mesozoic probably caused little new deformation at the NI'S, but it likely produced renewed

movement along existing thrusts and folds. Sman granitic intrusions were al._o emplaced during
the Mesozoic. These intrusions include the Climax, Gold Meadows, and Twin Ridge Stocks. Em-

placement of the Gold Meadows Stock occurred near the Jurassic,Cretaceous boundary, but tim-

ing of the other two stocks is uncertain (Gibbons et al. 1963). East of the NTS, the Sevier Orogeny

ended in the late Cretaceous, although mountain building continued in the Rocky Mountains and

is referred to as the Laramide Orogeny (Sinnock 1982),

The Cenozoic Era at the NTS is characterized by widespread volcanism, formation of the Ba-

sin and Range, and the development of strike-slip faulting. Before the onset of volcanism, depo-

sition of the Horse Springs Formation took piace, resulting in interbedded siltstone, claystone,

conglomerate, limestone, tuffaceous sandstone, and minor tuff. Silicic volcanism began about

29 m.y. ago, during Horse Springs time. This activity resulted in widespread deposition of tuff's,

as well as extrusion of rhyolite lavas (Sinnock 1982). The volcanism was probably controlled by

concurrent extension of the entire area, possibly caused by back-arc spreading. The volcanism

was not directly derived from _ubduction of the Farallon Plate (Anderson 1989; Stewart 1978;

Eaton et al. 1978). Interbedded with these silicic tufts and rhyolites are minor deposits of basalt,

andesite, tuffaceous alluvium, and breccia. Most of these mid-Miocene eruptive centers occurred

to the west of our study area and include the Sleeping Butte, Silent Canyon, Claim Canyon, Oasis

Valley, and Timber Mountain Calderas, which overlap each other in the western part of the NTS

(Figure 7).

About 6 to 8 m.y. ago, silicic volcanism ceased and basaltic volcanisn, began (Sinnock 1982).

These basalt flows were much less extensive than their silicic predecessors. They generally oc-

I0



_. Location of the Walker Lane Belt and Calderas of the Greenwater-Shoshone Volca-
nic Field in Relation to NTS. YM, Yucca Mountain; FCFZ, Furnace Creek Fault

Zone; LVVSZ, Las Vegas Valley Shear Zone (Carr 1988)
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curred iv. the western half of the NTS and are located at Buckboard Mesa, Dome Mountain, Kiwi

Mesa, Skull Mountain, and Little Skull Mountain. These basalts differ from earlier Miocene and

Pliocene basalts in that the earlier basalts were "late-stage ... differentiates of the silicic parent

magma" (Sinnock 1982). The later basalts, hawalites, seem to be the result of extreme lithos-

pheric extension throughout the NTS at that time (Sinnock 1982).

Basin and Range extension seems to have begun at about the same time as silicic volcanism,

about 20 to 35 m.y. ago, and is possibly the result of back-arc spreading, mentioned earlier.

However, the present basins and ranges probably did not form until later than 15 to 20 m.y. ago
and follow the trends of earlier deformation (Ekren et al. 1968; Stewart 1978). Determination of

the timing of specific fault trend activity is unresolved. Ekren et al. (1968) state that inactive nor-

mal faults trend northeast and northwest, with the younger and perhaps still active set trending

north. Cart (1974) however, thinks the north trending faults in the NTS are inactive, and the

northeast trending faults are currently active. Cart supports this with evidence suggesting an

extension direction of N50°W at the NTS, which is also supported by Ander's research (I 984).

Strike-slip faulting and shearing also occurred at the NTS during the Cenozoic. Northeast-

trending, left-lateral strike-slip faults occurred in the central portion of the NTS along the Cane
Spring, Mine Mountain, and Rock Valley Faults (southern NTS). An east-trending, left-lateral

strike-slip fault occurred to the south of Syncline Ridge and rlght-lateral movement occurred

along a northwest-trending fault to the north of Syncline Ridge. Right-lateral movement also oc-

curred along the Walker Lane/Las Vegas VaUey Shear Zone (see Figure 7), which trends north-

west through the NTS (Hoover and Morrison 1980; Can" et al. 1974; Sinnock 1982). Age of move-

ment along this zone is uncertain. Albers (1967) believes that movement began in the early Ju-

rassic and in some areas lasted until the Middle Tertiary. Noting that range topography is bent

in some areas, Carr (1974) thinks that movement took piace after the present ranges were

formed. Ekren et al. (1968) believe that most movement along this zone took piace in the last 17

m.y. Can" (1974) also suggests that the left-lateral faults are really oblique slip and were formed

simultaneously with the Las Vegas Valley Shear Zone. He also thinks that activity along both

has decreascd since 11 m.y. ago, with little activity at present, and that the left-lateral faulting

is complementary to right-lateral shearing. Others think that the left-lateral faulting is related

to the currently active Garlock Fault in California, which could mean that left-! ateral faults at the

NTS are currently active (Suppe, Powell, and Berry 1975).

Deposition of alluvium at the NTS began 17 to 14 m.y. ago during the last phases of silicic

volcanism when current basins and ranges were being formed (Ekren et al. 1968; Sinnock 1982).

Deposition has continued to the present day and can reach depths of over 1,000 ft. in some of

the larger basins (Sinnock 1982; McKeown, Healey, and Miller 1976; Colton and McKay 1966).

STRUCTURAL GEOLOGY

The overall structural geology of the study area consists of variously oriented normal, thrust,

and strike-slip faults with folds and Joint sets usually following nearby fault trends (Figure 8).

The structural geology of the study area wiU be examined region by region.

Yucca Flat is an alluvium-filled basin, elongate north-south, with two major normal faults

running almost its entire length. These two faults, the Carpetbag and Yucca faults, define the

edges of a buried horst and graben structure (Sinnock 1982). Both faults join the northeast

12
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trending Boundary fault at the northern edge of Yucca Flat, and possibly Join the Cane Spring
fault to the south (Frizzell and Shulters 1990; Can" 1974}, Nuclear blasts beneath Yucca Flat

have caused movement along the Carpetbag and Yucca faults and have also created fractures in
the alluvium in Yucca Flat (Barosh i968; Sinnock 1982). Some of these fractures are radial or

concentric and are centered around ground zero. Others, however, follow one of the dominant
structural trends of this area (Barosh 1968; USGS 1977). A long _ystem of faults at the western

edge of Yucca Flat begins as a northwest trending, right-lateral, strike-slip fault and continues
southward toward CP Ridge as a normal fault (Cornwall 1972).

The Halfpint Range is characterized by northwest trending normal faults and folds; many of
these faults define valleys. A set of normal faults trend northeast in the Banded Mountain and

Paiute Ridge areas and Several small folds occur both in tufts and in the Sterling Quartzite in the

northeastern part of this region. These folds tend to be subparallel to nearby faults and Joints.
Joint sets in the north of this region mainly trend northwest or northeast, with a northerly and
an easterly trend in the Rhyolite Hills (Barosh 1968). Joint information regarding the southern

section of this region is sparse, but bedding generally strikes northeast and dips at moderate ( 15°

to 45°) angles to the west (Barnes, Christiansen, and Byers 1965; Hinrichs and McKay 1965; By-
ers and Barnes 1967; Frtzzell and Shulters 1990}.

Structurally, the CP Ridge area is very complex. Generally, normal faults trend northwest
with some tending to define valleys; a number of low-angle thrust faults occur in the western por-
tion of this region. The Cane Spring Fault, a northeast trending, left-lateral, strike-slip fault, cuts
the CP Ridge in the eastern segment of this area and continues to the southwest. The Carpetbag
Fault is thought to Join the Cane Spring Fault in the area of CP Ridge. Attitudes of bedding in

this region are varied and show no overall trend (Orkild 1968; McKeown, Healey, and Miller
1976).

The Mid Valley region is also structurally complex. In the south, ranges trend north-south,
and normal faults tend to parallel these trends. In the north, the Mine Mountain Fault, a north-

east-trending, left-lateral, strike-slip fault, cuts through the Mid Valley and part of Mine Moun-

tain. About 1.5 km southeast, a normal fault runs subparallel to the Mine Mountain Fault and

intersects it near Mine Mountain. The Mine Mountain Thrust Fault separates the eastern edge

of Mine Mountain from Yucca Flat. In the rest of this region, most fault trends vary from north-

west to northeast, and in some instances the faults define valleys. Joints in this region tend to

follow the trends of nearby faults and are mostly near-vertical. Attitudes of beds vary widely, and
there are no pervasive trends (Frizzell and Shulters 1990; Orkild 1963, 1968).

The Eleana Range region contains three dominant structural trends: northwest, north, and

northeast. There is no overall trend for ranges as there is in the Halfpint Range, but fault-con-

trolled valleys trend north and northeast. In the southeastern portion, Syncline Ridge trends

northeast, as do two basins, one north and one south. A normal fault runs the length of Syncline
Ridge and is cut by short normal faults that trend west and northwest. On its northeastern end,

Syncline Ridge is cut by a northwest trending normal fault. As mentioned eartier, a northwest

trending, right-lateral, strlke-slip fault enters Yucca Flat north of Syncline Ridge. There are also

north-trendhag thrust faults and north-to-northeast trending _ormal faults. Folds in this area,

including Syncline Ridge and synclines in the northern part of this, region, generally trend north-

east. Joint trends are varied and do not necessarily reflect the trends of nearby faults. Attitudes
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of bedding are also varied, but strikes tend to follow the trends of nearby faults (Frizzen and
Shulters 1990; Robinson 1985: Orkild 1963, 1968; Gibbons et al. 1963; Hoover and Morrison
1980).

The Quartzite Ridge region is not as heavlly faulted as other regions in the study area. Most
normal faults trend north, with a few west and northwest trends also present. The major fault

in this area is the northeast-trending Boundary Fault, which Joins with the Carpetbag and Yucca

faults on the northern edge of Yucca Flat. A fold is also present in this area--an anticline ha

Quartzite Ridge. The axis of this anticline plunges in a south-southwesterly direction. In the

eastern part of the region, a Joint set trends m the same general direction. Attitudes of bedding

vary widely (Frizzell and Shulters 1990; Barnes, Houser, and Poole 1963).

There is a possibility that faults and Joints lie beneath the alluvium of linear washes at the
NTS. Scott et al. (1984) showed that buried faults do indeed exist under the alluvium of some

washes at Yucca Mour_tain. The existence of similar features in our study area has not been

proven, but buried faults or Joints could control the topography of some washes.
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REMOTE GEOLOGIC STRU_ ANALYSIS

In the DEMs of the Yucca Flat study area, we used the RGA geomorphic pattern-recognition

and statistical hierarchical cluster analysis to identify zones of topography with anomalously

high concentrations of coplanar valley segments. This automated approach is a logical outgrowth

of conventional geomorphic analysis; however, it produces *features" that cannot necessarily be
identified or confirmed using conventional field or remote sensing methods. For this reason we
took considerable care to ensure identified plane sets were not serendipitous associations of un-

" related valleys. Whether the identified features are also correlative with geologic structures will
be discussed in a later section.

- Our analysis consisted of three parts. The first part was a geomorphic pattern-recognition

analysis in which we applied a valley-finder algorithm, a vector-fitting algorithm, and coplanar

analysis to the entire Yucca Flat DEM to identify coplanar valley segments that may be evidence
of erosional control by planar fracture zones. In the second part, we used statistical cluster anal-

ysis to locate zones of coplanar valley segments that were of anomalously high density (compared

with random associations), which were the final output of the remote analysis. In the third part,

we compared output of the remote analysis with topographic, geologic, and geophysical features

to evaluate structural significance. The following section describes the first two parts of our anal-
ysis; the next section describes the third.

COPLANAR ANALYSIS

Our RGA geomorphic analysis of Yucca Flat used Eliason's (1984) hypothesis that segments

of erosional valleys lying along approximately planar fault or fracture zones will be coplanar. The
automated RGA pattern-recognition approach 1) identified all points in the DEM that were lower

in elevation than their neighbors on both sides, 2) segregated those that formed contiguous

strings (valley bottoms), and 3) fitted vectors to colinear segments of the strings. The analysis
then compared every valley-segment vector with every other one to find those that are copianar

and calculated the location and orientation of the resulting planes.

