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Analysis of Linear Features Mapped in Landsat
Thematic Mapper and Side-Looking Aitbome

Radar lmages of the Reno L" by 2o Quadrangle,
Nevada and Califomia: lmplications fot

Mineral Resource Studies
Lawrence C. Rowan and Timothy L. Bowers

Abstract
Linear tona) features, which reflect topographic and litho-
)ogic differences, were mapped in Landsat Thematic Mapper
(rv) and side-looking airborne radar (stan) images of the
Reno 1o by 2" quadrangle, Nevada and California; combined
into a single data set; and compared to the disttibution of
known Tertiary Au-Ag vein mineralization. The tesults of
analyses of ofientation and areal density show that in most
areas the linear features ore expressions of geologic struc-
tures that controlled the mineralization. However, the vatia-
bility of the spatial correspondence of the two lineat feotures
attributes with mines necessitated ranking orientation and
area] densitv values for incorporation into a numerical min-
era] assessment model.

The results show that the combined spatial resolution of
the TM and sLan images permits delineation of sftuctures
that controlled Tertiary precious-metal mineralization in this
area. However, the tonal expression of some impottant sttuc-
tures may be below the resolution limit. Other factors that
contribute to the variability of the results are the unknown
age of linear features, illumination-induced biases, and shad-
owing in high-rclief ferroin.

Introduction
The main objective of most mineral resource studies is to de-
lineate areas according to their potential for specific mineral-
deposit types. In the U.S. Geological Survey's (uscsJ
National Mineral-Resource Assessment Program (NAMRAP),
analysis of remotely sensed data has been used extensively
to augment conventional geologic, geophysical, and geo-
chemical methods. Maps showing the distribution of hydro-
thermally altered rocks as interpreted from laboratory and
field analyses of Landsat images (e.g., Rowan and Purdy,
1984; Rowan and Segal, 1989; Segal and Rowan, 1989;
Rowan et aI., in press) are especially useful because the pres-
ence of these rocks is clearly indicative of hydrothermal ac-
tivity, which may result in economic mineralization.

Analysis of linear features mapped in Landsat images
has also been used widely in mineral resource studies
(Rowan and Purdy, 1985; Purdy and Rowan, 1990; Rowan ef
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o1., 1991), but the results typically are difficult to integrate
into mineral assessment models (Cox and Singer, 1'986). Nu-
merous factors contribute to the complexity of this problem.
First, Iinear features are assumed to be topographic and tonal
manifestations of structural features or structurally controlled
features, such as dikes, but some may reflect a more general
structural fabric, such as ioints and foliation. Second, the
spatial resolution of sateliite images, particularly the Landsat
Multispectral Scanner images (79 m), may be in-adequate to
consisfently detect the surface manifestations of structural
features that controlled certain deposits, such as epithermal
veins. Although these images are useful for delileating re-
gional structuial zones that may have influenced formation
of metal deposits (Lathram and Raynolds,'1,977; Raines,
1978; Warnbr, 1,978; Rowan and Wetlaufer, 1981), delinea-
tion of specific potentially mineralized areas is limited by
the large dimeniions of these inferred structural zones rela-
tive to the typical size of most mineral deposits (Gilluly,
1976). Finally, many analyses of linear features are con-
ducted without coniideration of the type or the ages of the
mineralization or the linear features. The combination of
these factors results in highly variable spatial conespon-
dence between linear features and known mineralization
within most areas (Rowan and Purdy, 1984; Rowan and
Purdy, 1985; Purdy and Rowan, 1990; Rowan et al., 1'991),
which hmits the value of linear-feature analysis to mineral
assessment.

During the 1980s, the spatial resolution of satellite im-
ages improved to 3o m for Landsat Thematic \4apper 

(ru) 
.

iirages, 10 and zo m for SPoT (satellite Pour l'observation de
Ia Tirre) images, and 5 m for Russian nondigital (photo- -
graphic) images. In addition, the U'S. Geological Survey has
icquired side-looking airborne radar (slan) images with ap-
proximately 12-m reJolution for approximately-40 percent of
ih" Uttit"d-States. Detection of linear features that are di-
rectlv related to fractures, dikes, and hydrothermally altered
rocki may be possible using the higher resolution rv and
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SLAR images, but this type of evaluation has not been con-
ducted previously for a large, highly mineralized area where
the orientations of structurally controlled deposits have been
well documented.

0bjectives
An opportunity to conduct an evaluation of ttr.l- ald sran-
derived linear features occurred when ]ohn ef o1. (1993)
completed the mineral-resource assessment of the Reno 1" by
2" quadrangle, Nevada and California. The main objective of
our study was to evaluate the spatial correspondence be-
tween linear features derived from Landsat TM and SLAR im-
ages and known metallic epithermal-vein deposits. The
adequacy of the spatial resolution of these images for detect-
ing structural features that controlled mineralization was of
particular interest. A secondary objective was determination
of the geologic and image characteristics that cause variabil-
ity in the spatial correspondence of linear features and mines
and prospects within the study area.

Analysis of Linear Features
Procedures
Tonal linear features mapped in the Trra and sLAR images are
mainly straight to slightly curvilinear topographic features,
such as segments of drainages, ridges, and escarpments, but
in a few areas they reflect lithologic contrast (O'Leaty et al.,
1976). Two attributes of linear features were considered: (1)
orientation with respect to the trend of structural features
known to control tlie formation of the precious-metal vein
deposits (control orientation) and (2) areal density. Three da-
tabases were used in the analysis: (1) mapped linear features
(Plate 1a), (2) locations of mines and prospects (Plate rb),
and (3) areas mapped by /ohn et al. (1553) as favorable for
epithermal gold-silver deposits (Plates 1a and rb). The linear
features were mapped visually in 1:250,000-scale TM band 3
and band 4 images and a SLAR image mosaic. The TM and
SLAR linear features were digitized as individual maps and
subsequently combined to avoid digitization of the same fea-
ture twice.