This approach assumed that of all the stream valleys in a landscape, the parts of interest were

those lying along planar zones of fracturing or shearing that enhance erosion. We further as-

sumed, by using vectors fitted to segments of the valleys, that stream-vaUey segments of interest

for identifying planar shear zones are linear. These assumptions are reasonable because most

stream longitudinal profiles are only slightly curved, and a shear-zone-deflned valley is by defi-

nition almost straight in map view. There will be other linear valley segments in topography that

are not related to enhanced erosion along faults or fractures, but we assumed that the pattern-I

recognition analysis for planes would eliminate most of these uncorrelated vectors.

Digital Elev_tion M0d¢l

The Yucca Flat study area of the NTS comprises nine 1:24,000-scale U.S. Geological Survey

(USGS) quadrangles (see Figure 2). Early USGS DEMs were unsuitable for application of RGA

because the manual-profiling method used to generate them introduced east-west, linear-valley
artifacts that RGA was capable of detecting. During 1989, the USGS made available a new series

of 1:24,000-scale DEMs based on scanning and digitization of map contours, thus eliminating
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the linear artifacts produced by manual profiling. We obtained contour-to-grid DEMs for six of

the nine quadrangles of our study area; DEMs for the remaining quadrangles were prepared by
Markhurd Corporation, a company that routinely produces contour-to-grid DEMs for the USGS.

The resulting Yucca Flat DEM (Figure 9) was composed of 1131 pixels east-west by 1404 pix-
els north-south, with a node spacing of 30 m (98.425 ft.). Apparently, the DEMs from the USGS

and Markhurd are of equal quality; slight elevation mismatches at the edges are the result of

quadrangle-by-quadrangle interpolation of contour lines. Some edge "tears" are the result of
missing pixels in the USGS DEMs. Rather than attempt to repair these edge features, thereby
potentially introducing systematic errors into the data set, we ignored the vertical, north-south

or east-west planes detected along the edges.

Valleys

The valley finder identified low points in the digital topographic array by using a 7 x 7 node
detector hemal (Figure 10). The kema] checked whether the center pixel was lower in elevation

than the end-point pixels in one or more of the 16 independent directions possible in the 7 x 7

node array. To qualify as a "low point," the center pix_l had to be lower than the end-point pixels
by a *smoothing factor." The analyst specified the smoothing factor after trials to select a value
that minimized noise while still producing detailed valley networks. The high quality of the Yucca
Flat DEMs allowed us to use a smoothing factor of 3.05 m (10 ft.). Adjacent individual low points
were then strung into continuous valley bottoms with minimum lengths above a predetermined

threshold; isolated low-point pixels and strings shorter than the threshold were eliminated. To

accomplish the elimination, the valley finder used a 3 x 3 kernal centered on subsequent adjacent
low points to continue the strings along the maximum gradient. In this manner, 73,750 valley
string points were identified for the Yucca Flat area (Figure 11).

Vectors

The vector-fitting algorithm then broke the valley strings into linear segments by adding ad-

Jacent string pixels to a growing vector if the adjacent pixels fell within a user-specified colinearity

tolerance. "_reused tolerances on vector trend and plunge of 10° for the Yucca Flat analysis; a

new valley-bottom vector was started if subsequent adjacent pixels fell outside this tolerance. Af-
ter the vectors were identified, we used a linear least-squares fit to the pixels in each vector to
produce the final vector (represented by the fitted vector's two end points) in order to reduce the

influence of the DEM grid to thf_ extent possible by allowing vector end points to lie off the grid.
The 73,750 valley strings prod_._ced from Yucca Flat topography yielded 6,446 vectors (Figure 12).

P_laam
For the coplanar analysis, the program examined each pair of vectors in three-dimensional

space to determine if all four vector endpoints lay within a single plane. Each possible plane
contained three of the four end points; for each pair of vectors, then, four possible planes were

calculated. We t_id not expect that real valley vectors related to erosion along a fault would be

mathematically, :oplanar. The coplanar analysis algorithm allows several user-specified param-

eters, including coplanar and colinear tolerances, the pole-magnitude ratio, and the dip limit.

The coplanar tolerance was the maximum absolute angle between the poles (i.e., normals) to the

planes defined by each group of three vector end points. For analysis of Yucca Flat vectors, the
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FIGURE _. Digital Elevation Model for the Yucca Flat Study Area
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FIGURE 1 1. Low-Point Strings Detected in the Yucca Flat Study Area DEM by the RGA Valley
Algorithm
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_. Valley Vectors Produced for the Yucca Flat Study Area DEM by the RGA Vector Al-
gorithm
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value was 7°; planes with poles deviating from one another at angles >7 ° were not considered co-

planar. A collnear tolerance, which represents the minimum allowable angle between vectors,
was necessary because coplanar analyses cannot be conducted on absolutely coltnear vectors.
For this study, the colinear tolerance was set at 2°.

The pole-magnitude mtto was a tolerance specified with respect to the location, size, and ori-
entation of each pair of vectors. The ratio was calculated from the relative lengths and orienta-

tions of the two vectors being tested. Consideration of these quantities was necessary because

testing for coplanarity from a long vector to a short vector had a good chance of finding both
• planes coplanar; the reverse was not necessarily true. For example, Figure 13 illustrates the four

planes (A, B, C, D) that can be fit to two obviously non-coplanar vectors (1-2 and 3-4). If vector

, 3-4 is substantially shorter than 1-2, it is possible that planes A and B would be coplmlar within

the allowed tolerance while C and D would not. The cutoff pole-magnitude ratio we used for the

NTS analysis was 15, a value that worked well and had been determined by trial and error during
previous analyses.

The final parameter set for the Yucca Flat coplanar analyses was the dip limit. This limit is

the lowest dip for Which a plane will be calculated from coplanar vectors, an important consider-

ation because coplanar detections with higher dips arc more likely to correspond to real geologic

structures. Planes with dips < 30 ° tended to be random hits between gently plunging valley-bot-

tom vectors, and as such, should be ignored in coplanar analyses directed toward determining

relevant geologic structures. We used a dip limit of 40 ° for Yucca Flat coplanar analyses.

C

I B

A 4

2

FIGURE 13. Illustration of the Need for the Pole-Magnitude Ratio in RGA Cluster Analysis
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CLUSTER ANALYSIS

The RGA algorithms generated 26,473 planes for the Yucca Flat area ofthe NTS. The neces-
sary use of tolerances for both mechanistic and analytical reasons, however, increased the pos-
sibility of false planar correlations. Thus, to allow interpretation (i.e., to potentially identify real

geologlc structures), we needed to look for alignments of many closely spaced planes. Each plane
would be defined by Just two vectors, but as a group these closely spaced planes would delineate
a distinct and relatively continuous zone of valley vectors representing members of nearly parallel

planes.

Quantitative spatial screening and plane grouping were achieved by using cluster analysis, a
statistical evaluation used to derive meaningful plane sets (i.e., clusters) on the basis of their

anomalous properties. To facilitate statistical manipulation of such a large data set, the Yucca

Flat plane set was divided into two subsets solely on the basis of dip. The *inner" plane set com-

prised planes with dips ranging from 40 ° to 63 ° and was by far the larger subset, containing

19,308 planes. The *outer" data set, composed of 9,237 planes ranging in dip from 60 ° to 90 °,

slightly overlapped the inner set for continuity at the boundary. The pole to each plane was
uniquely specified to permit quantitative evaluation of the distribution in three-dimensional

space of the planes in these subsets. These poles were specified by using the polar coordinates
of strike (0), dip (_0),and distance (r) from a central reference l_oint. Because these coordinates
do not define an equivolurne space (i.e., a truly random distribution would exhibit a greater den-

sity in a portioxl of the 0-, _,, r-space), the variables were rescaled into Lambert space (see Ap-

pendix) so that random distributions would be uniformly spaced. Subsequent to rescaling, the

inner and outer data sets were broken into plane clusters using a version of the S-Plus (Becker,

Chambers, and Wilks 1988) Fastclust algorithm, a connected (single-linkage or minimum) clus-

ter routine wherehl two points (each uniquely specified in polar coordinates) are identified as

members of a cluster if their straight-line separation distance is less than a specified threshold

(radius). In the present analysis, this radius was 2° (0.035 radians) for 0 and _0and 1,666 ft (508

m) for r. These values were determined in previous, manual interpretations of RGA planes in

much smaller data sets. In the manual interpretations, the plane clusters were about 1.000 m

wide and contained planes with strikes and dips that varied about 5°. Using these criteria, we

derived 1,494 clusters from the outer plane set. The largest cluster contained 178 planes; most

clusters contained fewer than about 30 planes. As expected, more clusters were derived from the

inner plane set. The largest cluster contained 2,351 planes, the second largest cluster consisted
of 858 planes, and theremainder contained fewer than 300 planes.

Clusters containing 20 or more planes were further divided into subclusters. Subclusters

were determined using the S-plus (Becker, Chambers, and Wflks 1988) hierarchical cluster anal-

ysis algorithm applied to a Lambert metric in a compact or maximum clustering routine (see Ap-

pendix). The term metric refers to the means by which the distance between two points is mea-

sured; Lambert metric indicates that the variables were rescaled into Lambert space. The com-

pact clustering method was used to calculate the maximum distance between any point in one

cluster and any point in another cluster to determine if the two points belonged in a !single clus-

ter. Fox"example, two clusters were one if the maximum distance between any two points was

less than the threshold. The compact method produced compact clustering trees with distinct

subcluster groups (Figure 14) based on complex combinatior_ _f strike, dip, and distance.
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FIGURE 14. Representative Hierarchical Cluster Tree for RGA Plane Cluster
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These hierarchical clusters, in conjunction with a number of other important criteria, served

as the basis for selecting meaningful plane clusters believed to correspond to real geologic phe-
nomena. The additional criteria included identification of subcluster groups through viewing

clusters and subclusters on 'Lambert stereoplots containing the entire Yucca Flat plane set and
stereo-pair viewing of the single ,_lusters. The number of subclusters visible in Lambert stereo-
plots usually corresponded _o the number of subclusters present at the 0.2 level of breakdown in

the hierarchical tree. Below this threshold, subcluster groups were more tightly clustered, and
further subdivision appeared unnecessary when considering comparison to real-world geologic
structures.

Individual subclusters were selected for geologic ground-truth testing, and the traces of the
planes that composed them were plotted at relevant scales for comparative purposes. Subclus-
ters were selected ff their average dips Were >55 °, if the average location (strike, dip, and distance)

information they carried was not somewhat duplicated in another subcluster, and if they con-
tained about 15 to 20 planes. Subclusters containing fewer planes were considered (structurally)
less meaningful than larger subclusters. Using these guidelines, 13 subclusters from 10 clusters

of the outer plane set and 12 subclusters from 11 clusters of the inner plane set were selected

for analysis (Table I, Figure 15). The geologic relevance of these plane clusters is discussed in
the next section.

_. Significant RGA Plane Clusters for the Yucca Flat Study Area

Cluster No. of No. of Average Average Average
No. Planes Subclusters Strike Dip* Distance

1425 178 5 8.7 64.6 -34,637
1477 40 2 40.6 64.1 -40,914
871 29 2 19.8 69.4 -26,446

1450 26 2 340.5 66.5 '20,876
1202 25 2 191.3 62.5 35,093
1383 25 2 167.5 90.4 22,224
1434 23 2 351.1 62.3 21,370
1391 23 2 20.8 81.3 -40,478
425 21 2 281.4 61.4 -39,118
730 20 0 278.2 85.4 -24,397
884 165 4 282.3 58.0 -37,797

1840 113 5 274.4 57.1 30,355
1073 57 3 276.2 61.5 -22,313
909 42 3 50.0 60.0 10,327

2050 39 2 83.0 55.5 -51,752
2029 35 2 38.5 61.3 -39,512

935 35 2 44. I 59.9 i ,462 '
1407 30 2 350.3 56.0 - 19,366
566 29 2 77.7 57.0 36,895

1740 26 2 50.8 56.2 -9,040 •
1523 20 2 248.5 55.5 4,301

* Dip in accordance with the right-hand rule, i.c., when looking in the direc-
tion of strike, dip is to the right.
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FIGURE 15. Significant RGA Plane Clusters for the Yucca Flat Study Area
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CORRESPONDENCE OF PIMuNE,.CLUSTER SLTRFACE TRACES TO TOPOGRAPHIC.
GEOLOGIC. AND GEOPHYSICAL FEATURES

To evaluate the RGA results for Yucca Flat, we compared the RGA-generated valleys with vec-
tors to ensure they corresponded to actual topographic valleys. The only detectable anomalies in

the RGA analysis were spurious "valleys" at the edges of the individual quadrangle DEMs where

there were slight elevation mismatches or missing data.

As discussed in the previous section, 21 plane clusters met our significance criteria. Several
' of these clusters overlapped in strike and distance, but had different dips. Clusters 1383 (89.6 °

dip), 1450 (66.5 ° dip), and 1407 (56.5 ° dip), which form one set and are indistinguishable in map
. view (e.g., Figure 15), have radically different dips. This is also true of clusters 730 (85.4 ° dip)

and 1073 (61.5 ° dip), and clusters 871 (69.4 ° dip) and 1391 (83.5 ° dip). However, clusters 425

and 884, while mathematically distinguishable as separate clusters, have dips of 61.4 ° and 58.0 ° ,
respectively, and are parts of the same cluster for practical geologic purposes,

In order to assess the geologic significance of these 15 clusters, pairs, and triplets, we com-

pared the surface traces of the planes in each cluster with the following: topographic features,
mapped geology and geologic structures, fractures activated during nuclear tests, lithostrati-
graphic isopach and structural contour maps, three gravity anomaly plots, a plot of basin-fill

thickness modelled on the gravity anomalies, a magnetic anomaly map of northern Yucca Flat,
manual lineament maps of the Paiute Ridge quadrangle, and the shaded-relief image of the DEM.
Results of these comparisons are summarized in Table 2; details are discussed below.

CORRELATION WITH TOPOGRAPHY AND MAPPED FADLT_

We compared the surface traces of the 15 sets of clusters with the shaded-relief image of the

DEM to identify correlations with topographic features. Ali of the clusters had a number of align-

ments with very small valleys, but several clusters, such as 1434 and 871/1391 appeared to co-

incide with major valleys. Linear ridges may have been created by resistant blocks of country

rock left between parallel fault splays or as dip slopes in tilted, eroded layers of contrasting re-

sistance to erosion. Clusters 730/1031, 909, 1425, and 1434 all appear to be examples of this
behavior. Linear range fronts, which may be controlled by steeply dipping normal or reverse

faults but would not be detected by the initial geomorphic pattern-recognition method imple-

mented in RGA because they are not valleys, were consistent with several clusters. For example,
the south end of cluster 871 / 1391 correlates with the front of Shoshone Mountain, 909 with the

peak Just south of Shoshone Mountain, 1383 and 1202 with the northeast side of Mine Moun-
tain, and 1840 with the northern end of Banded Mountain.

A

Cluster-by-Cluster Correlations

By using the transparency of Figure 15 (in the inserted envelope), the 21 RGA plane clustersa

can be compared with a compilation of mapped faults in the Yucca Flat study area (Figure 8) and

with other geologic and geophysical data (shown in following figures). Correlations are in Table 2.

Plane Clusters 425 and 8_4

Cluster 425 lies mostly to the south of Yucca Flat in the Mid Valley and CP Ridge regions.

The strike of this cluster is approxlmately 281 ° and does not seem to correspond to any dominant
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_. Summary Correlations for RGA-Determmed Plane Clusters for Yucca Flat.* Notes
on foUowing page.

1383
425 730 871 1450 1477 '

Clusters884 566 10731391 909 935/2.Q2 14071425 _ 2029 _17401840 2050

Dips NNE SSENNE ESE SE SE WSW NE ESE NE SE NW SE NNE SSE

Gray1 1 0 0 0 1 I 0 1 0 -I I 0 0 1,-I 0
Gray2 I 0 1 0 I 2 0 I -I -I I,-I 2 2 2,-3 0
Grav3 1 0 2 0 3 1 " 0 1 - 1 - 1 1,- 1 2 1 3,-2 0

G Reg I 0 -I 0 0 0 0 -I 2 0 0 0 0 0 0
G Mod 1 0 0 -1 0 0 0 1 0 -1 I 1 1 I 0
Mag x x x 0 0 0 0 0 1 1 0 0 0 la 0
M Det x x x x 0 0 x x x - 1 x 0 x x x
Iso Old x x x x 0 -I x x x - 1 x 1 2 I x
Iso GC x x O x 0 ' -I x x x 0 x 2 2 i x
Iso FT x x. 1 x -I I x x x -1 x 1 I 1 x
Iso RM x x 1 x 1 -1 x x x 0 x -2 1 -1 x
Iso Ali x x I 0 0 I x x x 0 x 0 I - 1 x
SC GC x x x x 0 1 x x x 0 x 1 1 - 1 x
SC FT x x x x 0 1 x x x 0 x 1 0 0 x
SCRM x x 0 x -I 1 x x x -1 x 1,-1 -1 -1 x
SC AT x x x x -I 1 X x x 0 x 1 -I - 1 x

Orig x x x x 7 2 x x x 3 x 2 x x x
Shad x x x x 5 I x x x 3 x 3 x x x
Corr x x x x 3 1 x x x 5 x 4 x x x
MCS x x x x 4 3 x x x 5 x 5 x x x

Valleys 9 9 13 8 16 11 14 8 21 14 17 17 15 12 10
Fronts 0 0 0 1 1 0 -2 1 3 3,- 1 2 0 1 I 0
Ridges 0 0 1 0 I 0 0 0 1 1 0 0 0 0 0
Faults 2 3 0 1 8 4 12 4 12 4 5 3 1 0 2

Offset 0 1,-1 -1 2,-2 5,-6 3,-1 8,-7 5,-1 14,-6 5,-2 2,-3 0 -2 0 -2
Active 0 0 0 0 0 1 I 0 1 0 0 0 0 0 0

A

* Correlation of clusters with various geophysical, geologic, geomorphologic, and lineament
features. Numbers indicate the number of times each feature is observed. A minus sign
(-) indicates the cluster correlates with a reverse-fault sense of offset for the calculated dip
direction for that cluster. An (x) signifies that the cluster falls outside the bounds of the
map area for that particular feature. The map locations of several pairs (and one triplet) of
clusters overlap, so each multiple cluster is evaluated as a single entity.
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Notes for Tab|_ 2

Gray1 Gravity gradient sense (Dlment, Healey, and Roller 1960)

Gray2 Gravity gradient sense (Healey 1968)

Grav3 Gravity gradient sense (Ferguson et al. 1986)

G Reg Gravity gradient sense of the regional (Felguson et al. 1986)

G Mod Depths to Tertiary-Paleozoic unconformity based on modelling of gravity data (Fergu-
son et al. 1986) (Yucca Flat only)

° Mag Magnetic anomaly sense (Hinrichs 1968) (north part of Yucca Flat)

M Det Magnetic anomaly sense (Hinrichs 1968) (detailed study area)

a Cluster 1840 has the wrong dip of magnetic basement, but thicker volcanics deposited
' to the north create this effect

Iso Old Isopach of tufts older than Grouse Canyon Member {Ander 1984) (Yucca Flat only)

Iso GC Isopach of Grouse Canyon Member (Ander 1984) (Yucca Flat)

Iso PT Isopach of Paintbrush Tuff (Ander 1984) (Yucca Flat)

Iso RM Isopach of Rainier Mesa Member of the Timber Mountain Tuff (Ander 1984) (Yucca
Flat)

Iso Ali Isopach of Tertiary-Quaternary alluvium (Ander 1984) (Yucca Flat)

SC GC Structural contour map on base of Grouse Canyon Member (Ander 1984) (Yucca Flat)

SC PT Structural contour map on base of Paintbrush Member (Ander 1984) (Yucca Flat)

SC RM Structural contour map of Rainier Mesa Member, Timber Mountain Tuff (Ander 1984)
• (Yucca Flat)

SC AT Structural contour map of Ammonia Tanks Member, Timber Mountain Tuff (Ander
1984) (Yucca Flat)

Orig Compilation lineaments (identified by at least 3 out of 5 interpreters) picked on an
original thematic mapper (TM) image by Thiessen et al. (1986) (Paiute Ridge quadran-
gle only)

Shad Compilation lineaments based on shadow image generated from DEM (Thiessen et al.
1986) (Paiute Ridge quadrangle only}

Corr Compilation lineaments from a corrected TM, with shadowing removed (Thiessen et
al. 1986) (Paiute Ridge quadrangle only)

MCS Compilation lineaments based on a stereopair of the corrected TM (Thiessen et al.
1986) (Paiute Ridge quadrangle only)

Valleys Valleys visually identified on shaded relief image of study area prepared for the
present study

' Fronts Range fronts visuaUy identified on shaded relief image

Ridges Linear ridges identified on shaded relief image

, Faults Faults mapped on various geologic maps with no denoted offset sense, based on Friz-
zeU and Shulters (I 990) and others

Offset Mapped faults with a designated sense of offset (- indicates observed offset is opposite
to the one of the matching cluster) based on Frizzell and Shulters (1990) and others

Active Active faults (Figure 16, from Swadley and Hoover 1990)
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FIGURE 16,. Active Faults in the Yucca Flat Study Area (from Swadley and Hoover 1990)
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st1"uctural trends. Its eastern vectors originate in sm_tll valleys south of Plutonium Valley in the
Halfpint Range region. Cluster 425 crosses the southern tip of Yucca Flat and CP Ridge and runs
into the CP Hills. Small valleys in the CP Hills with the same trend as Cluster 425 produce vec-

tors in the middle of this cluster. The cluster then crosses Mid Valley and ends in valleys at the
western edge of the study area. The only structural features that parallel Cluster 425 are scat-

tered, small, west-northwest trending faults, and a Joint set in the Halfpint Range, CP Ridge, and
Mid Valley regions. Cluster 425 is subparallel to clusters 730, 1840, 1073, and 884 (discussed
below), which could represent an almost obscured, early structural trend (Frizzell and Shulters

, 1990; Hoover and Morrison 1980).

Cluster 884 begins in the southeastern part of the study area in the Halfpint Range and
, strikes 282 ° across southern Yucca Fiat, the CP Ridge and CP Hills, and Mid Valley, and ends in

low hills west of Mid Valley. "i_e valleys that generate the clusters do not contain mapped faults
or Joint trends. Near the southern end of Plutonium Valley and Yucca Flat, two normal faults lie
within Cluster 884 and strike parallel to it. Another fault in the CP Hills also falls within the clus-

ter and follows its strike. The remainder of faults and joint sets that parallel the cluster are dis-
tributed throughout the study area. Cluster 884 parallels clusters 425, 730, 1840, and 1073.

Together, these clusters could represent a minor west-northwest structural trend in our study
area (Frizzell and Shulters 1990; USGS 1977; Orkild 1963).

Plane Cluster _66

Cluster 566 begins in the southeastern portion of the study area in the Halfpint Range. lt

trends 258 ° across Plutonium Valley, southern Yucca Flat, the CP Hills, and Mid Valley. The

cluster ends in small valleys less than I km north of the Mine Mountain Fault. Although Cluster

566 does not parallel the Mine Mountain Fault, it parallels other faults and Joint sets in the re-

gion, as well as faults in the southern part of the Halfpint Range. The cluster also parallels nor-

mal faults in Banded Mountain, Paiute Ridge, and Syncline Ridge. Cluster 566 is subparallel to

Cluster 1523 and appears to represent the same structural trend (Frizzell and Shulters 1990;
Orkild 1963, 1968; Barosh 1968).

Plane Clusters 730 and IQ7_

Cluster 730 originates in valleys east of Plutonium Valley in the Halfpint Range and is sub-
parall,fl to the trend of Cluster 425. Cluster 73r_ crosses Yucca Flat with a strike of 278 ° and

ends in valleys southwest of Syncline Ridge. The vectors that generate this cluster do not seem

to correspond to valleys that are fault or Joint controlled. Cluster 730 is subparalle! to scattered

faults in the vicinity of Mine Mountain and Syncline Ridge, as well as a Joint set on Mine Moun-

, tain. This cluster is also subparaUel to a strike-slip fault southeast of Syncline Ridge. lt is pos-
sible that Cluster 730 represents an almost obscured west-northwest structural trend across the

NTS (Frizzell and Shulters 1990; Hoover and Morrison 1980).

Cluster 1073 begins in the southeastem part of the study area in the Halfpint Range. The

valleys that produced the vectors do not contain any mapped faults or Joint sets. The cluster

strikes 276 ° across Plutonium Valley, southern Yucca Flat, Mine Mountain, and ends in valleys

about 8 km west of Mine Mountain. These valleys do not contain mapped faults or Joint sets.