The locations of mines and prospects in the Reno quad-
rangle were extracted from the USGS Mineral-Resource Data
System (vnns) and updated on the basis of a list provided by
fohn and Sherlock (1991). The sources for this updated list
were MRDS, county reports, arrd field investigations. The final
list contains 380 locations and served as our master database
of mines arrd prospects.

The mineral assessment of the Reno quadrangle by John
et 01. (1s93) delineated 21 tracts judged favorable for the oc-
currence of undiscovered Tertiary precious-metal epithermal
vein deposits. Selection of these tracts (Plates 1a and 1b) in-
volved an integrated analysis of several factors, including lo-
cations of mines and prospects, igneous centers ald (or)
intrusions, hydrothermally altered rocks, and geochemical
anomalies, as well as published descriptions (fohn et o/.,
1993). The linear features were mapped prior to the mineral
assessment of the quadrangle but were not analyzed until the
assessment was completed.

Digital spatial analysis of the linear features was per-
formed using the Geographic Resource Analysis Support Sys-
tem (GRASS) (Anonymous, 19BB) geographic information
system (cIs) software. The linear features, mines and pros-
pects, and favorable tract data sets were projected into the
Universal Transverse Mercator (uru) coordinate system, The
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projected data were then converted to a raster, or grid, for-
mat with each cell having a ground resolution of 100 m.

Four pre-analysis processing steps produced the interme-
diate data sets needed for the quantitative spatial analysis.
First, the 180" azimuthal range was divided into twelve 15'
sectors. Each linear feature was assigned to one of these
twelve subsets. Linear feature directions were determined us-
ing the UTM coordinate system.

Next, linear feature proximity maps were produced for
each of the 12 subsets. A proximity map was constructed by
building a concentric set of four, 200-m-wide buffer zones
around each linear feature (Figure 1).

Certain deposit types (e.g., Comstock epithermal vein,
polymetallic vein, and hot-spring Au-Ag) are commonly as-
sociated with vein or fracture systems (Cox and Singer,
1986). Assuming that linear features are surface expressions
of vertically extensive vein, fracture, or fault systems, we
were interested only in those mines and prospects whose
mineralization was vein controlled. The third pre-analysis
step produced a subset of 286 vein-controlled master mines
and prospects from the master data base (Plate 1b).

The final step was to prepare a map of linear feature
density by counting the number of linear features within a
27 by 27 neighborhood (2.7 by 2.7 krr') of each grid cell. A 7
by 7 averaging filter was used to smooth the data and pro-
duce a "contoured" surface.

Odentation
The terms defined below are used freouentlv in our discus-
sion of the orientation analysis:

o control features - linear features whose oriention corresponds
to the trend of structural features that controlled emolace-
ment of epithermal vein deposits (John et a1., 1993J;-

o noncontrol features - linear features whose orientation does

I n1 Linear Fsature
: 1 ) : 0 r o * 2 0 o m
I  ?)>200*400n
# 3)>400s600m
f ; 4) > 600* 800 rn
l''-) 5! > 80O m

Figure 1. Hypothetical example of two tracts with north-
east-trend ing I i near features su rrounded by increasi ngly
larger buffer zones: O (coincident), >0 to <2OO m, >2O0
to <400 m, >400 to <600 m, and >600 to <8O0m. X
indicates locations of mines.
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Plate 1. Maps of the Reno lo by 2" quadrangle, Nevada and California, showing the favorable tracts (closure
areas) for undiscovered precious-metal epithermal vein deposits (John et al., L993). (a) Linear features
mapped in Landsat Thematic Mapper (rM) (red) and sidelooking airborne radar (sun) (blue) images. (b) Lo-
cation of mines and prospects that exploited vein deposits. Names of tracts are referred to in the text.
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Tnet-e 1. NUMBER or Mlrurs AND CoRRESPoNolruc PgRcrnrnce or Mnes ErcoupnssEo By BUFFER ZoNes tru TRAcrs 1 lNo 2 Sxowl lru Reune 2 nto rnr
Mnxrvul Burren. THe Mnxrvuu Burren Hes rHr Hrcuesr Pencerunce or Ercovpnsseo Mrr.tEs.

Tract number
Buffer dimension,
in metres

Number of mines
encompassed

Percent of mines
encompassed Maximum buffer

0 (coincident)
>0 to (200
>200 to 3400
>400 to <600
>600 to <800
>800

0 (coincident)
>0 to <200
>200 to <400
>400 to <600
>600 to <800
>800

2
E

J

0
0
o

Total r0
o
0
'1.

2
Total ro

Total

Total

20
50
30
0
0
0

100
o
0
1 0
40
30
20

1db

not correspond to that of structures tiat controlled vein min-
eralization;

. azimuthal sector- a single 15o range; and
o azimuthal nnge - a collection of azimuthal sectors, such as

N0'-45'E

The association of epithermal vein deposits with frac-
tures and fracture-controlled intrusive bodies is widely rec-
ognized, but documentation of the orientation of these con-
trol structures for a large mineralized region, such as the
Reno quadrangle, commonly is lacking. John et a1. (1.993)
documented the orientation of structures that controlled dep-
osition of the precious-metal deposits in 19 of the 21 tracts.

In most tracts, the orientation of controlling structural
features is stated in general terms, such as "northeast-trend-
ing faults," "north-northeast shear zorre," "west-northwest
veins," etc. (lohn et al., 1993). We expanded the control azi-
muthal range by +15o about the stated orientation to ensure
that linear features possibly reflecting structural control were
included in the orientation analysis. For example, we ana-
lyzed N0r30'E for north-northeast-oriented control struc-
tures; N30'-60"E for northeast-trending structures; and
N75o-90'E and N75'-90'W for west-trending sbuctures. Spe-
ciffc orientations are given for the Camp Gregory/Red Moun-
tain (N60"E), Wonder (N25"W), and Broken Hills (N30'W)
tracts. Control structures were not documented for the Jessup
and Desert tracts: therefore, these tracts are not included in
this analysis. tn the Camp Gregory/Red Mountain tract, N45"-
75oE was used to span the N60"E-trending faults and hydro-
thermal breccia zones (fohrl ef a1., 19S3). John ef o1. (f SSS)
also noted the presence of northeast- and north-northwest-
trending faults in the Camp Gregory/Red Mountain tract, and
so the control-azimuthal rErnges analyzed were N30'-75'E and
N0"-30'W. In the Wonder tract. we analvzed the N15"-90"W
range to encompass the N25'W-trending fault noted by John
et al. (1,993) and the N45'-9o"W-oriented veins mapped by
Willden and Speed (i.974).