Cluster 1073 parallels very few structural trends except for a west-trending, left-lateral strike-
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slip fault about 1 to 2 km southeast of Syncline Ridge. The cluster is subparallel to a Joint trend
in this area and to a group of faults about 3 km east of Slanted Butte. Clu_4ter 1073 also parallels
explosion-induced fracture trends on Yucca Flat. i

Cluster 730/1073 is subparallel to clusters 1840 and 425 and may represent the same struc-
tural trend (FrizzeU and Shulters 1990; Hoover and Morrison 1980; USGS 1977}.

Plane Clusters 871 and 1391

Cluster 871 begins in the extreme southwestern portion of the study area and strikes about

20 ° past the western edge of Mid Valley. The duster continues over Synclme Ridge. isolating Syn-

cline Ridge from the rest of Eleana Mountain west of Yucca Flat, crosses the northwestern edge
of Yucca Flat, and ends in valleys on the eastern slope of Quartzite Ridge. The valleys that pro-
duced the vectors do not appear to contain either mapped faults or Joints. Cluster 871 parallels

faults and Joint sets in the Mid Valley, Eleana Range, Quartzite Ridge, and Yucca Flat areas and
is also subparallel to the anticline in Quartzite Ridge.

Cluster 1391 originates in valleys about 2 km west of the southern end of Syncline Ridge.
This cluster strikes 20 ° and ends in valleys 4 km southwest and 2 km west of Quartzite Ridge.
The southern'vectors of Cluster 1391 appear to originate in fault-controlled valleys, but its north-
em vectors lie in valleys that do not contain mapped faults or Joint sets. The cluster is parallel

and subparallel to faults and Joint trends in the Mid Valley, Eleana Range, Quartzite Ridge, and

Yucca Flat regions. Cluster 1391 is also subparallel to the anticline in Quartzite Ridge.

Cluster 871/1391 seems to represent a real northeast structural trend that is probably relat-
ed to that of Cluster 1202 (Frizzell and Shulters 1990; Barosh 1968; Orkild 1963).

Pl_ne Cluster 909

Cluster 909 begins in the Halfpint Range about 4 km east of Slanted Butte. Some of the val-

leys producing the vectors appear to be fault controlled. The cluster strikes between 230 ° and
231 o across Yucca Flat, the southern part of Mine Mountain and parallels the Mine Mountain

Fault. Cluster 909 ends in the slopes surrounding Mid Valley. The Mine Mountain Fault, a left-

lateral strike-slip fault, lies within 'this cluster for about 11 km. Other faults and Joints with
trends that parallel Cluster 909 lie in the Mid Valley, Syncline Ridge, and Banded Mountain ar-
eas. Also, explosion-induced fractures, as well as faults, parallel this cluster on Yucca Flat.
Cluster 909 is subparallel to clusters 1477, 935, and 1740 and appears to represerlt the same
northeast structural trend (Frizzell and Shulters 1990; USGS 1977; Barosh 1968; McKeown,

Healey, and Miller 1976; Orkild 1963, 1968).
I

Plane Cluater 935

Cluster 935 begins in the eastern portion of the Halfpint Range, strikes 225 ° across Yucca

Flat, and ends in valleys near the Mid Valley Fault, about 9 km southwest of Mine Mountain.
Some of the valleys on the cluster's northeastern end that generated the vectors appear to be

fault-controlled. The cluster itself parallels the Mine Mountain Fault and the ridge to the north

of the fault, as well as other faults and Joint trends in the area. Cluster 935 also parallels faults

and Joint sets in the Halfpint and northern Eleana Range, as well as faults and explosion-induced

fractures in Yucca Flat. In the Halfpint Range, the northern extent of the cluster seems to orig-
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inate in valleys related to northeast-trending folds and faults. Faults in the Banded Mountain

and Paiute Ridge areas also parallel the cluster. Cluster 935 is subparallel to clusters 1477 and
1740, and seems to reflect a northeast structural trend in the study area (Frizzell and Shulters
1990; USGS 1977; Barosh 1968; (_rl',ild 1963, 1968).

Plal_e Cluster 1202

Cluster 1202 begins in the extreme southwestern comer of the study area and strikes about

1I°. This cluster runs northeast Past the western edge of Mid Valley, about 2 km west of Syncline

• Ridge, then to the eastern portion of the Eleana Range (about 4 km southwest of Quartzite Ridge)
where one set of subclusters terminates. The remainder of the cluster ends in a valley about 3

km west of Quartzite Ridge. Cluster 1202 parallels two large ridges on its southern end; both are
about 6 km long. The cluster also parallels faults lying between these ridges; one of these faults

coincides with the cluster. Cluster 1202 parallels other normal and thrust faults in the Eleana
Range and Quartzite Ridge regions, as well as a fault on Yucca Flat. Joint trends in the vicinity
of Mine Mountain also parallel Cluster 1202, as does the anticline in Quartzite Ridge. Cluster
1202 is subparallel to Cluster 1425 (discussed below). Cluster 1202 appears to reflect a north-

northeast structural trend, possibly related to Mesozoic compression and subsequent Cenozoic
extension along existing planes of deformation (Frizzell and Shulters 1990; Orkild 1963, 1968).

Plane Clusters 1383. 1450. and 1407

Cluster 1383 generally lies on the western portion of Yucca Flat and trends approximately
167 ° to 171 ° subparallel to Cluster 1434. The vectors defining the southern position originate in

north-northwest-trendlng valleys in the CP Hills that appear to be fault controlled. The cluster

crosses the very eastern portion of Mine Mountain, the western edge of Yucca Flat, passes to the

east of Syncline Ridge, and crosses into the Eleana Range. The northem vectors of Cluster 1383

end in valleys about 6 km west of Quartzite Ridge. These valleys do not appear to be fault con-

trolled. Structurally, the cluster is subparallel to small normal faults and Joint trends in the CP
Ridge, Eleana Kange, and Halfpint Range regions, and to normal faults east and northeast of Syn-

cline Ridge. Cluster 1383 seem s to reflect a north-northwest structural trend across the study
area, as does cluster 1434 (FrizzeU and Shulters 1990; USGS 1977).

The southern end of Cluster 1450 originates in northwest trending valleys in the CP Hills, two
of which appear to be fault controlled. The cluster strikes about 341 °, continues into the Eleana

Range east c." Mine Mountain and Syncline Ridge, ro'ld ends in valleys 11 km west of Quartzite

Ridge, near the Gold Meadows Stock. Cluster 1450 parallels a number of structural features

both to the east and west of Yucca Flat. At its southern end, the cluster is subp_rallel to a num-

, ber of norrnal faults in the CP Hills and CP Ridge area, to the extreme southern end of the Car-

petbag Fault, and to a 5-km normal fault that lies about 2 km north of CP Ridge. Cluster 1450

is subparaUel to a 13-km-long segment of the northwest trending normal fault that lies along the

" western edge of Yucca Flat. Cluster 1450 also parallels many northwest trending faults in the
Halfpint Range and Yucca Flat. On Yucca Flat, the cluster parallels an explosion-induced frac-

ture trend about 3 km west of Paiute Ridge. This cluster also parallels Joint sets in the Mid Valley,

Mine Mountain, and Syncline Ridge areas, as well as a Jo, lt set near the northern extent of the

cluster near the Gold Meadows Stock. Cluster 1450 probably represents the same structural

trend as clusters 1383 and 1434 (Frizzell and Shulters 1990; Cornwall 1972; USGS 1977).
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Cluster 1407 starts in the CP Hills area, strikes 350 ° along the western edge of Yucca Flat,
and ends in the Eleana Range about 8 km west of Quartzite Ridge. The valleys that produced the
vectors at the southern end appear to be fault controlled; those at the northern end do not. The

cluster itself parallels many fault and Joint sets across the entire study area, including the Yucca

and Carpetbag faults, as well as faults and Joints in the CP Ridge and Halfpint Range regions.
Cluster 1_07, along with clusters 1383, 1434, and 1450, seems to reflect the most prom_ent
structural trend in the study area (_ll and Shulters 1990; Gibbons et al. 1963; H_-u'ichs and

McKay 1965; Orl_Id 1963, 1968).
t

Plane Cluster 1425

Cluster 1425 contains several planes with strikes ranging from about 9° to 15°. This cluster

begins in valleys west of Mid Valley, continues west of Syncl_e Ridge, and ends in valleys west
of Quartzite Ridge. Only a few valleys that generated the vectors deflv._g this cluster contain

mapped faults or Joint trends. However, the cluster as a whole does seem to represent an overall
north-northeast structural trend to the west of Yucca Flat that includes faults, Joint trends, and
fold ax_:_. A 9-.km-long normal fault in the Eleana Range parallels this fault, _,s does the anticline
in Quartzite Ridge and a portion of the syncline that lies 10 km southwest. Cluster 1425 is sub-

parallel to Cluster 1202 and probably reflects the same structural trend (Frizzell and Shulters

1990; Orkild 1968).
,.

• Plane Clu_l;_r 14_4

The surface trace of Cluster 1434 runs north-northwest in the Halfpint Range with a strike

of 351 °. The vectors that define the southern end of the cluster originate in north-northwest

trending valleys south of Plutonium Valley, and the cluster aligns with Plutonium Valley in the

south (0.5 km wide). Cluster 1434 extends northwestward along the eastern edge of Yucca Flat

and aligns with topographic breaks between the main mountains east of Yucca Flat and outllers
such as Banded Mountain and Camera Station Butte. The cluster then continues to the ea_it of

Banded Butte and ends in the Rhyolite Hills. This cluster is parallel and subparallel to the trend

of most of the ranges in the Halfpint Range, particularly surrounding Plutonium Vallej, Cluster

1434 parallels many of the high-angle normal faults in this range, especially those corresponding

to valleys in the southern part of the range. Cluster 1434 dips northeast to match several

mapped faults. The ridge associated with Cluster 1434 has a parallel fault mapped in the ridge.

In various places, at least 8 small faults (<5 km long) run inside the trace of this cluster. Cluster

1434 parallels a Joint set near Slanted Butte as well as two small folds on the northeastern edge

of the Halfpint Range and a thrust fault near the center of the range. Outside the Halfpint Range,

the cluster parallels the general trends of both the Carpetbag and Yucca faults, as well as many

smaller faults throughout the rest of the study area. Cluster 1434 seems to reflect a north-north-

west trending structural p,_ttem that includes the Yucca and Carpetbag faults, which could be

related to Mesozoic compression, and subsequently Cenozoic eJctension in the study area (FrizzeU
and Shulters 1990; USGS 1977).

Plane Clusters 1477 and 2029

Cluster 1477 begins in the Eleana Range about 7 km northwest of Syncline Ridge and strikes

about 41 °. lt crosses Quartzite Ridge and ends about 2 km to the northeast. This cluster paral-
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lels clusters 935 and 909, as well as the crest of Quartzite Ridge, and numerous small faults
along the length of the cluster. Cluster 1477 also parallels both the Boundary and Mine Moun-
tain Faults and explosion-induced fracture trends on Yucca Flat. This cluster seems to reflect a

northeast structural trend that includes normal, strike-slip, and thrust faults (Frizzell and
Shulters 1990; USGS I J77; Orkild 1968).

Cluster 2029 begins northeast of Quartzite Ridge, strikes 218 ° paralleling the ridge, and ends
about 27 km away in the Eleana Range. A subcluster begins near the northern flank of Quartzite

Ridge in a 4-km-long, northeast trending linear valley. This subcluster ends with the rest of the
8

cluster m the Eleana Range. The valleys that produced the vectors do not contain mapped faults

or Joint sets. Cluster 2029 parallels other Joint sets and faults throughout the study area, most
notably the Mine Mountain and Cane Springs faults, lt also parallels explosion-induced fracture
trends on Yucca Flat, as well as both Quartzite and Syncltne Ridges. Cluster 2029 is subparallel

to clusters 935, .909, and 1740 and reflects the same northeast structural trend (Frtzzell and

Shulters 1990: USGS 1977: McKeown, Healey, and Miller 1976: Orkild 1963, 1968).

plane Cluster 1523

Cluster 1523 starts m the Halfpint Range and strikes 249 ° across Yucca Flat to end in valleys
6 km southwest of Syncline Ridge. A subeluster begins In Synclme Ridge and also strikes 249 °
for about 6 Ian where it ends with the remainder of the cluster. Most of the valleys that produced

the vectors do not contain mapped faults or Joint trends, but the cluster does parallel other fault

and Joint trends In the rest of the study area. Parallels to faults and Joints mainly occur In me

area of Paiute Ridge, Banded Mountain, and Syncline Ridge; some parallels also occur near Plu-

tonium Valley. The faults and Joint sets In the area of Syncline Ridge are actually m the cluster,
as well as parallel to it. Cluster 1523 also parallels Cluster 566 and could possibly represent a

northeast structural trend (Frizzell and Shulters 1990; Orkild 1963, 1968; Barosh 1968; Gibbons

et al. 1963; McKeown, Healey, and Miller 1976}.

Plane Cluster 1740

Cluster 1740 begins near the eastern edge of the Hagpint Range. It strikes 231 ° across Yucca

Flat, runs south of Syncline Ridge, and ends in valleys 4 km south of Syneline Ridge. The valleys

that produced the vectors do not contain mapped faults or Joint trends. Cluster 1740 parallels
faults and Joint trends near Syncline Ridge, Mine Mountain, and in the Eleana and Halfpmt

Ranges; the Mine Mountain Fault, although this fault is about 10 krn south of Cluster 1740; and

small faults and explosion-reduced fractures on Yucca Flat. Syncline Ridge itself also parallels

the cluster, and the cluster passes through the valley that separates Syncline Ridge and Mine

Mountain. Cluster 1740 is subparallel to Cluster 1477 and seems to reflect a similar structurala

trend (Frizzell and Shulters 1990; USGS 1977; Barosh 1968).

• Plane Cluster 1840

Cluster 1840 begins in the Halfpint Range, strikes 274 ° across Yucca Flat, and ends in the

Eleana Range. The valleys that produced the vectors for this cluster do not appear to be fault or

Joint controlled, although small faults with a similar attitude occur in valleys near Cluster 1840.
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Only one Joint set is subparallel to Cluster 1840 on its western side, and it lies about 8 km south.

There are only a few faults in the immediate area that parallel the cluster, but faults near Syn-
cline Ridge and Patute Ridge are subparallel. This cluster is subparaBel to clusters 425 and 730
and is probably part of the same structural pattern (Frizzell and Shulters 1990; Hoover and Mor-
rison 1980; Orkild 1963).

Plane Cluster 2050

Cluster 2050 lies north of Yucca Flat in the Eleana Range and Quartzite Ridge regions and
strikes 83 °. One subcluster begins in a west-trending valley about 2 km south of the Gold Mead-

ows Stock; this valley does not contain mapped faults or Joint sets. The subcluster ends on the
eastern flank of Quartzite Ridge in a valley that does not appear to be fault or Joint controBed.
The remaining subclusters begin in valleys 4 to 5 km west of Quartzite Ridge and end near the

northeastern corner of the study area. These valleys do not contain mapped faults or Joint sets.
Joints in the Gold Meadows Stock and a stock 8 km southeast of Quartzite Ridge are either par-
allel or subparallel to Cluster 2050, but there are few parallel faults in the cluster area itself. A

3-km-long east-northeast trending valley near the eastern end of the cluster is subparallel, but

this valley does not contain mapped faults or Joint sets. There are some faults and Joint sets in
the Halfpint Range and the Syncline Ridge area that are subparanel to this cluster, but relate
better to other clusters further to the south.

Correlation with Nuclear Tcst-lnduced Fra_;ur_#

Barosh (1968) mapped fracture patterns that were activated during nuclear testing events

(Figure 17). Cluster 1740 matched a whole family of northeast-oriented fractures that parallel
bedrock Joints and faults on Banded Mountain. Cluster 935 is parallel to this trend and also

matches bedrock Joints, but not explosion fractures. This is also true of Cluster 1434, which is

oriented north-northwest. Cluster 1840 matches several east-west explosion-activated trends.

Correlation with Field-Mapped Fractures_ _

In an earlier study, we mapped 7 faults, 20 open Joints, 12 filled Joints, and 133 plain Joints
in the western portions of the Palute Ridge quadrangle study area. A contoured, lower-hemi-

sphere Schmidt stereonet of poles to these fractures, with the average strike and dip of each clus-
ter, is shown in Figure 18. One can see that a number of the peaks match or are close to poles
to clusters. However, there is a general tendency for all field mappers to preferentially identify

steep to vertical fractures, whereas our RGA geomorphic pattern-recognition method gives equal

weight to planes with shallower dips. As a result, several of the clusters map at gentler dips (to-
wards the center of the stereonet) than the apparently correlative field data concentrations. The

t

field data base includes only 172 data, which are not enough for statistical validity in identifying
maxima.

CORRELATION WITH SUBSURFACE AND GEOPHYSIC_AL DATA

Isopacll and Structural-ContQ_r Maps

Ander (1984) used logs of over 300 drill holes to prepare a series of isopach and structural

contour maps. Figure 19 is an isopach map of tufts oi.der than the Grouse Canyon Member of

the Belted Range Tuff. This stratigraphic interval ranges iri age from 30 to 13.8 m.y. old. Most
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FIGURE 17. Correlat_ion of RGA Plane Clusters with Fractures Induced by Nuclear Tests (aider
Barosh 1968)
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_. Isopach Map of Tufts Older than the Grouse Canyon Member of the Belted Range
Tufts (Ander 1984). Thicknesses in meters; dotted line--Yucca Flat outline, heavy
lines--mapped faults
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of the contours are dashed, indicating a lack of borehole control points in these deeper units.
Yucca Fault is the north-south bold line through the center, other recently active faults are also
mapped with heavy lines and include the Area 3 Fault in the eastern portion of the basin (Dickey

1968). Ander (1984) noted that deposition of this unit was not controlled by the Yucca or other
faults. A thicker zone north of Cluster 1840 manifests a structure that controlled an early vol-
canic depocenter, as also indicated by the magnetic high in this region (see Figure 28 below).
Clusters 1523 and 1740 align with northeast-oriented thickenings and thinntngs of these units.
Clusters 935 and 1434 are aligned along the east side of the fiat.

t

The northern deposit.tonal center, possibly controlled by Cluster 1840, was particularly well
developed during deposition of the Grouse Canyon Member, a distinctive peralkalme tuff 13.8
m.y. old (Figure 20). Clusters 1740 and 1523 align with a northeast-oriented graben through the
middle of Yucca Flat, as shown by thickening of the Grouse Canyon member. The clusters exhibit
the proper dips for this structure.

Isopachs (Ander 1984) of the Paintbrush Tuff combined with three adjacent units (Figure 21)
show that the northern depositional basin, aligned with Cluster 1840, was still partially active
during the period 13.5 to 12.5 m.y. ago, as enumerated in Table 2. The central basin, between

clusters 1523 and 1740, is nicely defined. Just south, Cluster 935 may be related to the northern

edge of the thickest portion of the Paintbrush Tuff. The southern edge of this unit is located at
the north-dipping Cluster 730/1073.

The northern depositional basin was no longer active during the deposition of the Rainier
Mesa Member of the Timber Mountain Tuff, 11.1 m.y. ago (Figure 22). The central basin, between

clusters 1523 and 1740, has been replaced by a depocenter to the south, straddling Cluster 935,
which may correlate with a fault-aligned valley system. Cluster 909 aligns with a gradient in the
isopach map, but the southeast dip does not match the depocenter northwest of this feature.

Cluster 730/1073 aligns with the southern edge of the deposltional basin.

An isopach map (Ander 1984) of Tertiary through Quaternary alluvium(Figure 23) shows that
Cluster 1840 aligns with the northern edge of the deposltional basin, although it has a northward
dip. Cluster 1740 dips into a central basin and aligns with deflected contours along the western

part of the map. The thickest deposits are in the southern portion of Yucca Flat and may be par-
tially controlled by Cluster 909 (south dip) and Cluster 730/1073 (north dip). Ander (1984) no-

ticed the Yucca Fault and other north-south oriented faults appeared to be active only during the
deposition of these units, during which time they controlled thick sequences of younger litholo-
gies.

A structural contour map (Ander 1984) on the base of the Grouse Canyon Member (Figure

24) shows that this lithology is down-faulted into a graben between clusters 1740 and 1523, par-

ticularly west of Yucca Fault. Southeast-dipping Cluster 935 aligns with a down-drop in the unit

to the southeast. Cluster 1840 aligns with the north end of the unit.

Figure 25 depicts Ander's (1984) structural contour map on the base of the Paintbrush Tuff.

The small side graben in the Halfpint Range that has a good correlation with gravity values (see
below) can be seen as a flexure in the contours between clusters 935 and 1523.

An offset in the Rainier Mesa Member (Figure 26) aligns with clusters 1740 and 1523, which

also appear to correlate with the boundaries of a small horst Just west of Yucca Fault. Cluster
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_. Z_pach Map of "l"td_s of the Grouse Canyon Member of the Belted Range 'l_n_s
(,Ander 19841. Thicknesses m meters; dotted ]lne--¥ucca Flat outline, heavy l_es----
mapped faults
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F.IQ.T,_._L Isopach Map of Tufts of the Paintbrush Tuff and Three Adjacent Units (Ander
1984)• Thicknesses in meters; dotted line--Yucca Flat outline, heavy lines--
mapped faults
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FIGURE 22. Isopach Map of the Rainier Mesa Member of the Timber Mountain Tuff (Ander

1984). Thicknesses in meters; dotted line--Yucca Flat outline, heavy lines--
mapped faults
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_. Isopach Map of Tertiary Through Quaternary Alluvium (Ander 1984). Thicknesses
in meters; dotted line---Yucca Flat outline, heavy lines--mapped faults
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FIGURE 54. Structural Contour Map of the Base of the Grouse Canyon Member of the Belted
Range Tufts (Ander 1984). Elevations in meters; dotted line--Yucca Flat outline,
heavy lines--mapped faults
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_. Structural Contour Map of the Base of the Paintbrush Tuff"(Ander 1984). Eleva-
tions in meters; dotted line--Yucca Flat outline, heavy lines--mapped faults
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FIG_ 26. Structural Contour Map of the Base of the Rainier Mesa Member of the Timber
Mountain Tuff (Ander 1984). Elevations in meters; dotted line--Yucca Flat outline,
heavy lines--mapped faults
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935 matches a gradient along the east side of the Yucca Flat. Cluster 909 may be related to a

reverse offset of the structural contours, although they are not extended into this area.

The structural contour map (Ander 1984) of the Ammonia Tanks Member of the Timber

Mountain Tuff (Figure 27) shows a well-correlated down-dropping northwest of Cluster 1523 on

the east side of Yucca Fault. Cluster 935 also shows a good correlation with a southeast down

dropping. Clusters 909, 1740, and 1840 align with gradients in the contoured surface.

Ander (1984) observed that the Yucca Fault and related faults offset the four structural con-

tour maps of the tufts by approximately equal amounts. Therefore, all of these units were de-
posited prior to the time Yucca Fault became active. The Yucca, Area 3, and Carpetbag faults
exhibit activity at the present tlme, particularly following a nuclear test in the vicinity (Dickey

1968).

Gravity Anomalies

A number of studies have examined the Bouguer gravity field of Yucca Flat and vicinity (Di-

ment, Healey, and Roller 1960; Healey and Miller 1963; Healey 1966, 1968; Ferguson et al. 1986).

Figure 28 illustrates the reasonable distribution of gravity stations (circles) for the area. Most

gravity data points were apparently collected along profiles. The mountains fringing Yucca Flat

exhibit higher gravity values (- 155 to - 140 mgal) reflecting the denser nature of the bedrock com-

posing them. The low gravity values (- 170 mgal) of Yucca Flat are due to the less dense basin fill.

Cluster 1477 correlates with a gradient from -155 to -160 mgal in the northwest comer of Yucca

Flat, as shown by the heavy black line. Cluster 1383/1450 aligns with a - 140- to - 165-mgal gra-

dient along the southwest margin of the basin. Both of these clusters dip into the basin, corre-

lating with the expected direction of the gravity gradients; they also match fronts of mountain

ranges defined in the topography. In both cases, the cluster traces are displaced slightly away

from Yucca Flat. The initial RGA geomorphic pattern-recognition approach finds stream valleys.

and not range front scarps. Most likely, thf" ,pproach finds manifestations of a large number of

subparallel fracture systems that comprise part of the major range-front fault system. Because

this method cannot effectively find valleys in the low topographic relief of Yucca Flat, these frac-

tures are detected only in the surrounding mountains, tund the main range-front faults must be

inferred as lying parallel to and inboard (relative to Yucca Flat) of the RGA clusters. Improved

geomorphic pattern-recognition methods in development for our RGA system will be able to iden-

' tify the range-front scarps directly and win eliminate this problem.