We realize that, in a study such as this, imprecisions
may be introduced into the data collection and analysis.
Three sources of imprecision are recognized: (1) the linear
features were digitized manually at 1:250,000 scale, which
may have been too coErrse for small orientation variations; (2)
as a result of using broad azimuthal ranges to represent con-
trolling structure, more linear features may be included in
conbol orientations than is appropriate; and (3) because of
UTM grid convergence within the Reno quadrangle, using
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UTM coordinates for directional determination inhoduced an
error of between 1o and 2" during the calculation of linear
feature orientation.

Ptoximity Analysls
Proximity is an important factor in the analysis of the spatial
association of linear features with known mineralization.
Proximity can be evaluated by examining the percentage of
mines encompassed by each 200-m-wide buffer zone for each
of the 12 azimuthal sectors. The procedure used in this
study to make the basic proximity computations is illustrated
by Figure 1. In this hypothetical example, one northeast-
trending linear feature and ten mines are present in tracts 1
and z. The number of mines present in each of the buffer
zones and the corresponding percentage of encompassed
mines ale compared for these tracts in Table 1. In tract 1, all
the mines lie within 400 m of the linear feature: in contrast.
in tract 2, only 10 percent of the mines are encompassed by
buffers between 0 and 400 m, whereas 20 percent lie outside
of the four buffers. Thus, the mines ale closer to the linear
features in tract 1 than in tract 2. The buffer dimensions that
encompass the maximum percentage of mines are 0 to 200 m
in tract 1 and 400 to 600 m in tract 2.

For each of the 19 favorable tracts, we calculated the
percentage of mines encompassed by each buffer zone sur-
rounding the control features. The resulting values were ex-
amined to identify the buffer encompassing the largest
percentage of mines, referred to as the maximum buffer (Ta-
ble za). As a control on our studv, we also calculated the
percentage of mines within the buffers surrounding noncon-
trol features (Table 2b). Where two buffer sizes yielded the
maximum values, the largest buffer was used in the calcula-
tions. Note that the >800 m buffer was not included as one
of the maximum buffer dimensions, because this includes
the remainder of the map area.

The difference betw-een the percentage of mines encom-
passed by the maximum buffers surrounding control and
noncontrol ]inear features is referred to as the normalized
orientation index (Not). NoI is computed as follows:

NOI : L X i

where x is the percentage of mines within a specified buffer
zone; i is the buffer number (1 indicates coincidence with
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TneLE 2a, PERCENTAGE or Mrues Eucotvrplsseo gv enct BurpEn roR lLl ConrRoL-AztMUTHAL RnscEs. Mlxttvtutrit PERCENTAGE or MtlEs Inotclteo BY BoLD AND

UloeRrrrueo Typr. Nuveen or AzruurHnr Srcrons FoR CoNTRoL ORrentnrtots SHowll tt',t Tgtno Coluvtl.

No.  of
mines No. of
within azimuthal
tract sectors

Buffer Dimensions. in Metres

Tract Name > 800
> 0 t o
< 200

200 to
< 400

400 to
< 600

600 to
< 800

Broken Hills

Camp Gregory/Red Mountain

Carson Range
Cinnabar Hill/TerriII Mts.

Como
Comstock
Fairview
Geiger Grade
Holy Cross/Terr i l l  Mountains

Olinghouse
Peavine/Wedekind
Pyramid

Ramsey/Talapoosa/Gooseberry
Rawhide
Sand Springs
Southern Stillwater Range

Steamboat Springs
Washington HilI
Wonder

2
2
1
1-
5

52
3 3

1
s

B
L 2

I
1

A

2
1-

1.7

0
50
0
o
0
6
D

0
0

20
1 3
0
0
0

100
0
0
0
0

0
0
0
0

20
2"1

q

0
1.'t
40

0
2 5
1.2
0
0

25
o
0

35

0
50

100
o

20
27
19
0

33
0

37
1.7
7 2
0
0

50
0
0

1 8

0
0
0
0

40
1 S
T J

0
2 2
2 0
1 3
7 7
63

o
0

25
0
0
6

0
0
0

100
0
z

' t 2

0
1.1
0
0

32
0

100
0
o
0
0

7 2

100
0
o
0

20
3 1
? o

100
2 3
20
J I

I
1 3
0
0
0

100
100
29

z

5
5
2
7
a

2
2

4

o

6
2
2
2
2

linear feature): maxbuf is the number of the buffer ttrat con-
tains the maximum percentage of mines; N. is the number of
15o sectors that contain the directions of the control linear
features; and N, is the number of 15" sectors that contain the
noncontrol linear features.

Table 3 lists NoI values for each of the 15 favorable
tracts for which the maximum buffer could be determined.
All the NoI values are positive, except for the Como tract.

Positive values show that control-oriented linear features bet-
ter corresDond to known mineralization than do noncontrol
features. fhe maximum buffer dimension could not be deter-
mined in four tracts because of the lack of correspondence of
linear features with mines, which are sParse in these tracts.

The results of the orientation analysis indicate that the
spatial resolutions of the Landsat TM ald SLAR images ale
adequate to detect topographic ald tonal exPressions of

Tlelr 2b. Prncerurner oF MtNEs ENCoMPASSED By EACH BUFFER roR nlr NollcoruTRoL-AzrMlurHAL Rnncrs. Mnxlttuv PERCENTAGE or Mtlrs FoR ConrRor-

ORrerurro FrnruRrs lruorclrro ev BoLo TypE AND UruorRrrlr (Tnerr 2A). CoLUMN THREE SHows rsr NUMBER oF Norucorurnol Aztvurunr SectoRs tru EAcn TRacr.