Cluster 425/884 dips north and correlates with the southern termination of the gravity min-

imum of Yucca Flat. Cluster 909 is aligned with the southeast side of Mine Mountain (where.it

matches normal faults} and with a gravity feature. A major valley indenting the east side of Mine

Mountain has a gravity flexure matching Cluster 935. Cluster 1840 matches both the north end

of a gravity maximum in Yucca Flat and a gradient from -165 to -170 mgal Just to the east.

Cluster 1434 correlates with the southeastern edge of Yucca Flat in a similar range-front fault

scenario (Figure 28, Table 2); however, it dips 62.3 ° to the east. Several mapped faults have sim-

ilar orientations, as discussed in the previous section, and Cluster 1434 is probably related to

them. In addition, the northem extension of Cluster 1434 aligns with a range-front fault s)_em

defining the west side of Emigrant Valley to the north and has the proper dip.
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FIQIJRE 27. Structural Contour Map of the Base of the Ammonia Tanks Member of the Timber
Mountain Tuff (Ander 1984). Elevations in meters; dotted line--Yucca Flat outline,
heavy lines--mapped faults
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FIGURE 28. RGA Plane Clusters with Corresponding Bouguer Gravity Anomalies (rngal) aider
Diment, Healey, and Roller (1960)

52



Figure 29, a more recent version of the complete Bouguer gravity field (Healey 1968), illus-
trates all of the correlations seen on the earlier map and allows definition of smaller structures.
Spec_cally, Yucca Flat's gravity mlnlmum (diagonal patterning on Figure 30) is split by a north-

northwest-trending series of maxima (dotted pattern), possibly relating to an interbasln horst
structure. Clusters 1523 and 1740 bound a saddle in the gravity values along this horst. These

clusters may correlate with a down-dropped block along the horst at this location. Similarly, on

the east side of Yucca Flat, the Halfplnt Range shows a gravity low corresponding to a possible
graben and to clusters 935 and 1523. Truncation at the north end of the gravity maximum along

, Halfpint Range is aligned with Cluster 1840, with a northward dip. This same cluster correlates
with the north end of the horst within Yucca Flat as weil. Cluster 730/1073 correlates with a

cross gradient at the southern end of the Halfpint Range. This map fills in the void along the
western side of the study area in Figure 28, and clusters 1477 and 1425 can both be seen to cor-

relate with gradients on the west side of the Eleana Range.

Ferguson et al. (1986) used Bouguer gravity to model the depths of the Tertiary/Paleozoic

contact under Yucca Flat. Figure 30 shows their updated version of the gravity, with essentially

the same relationships that were seen on Healey's (1968) map (Figure 29). Ferguson et al. (1986)
calculated a Fourier trend surface to the gravity values lying in the surrounding bedrock regions

(Figure 3 I). Gradients in this trend surface show some correlation with Cluster 1425 (the cluster

with the most planes) in the Elear_ Range and Cluster 1383/1450/1407. Cluster 730/1073,

which dips to the north, correlates to a southward decreasing gradient into a minimum under

the southern portion of Yucca Flat. Cluster 425/884, also dipping to the north, coincides with

the southern gradient of this same minimum.

Figure 32 (Ferguson et al. 1986) is a model of depths to the Tertiary/Paleozoic unconformity

underlying Yucca Fiat. This figure suggests the same relationships as the previous two Bouguer

anomaly maps for the Yucca Flat itself. In addition, the northwest limit of the basin west of the

horst correlates with Cluster 871/1391. The small features discussed in the Half Pint range are

not included on this plot.

Magnetic An0m_lie@

A map of magnetic anomalies for the northern part of the Yucca Flat (Hinrichs 1968) appears

as Figure 33. We would expect major fault and fracture systems to control magnetic gradients

or low zones related to alteration and hydration. We would also expect volcanic rocks to show

higher magnetism than either the Paleozoic basement or unconsolidated alluvium in Yucca Flat.

The highest magnetizations appear to be due to the Mesozoic-aged Gold Meadows, Climax, and
Twinridge stocks. Location of the Gold Meadows Stock correlates with the intersection of clusters

, 2050 and 1202. The Climax stock is close to the intersection of 1477 and 2050. Cluster 1434,

with a northeast dip, correlates with a down-drop in the magnetic basement to the northeast, as

shown by a decrease in magnetizations. Clusters 1425 and 1840 show similar correlation with

offsets in the magnetic basement. Isopach maps discussed earlier indicate a depositional basin

of Tertiary volcanics to the north of this offset, matching the observed magnetic anomaly. This

correlation, is designated with an "a" in Table 2.

The enclosed lows (hachured contours) in the northwest part of Figure 34 match an appar-

ently reversely magnetized lava flow vnit. The low in the south center corresponds to Yucca
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FIGURE 29. RGA Plane Clusters with Corresponding Bouguer Gravity Anomalies after Healy
(1968). Dotted patterns--maxima, diagonal lines--minima, all values are negative
Irngal_
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FIGURE 30. RGA Plane Clusters with Corresponding Bouguer Gravity Anomalies after Ferguson
etal. (1986)
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FIGURE 3 I. RGA Plane Clusters with Corresponding Regional Gravity Anomalies (Fourier trend
surface after Ferguson et al. 1986)
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_'IGURE 32. RGA Plane Clusters with Model of Depths to Tertiary/Paleozoic Unconformity (Fer-
guson et al. 1986)
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_. Magnetic Anomalies (in gammas) for the Northern Portion of Yucca Flat (Hinrichs
1968). Black zones are intrusive bodies, hachured boundary shows area of Figure
34.
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_. Detailed Magnetic Anomalies (in gammas) for Part of Yucca Flat (see Figure 33)
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Fault, A detailed study of the diagonally ruled area on these figures is shown in Figure 34, The
Yucca Fault anomaly has been resolved into a north-south boundary between a low to the west

and a high to the east, Cluster 1434 aligns with the north-northwest oriented anomaly right

along the east side of this detailed study area; no other clusters cross this area.

CORRELATION WITH YIELD RESIDUALS

We compared the RGA plane clusters with a map (Figure 35) _f yield residuals for seismic

yield-magnitude models of 160 nuclear-weapon tests atYucca Flat (Eileen Vergino, written com-

munication, 24 June 1991) to evaluate the ability of RGA to partition the test area into blocks of

systematically different behavior. This is a preliminary evaluation, because we have used these
residuals without consideration of their source or derivation, have not considered other factors

such as proximity to the water table or Paleozoic basement that might also affect yield residuals,
nor have we attempted to develop yield-magnitude models assuming that the blocks may have
systematic differences. Nevertheless, we can see in Figure 35 that the RGA plane clusters appar-
ently do not divide the down-dropped block under Yucca Flat into sub-blocks that have distin-

guishably different model residuals. Rather, the RGA plane dusters apparently affect model re-
siduals for tests conducted in the cluster *zones"', residual values there are in most cases signif-

icantly different from those in the bodies of the sub-blocks away from the duster "zones." How-

ever, at present we do not know enough about the derivation of the residuals to designate this a

compelling correlation. Because this correlation is a direct approach to evaluating the relevance
of our RGA pattern-recognition methods to seismic treaty verification, we recommend that future

work to evaluate the correlation between RGA plane clusters and yield residuals begin with re-
evaluation of the residuals themselves as well as including the other geologic and geometric fac-
tors described above.

CORRELATION WITH MAPPED LINEAMENTS

Thiessen et al. (1986) prepared a number of remote sensing images of the Paiute Ridge quad-

rangle, the central quadrangle along the east side of our nine quadrangle study area. Five differ-

ent interpreters prepared lineament interpretations. Lineaments that were identified by at least

three operators were considered high confidence features. Four different page-size images of this

quadrangle were used, the original thematic mapper (TM) image acquired in March, a shaded-

relief image based on a DEM of the quadrangle, the TM image with the shadows removed to cor-

rect for illumination effects, and the shadow-corrected image as a stereopair. Four of the clusters

cross into the detailed lineament study area, with Cluster 935 intersecting only the northwest
comer.

Figure 36 (also listed in Table 2) shows lineaments based on the original TM image of the

Paiute Ridge quadrangle. Cluster 1523 matches 2 high-confidence lineaments, 935 aligns with

2, and 1434 with 3, Cluster 909 feeds into a series of 7 lineaments in the first ridge east of Yucca
4

Flat. This ridge contains two mapped faults with the proper southeast dip.

High-confidence lineaments (picked by at least 3 of 5 interpreters) based on interpretation of

a shaded-relief image of the DEM are shown in Figure 37. Cluster 909 matches 5 features; 2

appear to be the coplanar valley bottoms that define some of the three-dimensional planes in this

cluster. Clusters 1434 and 1523 both have 3 matches, and 935 has i,
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_. Yield Residuals for 160 Nuclear Weapons Tests at Yucca Flat (arbitrary scale; Ei-
leen Vergino, written communication, 24 June 199 I)
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_. Lineament Map of the Paiute Ridge Quadrangle, NTS, Based on Landsat TM Image
fI'hiessen et al. 19861
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_Z. Lineament Map of the Paiute Ridge Quadrangle, NTS, Based on Shaded-Relief Im-
age of DEM (Thiessen et al. 1986)
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Lineaments can be based on 2 major effects. The i_,rstof these is the tonal and color anom-
alies at a location due to soil, lithologic, and vegetation c_ntrols. The other effect is topographic
(valleys, range fronts, ridges), which can be portrayed either as shadowing or a stereopair. Figure

37 shows the effects of a pure shaded-relief (shadowed Lambert reflector) image. A purely color/
i

tonal image was produced in which the topographic shadowing effect was removed. Figure 38
suggests that 5 lineaments match Cluster 1434, 4 correspond to Cluster 1523, 3 correspond to
Cluster 909, and I matches Cluster 935.

For the last lineament study, the corrected TM image was recalculated using the DEM to cre-

ate a stereopair. Figure 39 presents features found by at least 3 of the 5 interpreters. Cluster
1434 matches 5 lineaments, Cluster 909 matches 4, Cluster 935 correlates with 3 lineaments,J

and Cluster 1523 with 5. Apparently, the corrected stereopair gives the highest number of

matches to the high-confidence lineaments. These results agree with the Thiessen et al. (1986)
observation that the corrected stereopair produces the best orientation plots (rose diagrams) with

the least shadowing effect. '

Several of the high-confidence lineaments were verified in the field. One of them, parallel to

Cluster 1434, was actually one of a number of igneous dikes parallel to the fracture trends. This

feature was detected 14 times of the possible 20 (5 interpreters of 4 images). Another of the lin-
eaments parallel to Cluster 1434, found 16 times, was a change in stratigraphy. A wen defined

lineament, found 15 of 20 possible times, is directly associated with the southeast_dipping Clus-
ter 909. This lineament was examined in a pit in the field and found subparallel to several small

northeast-oriented faults striking from N64°E to NSO°E with dips from vertical to 80°SE.
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_. Lineament Map of the Paiute Ridge Quadrangle, NTS. Based on Shadow-Corrected
Landsat TM Image (Thiessen et al. 1986}

65



__C_. Lineament Map of the Paiute Ridge Quadrangle, NTS, Based on Stereographic Pro-
Jection of Shadow-Corrected .Landsat TM Image (Thiessen et al. 1986)

66



CONCLUSIONS

The initial geomorphic pattern-recognition method implemented in our RGA system was de-
signed to detect nearly linear zones in topography that have anomalously large numbers of co-

planar valley segments. Our proof-of-principle analysis of the high-quality DEM of the Yucca Flat

area of NTS demonstrated that this approach accurately detected valleys in the DEM, performed

accurate coplanar correlations, and isolated statistically meaningful clusters of planes that could

be ranked in order of significance, lt is not enough, however, to show that the geomorpb_c pat-

' tern-recognition algorithms faithfully performed as designed; we must also evaluate the results
in terms of their geologic significance and implications for seismic wave propagation relevant to

. verification of arms-control treaties.

(_EOMORPHI(_ EVALUATION

The current pattern-recognition method in our RGA analysis finds only stream valleys and
not scarps, offset streams and terraces, or other manifestations of faulting; development of ad-

vanced RGA pattern-recogniUon algorithms for identifying these features is in progress. Because

its current pattern-recognition analysis spatially integrates specific erosional features that are
preferentially related to surficial fractures, it is most likely that RGA finds associations of large

numbers of subparallel fractures in the upper few kilometers of the earth's crust that manifest
faults or folds at greater depth. The significant plane clusters found at Yucca Flat support this

hypothesis; they are typically 1 to 2 km wide and contain dozens to hundreds of individual
planes. If the clusters represent "flower structures" developed in the 2 to 5 km of crust overlying

basement folds and faults, we would expect Just such zones.