No. of
mines No. of
within azimuthal
tract sectors

Buffer Dimensions, in Metres

Tract Name > 800
> 0 t o
< 200

200 to
< 400

400 to
< 600

600 to
< 800

Broken Hills
Camp Gregory/Red Mountain
Carson Range
Cinnabar Hill/Terrill Mts.
Como
Comstock
Fairview
Geiger Grade
Holy Cross/Terrill Mountains
Olinghouse
Peavine/Wedekind
Pyramid
Ramsey/Talapoosa/Gooseberry
Rawhide
Sand Springs
Southern Stillwater Range
Steamboat Springs
Washington Hill
Wonder

2

1.

5 2
3 3

1
q

5
B

1.2
B
1
2
4

2
1

1.7

1 0

7
7

1 0

I
7

1 0
1 0
10

B
7
6
6

10
10
10
10

7

0
50

r00
0
0

a

0
1.1.
o
0

0

0
q

2 5
0
0
0

0
0
0
o

60
2't
z /

0

7a
q

J /

4'1.
J /

0
5 0
o

J t ,

100
1B

0
0
0
o
q

29
7 2
0
0

40
0

1 a

72
0

5 U

2 5
0
o

3 5

50
0
0

100
o

1 3
1 5
0
0

20
0
g

1 1

q
0

Z J

0
o
6

0
5 t . ,

0
0

40
1 0
2 7
0
o
o

38
0
0

100
0
o
0
o

2 3

50
q
q
0
0

25
15

100
71
40
25
1.7
3B
0
0

25
5 0
o

1 B
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Tract name

Tnele 3. NonvrrzEo ORrrrurron lruoex (NOl), rr.r Pencerur, MAXrvuM BUFFER
DrMENsroN (Teeur 2), NuNreeR or MrruEs Wrrnn ucu Fnvonagu TRncr.

Posrrrve NOI VALUES lr.rorcare rrnr Covrnol FenrunEs CoRnnspotto ro Krowlt
MrrueRnlzerrolr BETTER THAN Nolrconrnol Fenrunrs. NOI Wes ruot DrrERurrueo

ron Tnncts rHAT LAcK A MnxTMUM BUFFER.

higher spatial resolutions, and where the orientation of con-
trolling structures is known or could be determined.

Arcal Density
Areal density is a potentially important linear feature attrib-
ute, because high density might indicate fractures that might
be favorable for vein mineralization (ferome and Cook, rSOz).
Some of the favorable tracts clearly display high areal den-
sity levels, especially the Como, Olinghouse, Holy Cross/Ter-
rill Mountains, and Pyramid tracts (Plate 1b). In contrast, the
Wonder, Fairview, Rawhide, and Cinnabar Hill/Terrill Moun-
tains tracts exhibit low to moderate linear feature density.
Thus, the spatial correspondence between linear feature den-
sity and the tracts is highly variable. A systematic analysis
was conducted to determine t}re spatial relationship between
density and known mineralization within the tracts.

The areal density of linear features was analyzed by first
identifuing a range oi areal density that corresponds to 

"high percentage of all mines shown in Plate 1b and, then,
evaluating the percentage of mines encompassed by this
range within each tract. Because the association of knor,rm
mineralization with small concentrations of linear features is
of particular interest, we examined tle percentage of encom-
passed mines as a function of the percentage of area covered
by linear features over the entire range of areal density. The
encompassed mines/encompassed area ratio, which is re-
ferred to as the normolized densitv (Rowan ef dJ., 1991), is
high in the areal density range from 22 to 29 and moderately
high in the range from 16 to 21 (Figure 2). The >16 areal
density range was selected for analysis because the normal-
ized density over this range is substantially higher than that
of the <16 areal density range.

Plate 2 shows the spatial relationships between the >16
to 36 areal density range, mines, and tracts. The Sand
Springs, Washington Hill, Camp Gregory/Red Mountain,
Holy Cross/Tenill Mountains, Como, Olinghouse, and Desert
tracts have a large percentage of mines encompassed by the
areas of high linear feature density. This spatial relationship

NOI,
Per-
cent

Maximum Number
buffer of mines

dimension, within
in metles tract

Broken Hills
Camp Gregory/Red Mountain
Carson Range
Cinnabar Hill/Terrill Mountains
Como
Comstock
Fairview
Geiger Grade
Holy Cross/Tenill Mountains
Olinghouse
Peavine/Wedekind
Pyramid
Ramsey/Talapoosa/Gooseberry
Rawhide
Sand Springs
Souttrern Stillwater Range
Steamboat Springs
Washington Hill
Wonder

f  I J

+6
+40
- 7

+ 1 1
+o.4

+ 7 2
+ 3 0
+ 6
+4
+ 2

+ 7 7
+ 5 0
+ 3 3

;

none
> 200 to < 400
> 200 to < 400
> 600 to < 800
> 400 to < 600
> 200 to < 400
> 200 to < 400

none
> 200 to < 400

> 0 t o < 2 0 0
> 200 to < 400
> 600 to < 800
> 400 to < 600
> 600 to < 800
0 (coincident)
> 200 to < 400

none
none

> 0 t o < 2 0 0

2

1

1
5

5 2
3 3

7
I
5
8

7 2
8
1

L

many of the structural features that controlled the formation
of epithermal vein deposits in the Reno 1o by 2' quadrangle.
ln addition, the resulting NoI values can be used as a means
of expressing the relative importalce of the linear features in
and adjacent to the favorable tracts. The procedure followed
in the analysis could be used in other areas for evaluating
linear features derived from images that have similar or

ts
2
u
a 3.o
o

N
=
i ,.0
o
z

o 1 0 2 0 3 0 3 6
A R E A L  D E N S I T Y , 7 . S  S O .  K M .  G R I D  C E L L

Figure 2. Plot of normalized density, which is encompassed mines (per-
cent)/encompassed area (percent) versus linear feature areal density.
The grid cell dimension was 2.7 by 2.7 km.
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plate 2. Map of the Reno L" by 2" quadrangle, Nevada and California, showingthe favorable tracts for

undiscovered precious-metal epithermal vein deposits (John et al., 1:993) and the 16 to 36 range of
areal density of linear features. Squares indicate mines and prospects that exploited precious-metal

vein deposi{s. Areas A to E are discussed in the text. Density ranges are green - 16 to 20; yellow -

2! to 25; pink - 26 to 30; and red - 31 to 36'

suggests that mineralization may be associated with numer-
ous fractures within these tracts. In contrast, the percentage
of encompassed mines is relatively low in the Comstock and
Fairview tracts and is zero in several tracts (Figure 3).

Some of the high-density areas correspond to tracts that
were delineated for other deposit types, which are not con-
sidered in this study. For example, areas A and B in the
southwestern part of the Reno quadrangle (Plate 2) corre-
spond to large parts of the Singatse/Bucksin and Northern
Plne Nut porphpy areas, respectively (John ef o1., 1993)'
Other areis of high density correspond to major fault zones.
In the northwestern corner of the quadrangle, the northwest-
trending high density areas (C and D, Plate 2) are related to
numerous faults within the northwest-trending Walker Lane
fault zone (Albers, 1967; Rowan and Wetlaufer, 1981). The
roughly 90'bend in the concentration pattern south of area
O (e, plate 2) marks the intersection of the Walker Lane
faults and the northeast-trending faults in the Pah Rah Range
(Bonham, 1969).

Application to Minenl Resoutce Studles
Linear feature orientation and areal density data can be used
in both the initial and final stages of mineral resource stud-
ies. In the initial stage, when favorable ground has been ten-
tatively delineated mainly through evaluation of the areal
distributions of mines, information on the areal density of
linear features is useful for defining and modifying the initial

PE&RS

boundaries and, perhaps, selecting additional potential sites.
If the orientatiorrof controlling structural features is knourn,
t}le tracts can be refined further'

As analysis and s1'nthesis of field and laboratory data al-
low refinement of the-favorable tract locations ald bounda-
ries, linear feature orientation and areal density data should
be ranked for incorporation into numerical assessment mod-
els. In most site ass-essment models, each element (host rock,
hvdrothermallv altered rocks, faults, etc.) is assigned a value,
urla U" ptoportion of the value applied to a site is deter-
mined by tlie strength with which the element is expressed.
For some factors, such as hydrothermally altered rocks, the
expression is typically binary (present or absent)' Other ele-
m6nts have moie variable strength of expression arrd are
weighted accordingly."In the Reno quadrangle, if linear features were assiSned
a deposit model value of 6 in a hypothetical epithermal vein
deposit model, we would divide this value equally between
the Nor and linear feature areal density. Then, the NoI and
areal density would be ranked for each tract such that high
:  3,  moder i le :Z, low:  1,  and unranked:  0.  The resul t -
ins scores would be summed to determine the deposit model
oain"s. The results of this procedure are shown in Table 4'
The NoI is ranked highest for the Sand Springs, Cinnabar
Hill/Tenill Mountains, Southern Stillwater Range, and Oling-
house tracts. The medium ranked tracts are the Comstock,
Rawhide, Camp Gregory/Red Mountain, and Holy Cross/Ter-



PEER.REVIEWED ARTICTE

l 0  2 0  3 0  t o  5 0  6 0  7 0  8 o

clnnabar HM/

Southern Stil luater

Figure 3. Percentage of mines encompassed within tracts by high-density
area shown in Plate 2. Absence of l ine indicates that no mines were en-
compasseo.

rill Mountains tracts. The Pyramid, Ramsey/Talapoosa/
Gooseberry, Wonder, Peavine/Wedekind, and Carson Range
tracts are rarrked low, and the other tracts a_re very low,

Ranking the areal density results would be based on the
percentage of mines encompassed within the tract (Figure 3;
Table a). In Table 4, the tracts have been placed into the fol-
lowing levels according to the percentagebf mines encom-
passed by the high areal density range: (t) high - Washington
Hill, Como, Olinghouse, Desert, Holy Cross/Terrill Moun-
tains, and Sand Springs; (2) medium - Pyramid, Peavine/We-
dekind, Ramsey/Talapoosa/Gooseberry and Camp Gregory/
Red Mountain; (3) low - Comstock and Fairview; and (+) un-
ranked - the Carson Range, Steamboat Springs, Geiger Grade,
Jessup, Wonder, Cinnabar Hill/Terrill Mountains, Southern
Stillwater Range, Rawhide, and Broken Hills tracts.

The deposit model values are highest (6 to a) for the
Sand Springs, Olinghouse, HoIy Cross/Terrill Mountains, and
Camp Gregory/Red Mountain tracts; and the deposit model
value is 3 for the Pyramid, Peavine/Wedekind, Washington
Hill, Comstock, Como, Desert, Ramsey/Talapoosa/Goose-
berry, Cinnabar Hill/Terrill Mountain, and Southern Stillwa-
ter Range tracts (Table +). These values could be used
directly in arr assessment model for this deposit type. How-
ever, care must be exercised in evaluating the areal density
data, because a high percentage of mines may be encom-
passed by linear features that are not related to the minerali-
zation.

This approach is useful for aiding initial delineation of

756

tracts, subsequent refinement of boundaries, and identifica-
tion of promising areas within and near tracts, but identiffca-
tion of potential sites outside of the tracts requires a different
strategy. One such strategy is to use a cIS to evaluate the ori-
entation ald density data concurrently.