Previous methods of geomorphic analysis simply could not find such associaUons of valleys;

they are not visible even to the trained geomorphologist. Lineament analysis, which is probably
the closest predecessor approach, relies on associations of features that are colinear in map view.
The RGA results are consistent with previous lineament studies of the Paiute Ridge Quadrangle

at the eastern edge of the Yucca Flat study area, but make coplanar associations over much long-

er distances than the manual lineament analyses could reasonably attempt.

GEOLOGIC EVALU_TIO[_

Yucca Flat has been the subject of many detailed geologic and geophysical investigations, in

part to support the nuclear-weapons testing conducted there. These investigations produced a

wealth of useful data, which was the reason we chose Yucca Flat for our test application, despite

its geologic complexity. We correlated RGA plane clusters with geologic and geophysical data for

• Yucca Flat, including mapped faults and Joints, active faults and explosion-induced fractures,

isopachs and structure-contour surfaces for rocks underlying Yucca Flat, gravity anomalies, and
magnetic anomalies. We found strong correlations between plane clusters and apparent struc-

tures in the subsurface; nondetection or offset indications of structures mapped at the surface

are explicable artifacts of the current RGA method of analysis.

• Not surprisingly, numerous strong plane clusters correlate with the range fronts facing
Yucca Flat on the east and west. In both cases, the cluster traces are displaced slightly
away from Yucca Flat. Because the initial pattern-recognition method used by RGA cannot
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effectively find valleys in the low topographic relief of Yucca Flat, these fractures are detect-
ed only in the surrounding mountains, and the main range-front faults must be inferred as
lying parallel to and inboard (relative to Yucca Fiat) of the RGA clusters. Pattern-recogni-
tion methods under development for RGA will eliminate this problem in future analyses,

• Also not surprisingly, no RGA clusters were found defining the Yucca Fault; its active scarp
across Yucca Flat is visible in the shaded-relief image of the DEM, but it is not a valley and
so is not detected by RGA. Pattern-recognition methods under development for RGA will
eliminate this problem in future analyses.

• While segments of RGA plane clusters correlate with numerous mapped faults, including
the Mine Mountain Fault, no single fault or associaUons of fault zones seem to correlate
with a substantial length of the RGA plane clusters. In part, this is an artifact of the study
area; the relief of Yucca Flat is too small for the initial RGA pattern-recognition method to
detect any valleys. Its active scarp across Yucca Flat is visible in the shaded-relief image of
the DEM, but it is not topographically expressed as a valley and, as such, is not detected.
Overall, however, we think that significant RGA plane clusters manifest larger structures
than those mapped at the surface in the area of Yucca Flat.

_tj,

• This supposition is borne out by correlations of Yucca Flat-crossing RGA plane clusters

with features found inisopach, structure-contour, gravity-anomaly, and magnetic-anomaly
maps of Yucca Flat. All of the RGA plane clusters that cross Yucca Flat correlate with linear
features, such as truncations, thinnings, or offsets, in these maps of subsurface features.
Further, few features are found in the maps that are not associated with one of these clus-
ters. The associations are compelling in the central part of Yucca Flat. less so at the north-
em and southern boundaries. Possibly. the smaller number of correlations north and
south result from a relative lack of data.

We are confident that the RGA study of Yucca Flat identified significant fracture zones that,
in addition to defining the obvious Basin-and- "Range structural bounds of Yucca Flat, affect the

down-thrown block underlying the basin and carry through into the bounding ranges. Because

most of the Basin-and-Range bounding faults in this region are thought to be listric, we cannot
project the apparent structures defined by the current RGA system to depths greater than 2 to 5

km. Three-dimensional characterization and advanced studies based on deep crustal reflection

and refraction seismology to constrain fault-surface geometry and enhanced RGA methods (for

example, fitting of nonplanar surfaces to clusters) would be necessary for such a projection.

SEISMIC EVALU¢kTION

We have been able to define planar zones that divide the down-dropped block underlying Yuc-

ca Flat into 5 or more sub-blocks using only topographic data, which can be determined by ste-

reographic remote sensing for any similar, sized area of any planet for which we have high-reso-

lution (10 to 30 m resolution) satellite imagery. Does this capability provide useful input for seis-

mic studies related to verification of nuclear-testing treaties? Based on a preliminary correlation

of RGA plane clusters with residuals from yield-magnitude models of weapons tests at Yucca Flat,
we find

• The RGA plane clusters apparently do not divide the down-dropped block under Yucca Flat
into sub-blocks that have distinguishably different model residuals.

° The RGA plane clusters apparently affect model residuals for tests conducted in the cluster
"zones'; residual values within the cluster zones are in most cases significantly different
from those in the bodies of the sub-blocks outside the zones. However, similar differences

occur along the traces of the Yucca and Carpetbag faults. Because of the north-south dis-
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tribution of tests for which we have yield residuals, we cannot completely separate correla-
tions "between the residuals, the plane clusters, and the faults.

• At present, we know too little about the derivation of the yield residuals for this to be a com-
pelling correlation.

NEEDED WORK

Our RGA study of Yucca Flat using the initial geomorphlc pattern-recognltion method is vir-
tually complete, We do not think that further coplanar analysis is necessary, nor that future

, analyses with advanced RGA methods (e.g., detection of nonplanar features, scarps) will signifi-
cantly change the character of the significant plane clusters we identified. Nevertheless, the val-
ue of the RGA system to the treaty-verification community can be enhanced by further investiga-

. tions to improve

• the correlations of significant RGA plane clusters with geologic and geophysical data. A
substantial data-compilatiOn effort could be coupled with a synthesis of isopach and struc-
ture-contour surfaces and three-dimensional projection and visualization of these surfaces
and RGA plane clusters.

• the apparent correlation with known nuclear-weapons test effects. The yield-magnitude
models could be derived with explicit consideration that the RGA plane-cluster zones may
have systematically different behavior, and RGA results could be correlated with resulting
residuals distributions to include consideration of proximity to the water table and the top
of the Paleozoic basement.

lt is important to realize that these intense evaluations of the relationship between RGA plane

clusters, geology, and yield residuals are based on a p_or/knowledge of subsurface information

that will not be available at foreign test sites. While site data may increase our confidence in RGA

as a predictive tool, we must also evaluate the efficacy of RGA for yield estimation in the absence

of all but remotely sensed data. This means that any refinements to RGA for application to in-

accessible sites must not require site-specific data other than DEMs. However, this does not

mean that we should eliminate the ability of RGA to use site data; improvements in that capability
would be beneficial so long as they did not affect its primary use as a remote analysis tool.
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APPENDIX

NIATHEMATICAL AND STATISTICALBACKGROUND

A quantitative evaluation of digital elevation maps requires the use of different coordinate sys-
tems, an introduction to the notion of error and variability, and a definition of the notion of clus-
tering. In this section, we introduce the fundamental mathematical and statistical concepts
needed to formulate and understand the fault plane problem in quantitative terms.

COORDINATESYSTEMS

. In this report, it will be necessary to describe fault planes and digital elevation maps in con-
sistent coordinate systems. For the sake of clarity; these systems are defined in this section.

Cartesian Coordinate System

The DEM, valleys, and RGA planes are defined in terms of a Cartesian coordinate system
(x1.x2,x3), with the origin of the coordinate system placed in the "middle" of the DEM map area.
The coordinate x_ points east, x2 points north, and x3 points up. All three coordinates are mea-
sured in consistent units.

Polar Coordinate System

The cartesian point (xl,x2,x3) can also be expressed in terms of polar coordinates (0,go,r)where
the angles are in radians and r is in units of length. The relationship between these polar coor-
dinates and the Cartesian coordinates is given by the standard formulas:

xi = rstn(go)cos(O),

X2 = r sITl(go)sin(0),and (A.I)

X 3 - rcos(go).

Therefore, cpmeasures the angle between the coordinate axis x3 and the vector X, while 0 mea-
sures the angle between the coordinate axis xi and the projection of the vector X onto the
xi x x2 plane. As defined by the formulas, this representation is ambiguous; to obtain a unique
polar coordinate, gois restricted to 0° to 90° and points below the xz x x2 plane are represented
with a negative r coordinate.

These coordinate systems are set up so that a plane's strike and dip are directly related to the
8 and gocoordinates of its normal vector (if we define the normal vector as the unit vector perpen-

, dicular to the plane that always points "up"). The strike of a plane is defined as the angle between
the x I axis (north) and the intersection of the plane with horizontal. The strike is measured clock-
wise from north, so that the measured angle "includes" the projection of the normal vector. Given

• this definition, it can be shown that the 0 coordinate 'of the normal equals -str/ke. Dip of a plane
is defined as the angle the plane makes with the horizontal, measured so that dip is always be-
tween 0° and 90 °. Given this definition, it can be shown that the gocoordinate of the normal vector
equals dip. These conventions are equivalent to the right-hand rule for designating strike and
dip in structural geology.
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AN_,LYSIS OF POISSON PROCESSES

A fundamental problem is that of identifying *clusters" of planes in 3-space. This problem is
closely related to that oi' identifying lines or points in 3-space.

The notion of clusters has been defined in several different ways but one of the most useful

definitions is probabfllstic; clusters are "high" concentrations of planes (or lines or points) that
occur very infrequently when the planes (or lines or points) are "randomly" distributed in Euclid-
ian space.

In this section, we specifically define what it means for points to be "randomly" distributed in

3-space and how one might reasonably define the concept of "high concentration." The answers

to these, fundamental questions are relatively simple since the distribution of planes or tines in

3-space can be reduced to a problem involving points, which solves the more general problem.

Point Processes

Suppose we have a region R in Euclidian (2- or 3-dimensional) space, in which points X_,

i= 1,2,3... are distributed according to some probability model, We say th.at these points are ran-

dorrdy distributed if the followhag two properties hold:

1, If A and B represent two arbitrary, disjoint subsets of the region R with the same volume',
then the chances of point Xi falling into either axe the same,

2. IfA and B represent two arb'itrary, disjoint subsets of the region R, then the number of points
that fall into A axe independent of the number of points that tall into B.

It is an important fact that only one stochastic model has these two properties, a Poisson process,
Thus, "randomly" distributed points in Euclidian space will be distributed according to one spe-
cific distribution, and this specific distribution can be used to define clusters.

If the points in the region R have a Poisson distribution, this means that the number of points
N(A), within any subset will have a Poisson distribution. The specific form of this distribution is:

Pr(N(A)fK) = e-xv(_) (_'v(A))KXl ' (A.2)

where v(A) represents the volume of the subset A and _,is the rate parameter for the distribution;

_, represents the average number of points per unit volume.

This distribution can be used to define a "cluster." If A represents a ball having a radius on

the scale of interest, then a cluster may be defined as any sphere that contains an anomalously

large number of points. Equation (A.2) can be used to define "anomalously large number of

points." For example, if we chose K so that Pr(N(A)>K) = 5%, then only 5% of the time wohld we
(incorrectly) find clusters in a Poisson process.

Statistics for Identifvin_ the Size of the Clust_rs

We use two statistics to determine whether or not clusters exist in a prospective region. These

statistics are also useful for determining on what scale non-Poisson clustering seems to be oc-

curring. (Are the clusters 20 m in diameter or 2000 m in diameter, or both?)

* If the space is 2-dimensional, "volume" should be replaced with "area." Throughout
this discussion, we will use the term "volume" even though it may be volume or area.
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The discussion above suggests one obvious statistic to use in the exploration for clusters, let

K(t) ffiE(number of points within distance t of an arbitrary point), (A.3)

If the data points are Poisson, it can easily be shown that K(t) ought to be proportional to the vol-
ume defined by the distance t. More spec_tlcah_, the relationship is

K{t) = _,v(t). {A.4)

Consequently, K(t) should be proportional to t n, where n is the d:_mension of the Euclidian

space. Therefore, a plot of K(t) versus tn can be used to identify the ",c_ize"of clusters by looking

' for deviations in llnearity in this plot.

Figures A. 1 through A.4 provide examples of this type of analysis. In Figures A. 1 and A.2, a

• Poisson and clustered process have been simulated over a rectangle. Both processes have ap-

proximately _ = 75 points per unit area, but in the clustered process, points occur in clusters of

5, randomly distributed within a radius of 0.04 units of a center point.