The areas between the Comstock and Como tracts and
near the Geiger Grade and Washington Hill tracts ale de-
scribed by John et a1. (fo9a) as having conditions that are
permissive for the occurrence of undiscovered precious-
metal vein deposits of Tertiary age. Linear features trending
No"-45"E were selected for evaluating the permissive area
because they correspond to mines in all four tracts (Plate 1).
In Plate 3, the densities of these linear features are con-
toured, and the areas of high density of all linear features
(Plate 2) are outlined in red. In general, the high-density ar-
eas coincide with concentrations of features trending N0"-
45'E. A notable exception is along the western margin of the
Comstock tract, where high areal density only partially corre-
sponds to a small area of moderately dense linear features
trending N0'-45"E. This area is dominated by northwest- to
west-northwest-trending faults that did not control the min-
eralization (Vikre, 19Bg).

The largest area within the permissive region where both
linear feature attributes are concentrated extends nortl-north-
eastward from the northeastern cornel of the Comstock tract
(Plate 3). The N0'-45"E-trending linear features reflect a promi-
nent topographic grain that is evident in this area. Fewfaults
are mapped in this area (Thompson, 19b6), hydrothermally
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TABLE 4. RELATVE RANK oF Tnncrs Bnseo oru NoRveuzeo ORrenrnloN Inorx (NOl) AND AREAL Drrusrv or LTNEAR FEATURES (TABLE 3, FtcuRE 5). VALUES tN
PnRenrHrsrs FoR ORTENTAToN aro AneaL Drrusrw Raruxs AnE HrcH (H) : 3, MEDTuM (M) : 2, Low (L) : 1, ru.to VeRv Low (VL) : 0. Tnr Depostr Mooer
V.qlue rs rHE SuM oF THE ORTENTATIoN AND AREAL Derustry Varues. NA, r'ror AppLTcABLE As CoNTRoL SrRuctunrs WrRr ltor DoCUMENTED FoR THE DESERT AND

Jessup TRacrs.

Orientation Areal density

Tract name
NOI

(percent) Rank
Percent

of mines Rank
Deposit

model value

Broken Hills
Camp Gregory/Red Mountain
Carson Range
Cinnabar Hill/TerrilI Mountains
Como
Comstock
Desert
Fairview
Geiger Grade
Holy Cross/Terrill Mountains
Jessup
Olinghouse
Peavine/Wedekind
Pyramid
Ramsey/Talap oosa/Gooseberry
Rawhide
Sand Springs
Southern Stillwater Range
Steamboat Springs
Washington Hill
Wonder

1 3
6

40
- 1

r1.
NA

o.4

' t2

NA
3 0
6
4
2

5 0
3 3

1

vL-(o)
M (2)
L  (1 )
H (3 )

vL-(ol
M (2)

VL (O)
vL-(o)
M (2)

H (3 )
L  t1 )
L  (1 )
L  (1 )

M t2l
H (31
u  f e )

vL-(o)
vL-(o)

L t1l

U

50
0
0

60
1 0
80

0
7a
0

60
2 5
50
38
0

100
0
0

100
0

vL (o)
M ( 2 )

vL (o)
vL (ol
H (3)
L (1)
H (3)
L (1)

vL (ol
H (3)

vL (o)
H (3)
M (2)
M (2)
M (2)

vL (o)
H t3)

vL (ol
vL (o)
H (s)

vL (ol

0

1

2

7
0

0
o

J

J

2
6

0
J

1

altered rocks €rre limited to the souttrern part of this zone
(Rowan et al., in press), and no mines are documented by
fohrl and Sherlock (1s91).

The area north of the Como tract is also characterized by
coincidence of these two linear feature attributes (Plate 3),
but mines (John and Sherlock, 1991) and hydrothermally al-
tered rocks (Rowan et al., in press) have not been reported in
this area. The area about 10 km west of the Como tract might
also be of interest.

Sources of Spatial Corlespondence Variation
Several sources may contribute to the variations observed in
the spatial correspondence of linear feature Erreal density to
favorable tracts and control orientation to known mineralized
sites within the tracts. The following sources appear to be
most important: (1) linear features may post-date mineraliza-
tion, (2) structural-control data are of variable quality, (3) im-
age spatial resolution may be too low, (a) illumination condi-
tions cause some features to be obscured, and (5) cultural
features may obscrue linear features. Careful field studies are
reouired to date linear features and mineralization and to
id;tify structural controls. The other factors are related to
image quality and a-re discussed below. Factors such as elec-
tronic noise and cloud and/or snow cover were not Droblems
with the TM and sLAR data used in this study.

Spatial Resolution
The adequacy of spatial resolution of a particular image de-
pends on the expressions of the geologic shuctures of inter-
est. According to the published descriptions, nearly all the
veins within the favorable hacts a-re smaller than the spatial
resolutions of the SLAR and ru images. However, many fault

PE&RS

escarDments with which the veins are associated have suffi-
cient topographic relief to be detected in these images, and
some of the zones of hydrothermally altered rocks that bor-
der the veins are large enough to be detected with the given
sensor resolution. The expressions of at least some of the
control structures in 1:24,000-scale topographic maps are evi-
dent in the Pyramid, Comstock, Como, Olinghouse, Camp
Gregory/Red Mountain, Wonder, Southern Stillwater Range,
Holy Cross/Terrill Mountains, Fairview, and Sand Springs
tracts. Generally, linear zones of hydrothermally altered
rocks conespond to the orientations of the main control
shuctrues in the Pyramid, Olinghouse, Camp Gregory/Red
Mountain, and Wonder tracts (Rowan et al., in press). Except
for the Fairview and Holy Cross/Terrill Mountain Tracts,
there is generally a good spatial correspondence between the
control-structure azimuthal ranges and mineralized sites.
These structures may be detectable in aerial photographs,
which have substantially higher spatial resolution than the
images used in this study.

lllumination Conditions
The areal density of linear features is substantially higher in
the map of tM-derived features than in the SLAR map fPlate
1a). This difference is due mainly to the masking of linear
features by much more extensive shadows in the SLAR image
mosaic than in the TM images. Because of the low-angle
westward illumination (average depression angle : 16') of
the SLAR image mosaic, extensive shadows mask areas on
west-facing slopes in high-relief areas. Shadows also occur
on the northwest-facing slopes in the Tv images, but they
obscure fewer linear features than in sl-an images. The
Fairview tract exemplifies the importance of illumination ge-
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omehy and topographic configuration. The mountain ralge
trends generally north-northeast, and maximum topographic
relief on the west side is about 1,000 m. Most of the pre-
cious-metal vein deposits are situated on the western slope
(Willden and Speed, 1974), where extensive shadows ob-
scure linear features, especially in the sLAR mosaic.