Most observers would classify the points in Figure A.2 as obviously clustered. However, the

Poisson process results, as illustrated in Figure A. 1, can be a bit ambiguous, at least to the un-

trained eye, Many people see "clusters" in Poisson data. For example, there seems to be a very

interesting "circle" of points in the upper left-hand comer of Figure A. 1, and there seem to be

quite a few "non-uniform" blank spots in the plot. Most people would find clusters in the Poisson
data, also, It is Just this problem that these statistics can deal with.

K(t) is plotted for the two processes in Figure A.3. Notice that the Poisson data produce an
obviously linear K(t). On the other hand, the cluster process produces a K(t) with an obvious

bend. This "bend" can be used to Jdentify the approximate ractius of the clusters. From the fig-
ure, the "bend" in the cluster process K(t) occurs at approxLmately t2 = 0.005. In other words, for

t = 0.07. This is a reasonable rough estimate for the true cluster size,, which is 0.04.

Another statistic used to identify cluster size is called G(t}. This statistic is defined by:

G(t) = Pr(Nearest Neighbor to an arbitrary point < t) (A.5)

As with the curve K(t), one can calculate its expected shape if the point data have a Poisson dis-

tribution. In this case, G(t) has the following form:

G(t)= l-e"x(O. {A.6}

Thus, for this statistic, a plot of log(1-G(t)) versus tn should be linear when the data are Poisson.

Figure A.4 shows plots of G(t) for the two simulated processes illustrated in Figures A. 1 and

A.2. In general, G(t) is less smooth than K(t), particularly for larger values of _ however, the gen-

" eral pattern is still the same. The Poisson data exhibit a linear plot of G(t), while the clustered

process produces a bent curve. In this case, the bend occurs at t2 = 0.002 or equivalently, t =

0.04, a very good agreement with actual cluster size.

Which statistic provides a more reliable estimate of cluster size? :Itdepends on the nature of
the clustering. The K(t) statistic is sensitive to the outer dimension of the cluster, while the G(t)

statistic is sensitive to the density of the points in the clusters. For example, if clusters of the

same general radius but different densities exist, then G(t) will tend to identify two separate clus-

A.3



FIG_ A.I. Example of a Poisson Process
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ters, but K(t) will not. Also, if the clusters are not spherical, then K(t) will tend to identify the
major axis of the cluster, while G(t) will tend to identify the minor axis.

A Poisson Count Statistic to Identify Cluster LocaUon

A statistic derived from the Poisson process can also be used to identify the approximate lo-
caUons of clusters. Once the approximate size of a cluster has been determined using either K(t)

or G(t), the Poisson count is the obvious statistic for identifying clusters:

N(x,'D = # of points within radius T of point x. i

In the above statistic, the radius T would be chosen via an analysis of K(t) and G(t). Now if

there were no clustering, this statistic would have the Poisson distribution expressed in (A.2).
Thus, any point x, where N(x,_ is significantly higher than the value predicted by the Poisson
distribuUon, is a good candidate for a cluster center. Figure A.5 illustrates the idea for the cluster
point process presented in Figure A.2.

Figure A.5 plots the distribution of N(x,_, assuming that it has a Poisson distribution (with
L=360/4) along with the observed distribuUon. As one would expect, the observed distribution

has a heavier right-hand tail. In fact, this plot indicates that any ball of radius 0.04 containing
more than 2 or 3 points contains "too many" points for a Poisson process.

Therefore, from Figure A.5, one would classify any point with more than 2 neighbors within

0.04 units as a member of a cluster. Figure A.6 displays these identified "cluster points" super-
imposed on the original point process. As one can see from the plot, almost all the clusters have
been found.

Although N(x,T) is a very simple statistic and very easy to compute, it does have an _iportant

deficiency, lt does not divide all the points up into mutually disjoint cluster sets. The statistic

N(x,T) does not tell us where one cluster starts and the other ends, and it may also "miss" some

boundary points that should be considered part of the cluster. These problems can be solved by

using more sophisticated clustering algorithms.

Hierarchical Clust_r Ar_alv_is

The statisUcs K(t), G(t), and N(x,'l_ allow us to determine whether clusters exist, and if so, their

approximate sizes and locations. However, these statistics cannot satisfactorily identify specific

clusters. Ideally, one would want an algorithm to partition the points in the space into unique,

disjoint sets. If the set contains a single point, then that point is not a member of a cluster; if a

set contains more than one point, then the set represents a cluster. This is the description of the

typical *cluster analysis" problem.

Clusters can be successfully identified by using a hierarchical clustering algorithm, A hier-

archical clustering algorithm produces a tree-structure that gives several different clusterings of

the point set. As one p_oceeds down the tree, points are Joined into larger and fewer clusters,

until finally, all points are clustered into one set at the trunk.

Math_'maticaUy, a hierarchical clustering produces a sequence of partitions, P o, PI .... Pm,

where P o is the weak clustering (i.e., the leaves on the tree), and Pm, the strong clustering (i.e,,
the trunk of the tree). Each "partition," Pk divides the point set into mutually disjoint subsets.
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That is, Pk represents a set of mutually disjoint subsets of the space, and the subsets represent
clusters.

The sequence of partitions P o, P_ .... is meant to represent a sequence of clusters that become
"coarser" as the index increases. In fact, P o, (the "weak" clustering) contains nothing but clusters
(subsets} with a single point and the "strong" clustering Pm contains only one cluster containing

all the points. In order to define this idea of "coarseness," partition Pt must have a definite rela-

tionship to P{_+I}which is

, Every cluster in Pit.l} is the union of some clusters in Pr.

Also associated with this sequence of partitions P_ is a value ak that measures cluster size.

From our definition ofthe partiUon, it is obvious that ao = 0 and ak < (x_+_l. There are many ways
of defining cluster size given a distance metric on the point space. The two methods that we em-
ploy are the "connected" cluster algorithm and the "compact" cluster algorithm.

For the compact algorithm, the "size" of a cluster is defined

slze(C)= Max d(x,y) .
z,y_ C

where d(x,y) represents the distance between the two points x and y in the cluster. In other
words, for compact clustering, the size of the cluster is its maximum dimension. The hierarchical L

cluster algorithm operates to produce clusters of minimum size at each stage in the construction
of the tree.

For the connected algorithm, the size of a cluster is defined

size(C) = Max Min d(x,y) .
xE C g_ C-x

In other words, the size of the cluster is simply the largest nearest-neighbor distance of the

points in the cluster. Instead of describing aspects of the largest dimension of the cluster, the

connected dimension describes the density of the points in the cluster. In fact, if the connected

size of Cluster C is a, it is possible to connect any two points z and y with a sequence of points

x_ so that d(x t , x t+1 ) < a and x I = z and x a = y.

Connected size imposes no constraint on the shape of the cluster, and therefore, sacrifices

performance over compact size for the ability to detect elongated clusters, lt is also important to
realize that connected size tends to strip the edges off clusters.

Figure A.7 displays the hierarchical cluster tree produced when compact size is used on a

portion of the point process displayed in Figure A.2. (To limit the size of the tree, only the points

in the first quarter, 0 < X z , X 2 < I were used.) From the analysis of K(t), we should be looking
for a cluster of approximately 0.05, so to define the clusters, we cut the tree at this level. This

. results in the clusters plotted in Figure A.8.

Figure A.9 displays a similar cluster tree, this time using connected size. In this case, one

should use a value of approximately 0.04 to cut the tree, which produces the clusters displayed

in Figure A. 10. According to the plots, both clustering methods produce very reasonable cluster

groupings.
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pLANE pROCESSES: POISSON FLATS

The previous discussion on point processes and associated clustering-methods processes can

be very useful in its own right. However, we are interested in such material because it can be

used to evaluate the distribution of fault planes within 3-space, A stochastic ?rocess that pro-
duces randomly distributed planes in 3-space is called a Poisson Flat, and an extensive mathe-
matical theory has been developed concerning such processes. A Poisson Flat has two important
properties. First, the density of the planes is constant throughout the space; second, the position

of each plane is independent of the others.

For our purposes, we are interested in only one key property of Poisson Flats. There is a

unique transformation that will map randomly distributed planes into points so that the points
represent a Poisson process. Because of this property, it is possible to transform cluster analysis

of planes into a point cluster analysis problem and then employ the methods discussed previous-
ly.

Since a typical RGA plane data set may contain thousands of planes, even simple visual rep-
resentations of the raw data are confusing_ The.-efore, this transformation of planes is also essen-
tial for something as basic as visualization ¢Jfthe fault-plane data. Note that it is easy to con-

struct a transformation to map planes into points. What is significant about the transformation

we use is that it maps plane "clusters" into point "clusters." Any other transformation will not
do this; any other transformation will produce spurious clustering that is an artifact of the trans-
fommtion.

Corlstrvlction of the Lambert-SDace Trarlsforlnation

lt is quite natural to represent planes in Euclidian 3-space by using "polar coordinates." Each

plane is represented by the point (0, q), r), the polar coordinate of the point on the plane nearest

the origin. This representation maps planes in 3-dimensional Euclidian space into points in a

"column" (i.e. 0 < 0 < 2_, 0 < cp< _/2, and -o_ < r < _}. This transformation should be extremely

natural for a geologist because it is a slight variant of the "strike" and "dip" method usually used

to describe the orientations of planar geologic features. In this polar-coordinate transformation,

the "column" into which the planes are mapped is the polar coordinate space. This "polar coor-

dinate representation" is basically the way planes are represented in the raw data set.

We desire a transformation (i.e., the transformation that maps Poisson Flats into Poisson

point processes} that is very similar to the above polar coordinate representation. In fact, this

transformation, which we call the Lambert transformation, is defined by:

x l = 2sin((p / 2)cos(O),
&

x2 = 2sin((p / 2)sin(O) , and

x3=r.

The points (xl ,X2,X3) are points in Lambert space, which is a cylinder of radius jrr. This is

called a Lambert transformation because it is related to the Lambert map projection, which has

the property of preserving areas. In fact, this property is key to the transformation

Therefore, _,norder to view sets of planes and identify clusters, we first transform to a point-

space using the Lambert transformation. Clusters are identified by searching for non-Poisson
clusters in the point space as described in the previous sections.
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Calculation of Point Set Boundaries

If the planes intersecting with topography in a map area air pIlotted in a Lambert space, one
can only expect the points to be uniformly distributed within the _gion of space defined by:

(X: Plane associated with X intersects with the DEM].

Therefore,if we are interestedin lookhig at points in the "Lambert" (or polar coordinate)space, we must also know

locationof the boundary. We will assume thatthe coordinatesystem origin is located in the center of a rectangular

map areawith east-westdimensionof 2al andnorth.southdimensionof 2a2. 0 itsdefined so that0 = Ocorresponds to
* east and O= _/2 is north. Finally, a positive value of r corresponds to a piano whose nearestpoint to the origin is

above the horizontalplane,

The boundaries deltmRtng those planes that intersect this area from those that do not are

Irl =a1[sin(9)l/[cos(O)lfor I01 <01 or I0-=I <01 , and

Irl =a2{sin[9)]/[sin[O]]for 10-=/21 <02or 10-31¢/21 <02 .

In the above equations, O1 ffiatan(a2/al), and 02 = td2 - 01, These equations,can be further simplified to the single
expression:

Irl = sin(9)min([al]/[I cos/0)I ], [a21/[I sin(O) l ]}.

The formula generates something that looks like a torus whose outer rim has been flattened. The "side walls", of the

torus also have peaks at :t:O/, and _ :t:01.

Calculation of the V0h_rne of the Point-Set

The equations for the region boundary can be used to calculate its volume, which is necessary

to calculate Z., the average density of points in the region. This parameter is necessary to calcu-

late the theoretical value of the cluster statistics when they are applied to Poisson data. For the

problem to conform more exactly to the available data, it is a_umed that the center of the torus

has been removed; that is, planes with a dip from 91. to n/2 are present. The volume will be mea-
sured in terms of rad/arts 2. dtstance.

The total volume VT of the torus is given by the integrals:

1.021._ sin2 (9)

"2 sin2 (9) dgdO + a2J0 Jq_'l (0) dgdO

These integrals represent the volume of ,)he-eighth of the torus; it is the 'upperhalf of the torus extending from 0 = 0
" to n/2. These integrals can be solved, and the result is

Vr = 2In + sin(29]) - 2¢#11[al log[sec(OI) + tan(01)] + a2log[csc(01) + ctn(01) l} , or

Vr= 2[_ + sin(291)- 2911[allog(I al/a2 + a2/al) + a2log(I al/a 2 + al /a_l.

These equations are expressed in terms of polar coordinates; the boundaries can be easily transformed to the Lambert
Space using the relations in the previous section.
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