Strike-frequency plots of the TM and sI-aR linear features
are strongly influenced by the illumination directions that
prevailed during acquisition of the images. In the TM plot,
the strike-frequency minimum at N45'-60'W includes the so-
lar illumination azimuths of the images (Figure a). The fte-
quencies of linear features that generally parallel the solar
illumination direction are deoressed because of the lack of
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topographic shadowing. The SLAR strike-frequency plot dis-
plays a minimum in the N75'W to N75'E range (Figure 4),
which includes the illumination direction (west). Similar re-
lations have been observed in other studies of linear features
mapped on these types of images (Purdy and Rowan, 1990;
Rowan et al., 199L). Combining the rlr and slAR data sets
partially compensates for these illumination biases.

Comparison of the percentage of mines encompassed by
the rv- and sI-aR-derived linear features further illustrates
the importance of illumination direction arrd the comple-
mentary nature of these two data sets. In the 14 tractJwhere
some spatial correspondence is displayed (NoI is positive,
Table 4), analysis of tlvt images provided all or nearly all the
control linear features in seven of them. The SLAR mosaic
was not the dominant linear feature source in any tract, but
numerous features were mapped within the N45"-60'W range
in ten tracts, which encompasses the solar illumination azi-
muth of the TM images. Therefore, the sLAR mosaic provided
Iinear feature information for an azimuthal range that was
degraded in the TM images due to the solar azimuth. On the
other hand, few linear features were mapped within the
N75"-90'E range, which contains the west orientation of the
SLAR illumination.

Conclusions
The results of the orientation analysis of linear features show
that the spatial resolutions of the ru and sLaR images permit
delineation of the topographic and tonal expressions of struc-
tural features that inlluenced the formation of Tertiary pre-
cious-metal deposits in the Reno quadrangle. Where the
orientation of structures that controlled the mineralization is
known, the spatial correspondence of the linear features cEIn
be ranked by the difference between the percentage of mines
encompassed by the control and noncontrol features. Evalua-
tion of variable buffer dimensions permits refinement of the
proximity analysis. Areal density analysis, which does not
depend on orientation information, is useful for delineating
areas that may be favorable for precious-metal veins. These
results can be ranked by comparison of selected density lev-
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Plate 3. Map of part of the Reno L" by 2" quadrangle, Ne-
vada and California, showing part of the area considered
permissive for precious-metal vein deposits (John et a/.,
1993). Color contours (contour interval : 4) indicate
density of features trending NO"-45"E. Red lines enclose
areas where areal density of all l inear features is high
(Plate 2). Light-black l ines enclose favorable tracts (Plate
1): A, Washington Hil l; B, Geiger Grade; C, Comstock; D,
Como; and S, Steamboat Springs. Heavy black l ine
locates southwestern boundarv of the permissive area
(John et al.,1-993).
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Figure 4. Strike-frequency diagrams of the linear features
mapped in Landsat Thematic Mapper (rv) (solid l ine) and
sidelooking airborne radar (SLAR) images (broken line)
(Plate 1a). ArrowS indicate ru and SLAR il lumination direc-
tions, which were 115o to a23" and 9Oo, respectively.
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els to the distribution of mines or favorable areas that were

determined by other methods. Detailed analysis of these lin-

ear feature attributes, which is facilitated by using a geo-

graphic information system, allows delineation of promising

ireis within selected tracts, modification of tract boundaries,

and perhaps identification of other favorable areas.
ihe viriability of the spatial association of linear fea-

tures with known precious-metal vein mineralization in the

studv area is due to spatial resolution limitation, and illumi-

nation conditions. Masking of linear features by shadows in

SLAR images could be minimized by acquiring data with at

Ieast two illumination directions.

Acknowledgments
We thank Melvin Podwysocki and Daniel Knepper for their

suggestions for improving this manuscript.

Refelences
Anonymous, 1988. Geographic Resources Analysis Support System

GnlSSl 3.o, Army Corps of Engineers Construction Engineering

Research Laboratory, Champaign, Illinois, 19 p.

Albers, J.P., 1967. BeIt of sigmoidal bending and right-lateral faulting

in the western Great Basin, Geol. Soc' America Bull.,78iI43-156'

Bonham, H.F., lr., 1969. Geology and Mineral Resources of Woshoe

and Storey Counties, Nevada, Nevada Bureau of Mines and Ge-

o logy ,  Bu l l ,  70 ,14o  p

Cox, D.P., and D.A. Singer feditors), l986 Minera] Deposit Models,

U.S. Geological  Survey Bul l .  1693, 379 p.

Gilluly, J., 1,976. Lineaments - ineffective guides to ore deposits,

Econ. Geol., 7 7:75O7 -7514'

Jerorne, S.E., and D.R. Cook, 1967. Relation of some Metal Mining

Districts in the Western Ilnited States to Regional Tectonic Envi-

ronment and Igneous Activity, Nevada Bureau of Mines and Ge-

ology Bul l .  69,  35 p.

John, D.A., and M.G. Sherlock, 199L. Map Showing Mines and Pros-

pects in the Reno 1" by 2" Quadrangle, Nevgla and California,

U.S. Geological Survey Miscellaneous Field Studies Map MF-

2154-8,  scale 1:250,000,17 P.  text .

fohn,  D.A. ,  J .H.  Stewart ,  J .E.  Ki lburn,  N.J '  Si lber l ing,  and L 'C'

Rowan, 1,993. Geology and Minetal Resources of the Reno t" by

2" Quadrangle, Nevada and California, U.S. Geological Survey

Bul l .  201s.

Lathram, E.H., and R.G.H. Raynolds, 1977 ' Tectonic deductions from

Alaska Space Imagery, First Annual William T. Pecora Memorial

Synposium, U.S. Geological Survey Prof. Paper 1015' pp 1'79-1's2'

O'Leary,  D.W.,  J.D.  Fr iedman, and H.A. Pohn, 1976. L ineament,  l in-

eai, iineation; some proposed new standards for old terms, Geol'

Soc. America Bull., 87:L463-7469.

Purdy, T.L., and L.C. Rowan, '199o. Map Showing Analysis of Linear

Features for Mineral Assessment in the Dillon 1' X 2" Quadran-
gle, Idaho and Montana, U'S. Geological Survey Miscelianeous

Invest igat ions Ser ies Map I -1803-8,  scale 1:250,000,37 p.  text ,

Raines, G.L., 1s78. Porphyry copper exploration model for northern

Sonora, Mexico, u.S. Geological Survey lournal of Research'

6 [ 1  ) : 5  1 - 5 8 .

Rowan, L.C., and T.L. Purdy, 7984. Distribution of Hydrothermally

Altered Rocks, Walket Lake Quadrangle, California and Nevada,

U.S. Geological Survey Miscellaneous Field Studies Map MF-

1382-Q, scale 1:250,000.

1985. Map Showing Analysis of Linear Features in the Wal-

lace 1' X 2' Quodrangle, Idaho - Montana, U,S. Geological Sur-

vey Miscel laneous Fie ld Studies Map MF-1354-H, scale 1:

250 .000 .

Rowan, L.C., and D.B. Segal, 1989. Mop Showng Locotions of !,xpo-
sures of Limonitic Rocks and Hydrothermally Altered Rocks in the

PE&RS

Butte 1" x 3 QuadrangJe, Montana, U.S. Geological Survey Miscel-

larreous Investigations Series Map I-2050-A, scale 1:250,000'

Rowan, L.C., and P.H. Wetlaufer, 1981. Relation between regional
Iineament systems and structural zones in Nevada, American
As so c. P etrcl eu m Ge olo gist s 8u11., 65 (8) : 14 1"4-1'432'

Rowan, L.C., B.A. Eiswerth, D.B. Smith, W.J. Ehmann' and T'L'  Bow-

ers (in press). Distribution, Mineral.ogy, and Ceochemiilry of ,
Hvdrothermallv Altered Rocks in the Reno 1" by 2" Quadtangle'
ieuada, U.S. ieological Survey Miscellaneous Field Studies
Map MF-2154-D, scale 1:250,000.

Rowan, L.C., C.A. Trautwein, and T'L. Purdy, 1991' Maps Showing
Asi;sociation of Linear Features and Metallic Mines and Pro-spects

in the Butte i' Ay f Quadrangle, Montana, U's Geological Sur-

vey Miscellaneous lnvestigations Series Map I-2050-8, scale 1:

250,000.
Sesal. D.B., and L.C. Rowan, 1989. Map Showing Exposures of Limo-' 

nitic Rocks ond Hydrothermally A)tered Rocks in the Dillon 1" by

2' Quadrangle, Idaho and Montana, U.S. Geological Survey Mis-

cellineous i-nvestigations Series Map I-1803-,{, scale 1:250,000'

Thompson, G.A., 1956. Geology of the Virginia City quadrangle, Ne-

,ridu, U.s. Geological Survey Bull. 1'o42-C' pp. 45-77 '

Vikre, P.G., 1989. Fluid-mineral relations in the Comstock Lode'
Econ. Geol., 84:1.57 4-7613.

Warner, L.A., 1s78. The Colorado Lineament: A middle Precambrian
wrench fault system, Geol. Soc. America Bull,,8gt761'-]'77'

Willden, R., and R.C. Speed, 7974' Geology and Mineral Deposits.of

Churchtill County, itevada, Nevada Bureau of Mines and Geol-

ogy, Bul l .  83, 95 p.
(Received 22 lune 1993; revised and accepted 20 October 1993; re-

vised 4 Apri l  1994)

Lawrence C. Rowan
Dr. Rowan received his B.A' and M'Sc. from the
University of Virginia and Ph.D. from the Uni-

versitv of Cincinnati. Since ioining the U.S' Geversity ince joining the U.S' Ge-versity ot Urncrnnatl. Slnce lornlng, ule u..

ologiial Survey in 1964, he has conducted
geoiogical ."*bt" sensing research with empha-

sis on the apilication of remote sensing to Seologic Plob-,
lems. He was Principal Investigator of Landsat 1 and Landsat
2 oroiects and an Aiiborne Visible/Infrared lmaging Spec-
trometer (avns) study, and a coinvestigator of Landsat The-
matic Mapper and Shuttle Multispectral Infrared Radiometer
experimenfs. He is a member of the Advanced Spaceborne
Thermal Emission and Reflection radiometer Science Team'
He was co-recipient of the 1sB2 Autometric Award and the
William T. Pecbra Award from NASA and Department of the
Interior. In 1984, he received the Department of the Interior
Meritorious Service Award. His current research into the
soectral and structural characteristics of alkaline igneous
ricks and carbonatites utilizes laboratory and field analysis
of ,A.vrRIs and tlus data to identify lithologies and critical
structural features.

-*. Timothv L. Bowers
F-I Mr. Bowers received both the B.S, degree (rsao)

*ff if and M.S. degree (1s87) in geology from Wayne
[P. State Universitv, Detroit, Michigan. He is cur-

fo A,:",1'J,ili*,:T"i:,,":"J:giff l,:HL:J;,3,'il',i"
Math, Science, and Engineering Division, Northern Virginia
Community College. Mr. Bowers is involved in several stud-
ies in the applicat"ion of satellite multispectral and airborne
multispectrii thermal and hyperspectral visible and near-in-
frared data for lithologic, mineralogic, and structural-map-
oins. Additional interLsts include the use of geographic
info"rmation systems (cIs) technology for the integration and
analysis of geblogic and remote sensing data'

759


