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€. Significant Results. | o
a “AthéraTogica1 differences betweeh:hydrbtherma]1y'a1feréd rbcké-and“
most dnaitered rocks in south-central Nevada cause visible and near-infrared
(0.45-2.4 ym) spectral reflectance differences which can be used to discri-
minate these bfoad categohies of foéks in multispectral images. The moSt'.
1mp0rtant m1neraTog1ca1 d1fferences are tha increased abundance of goethTte,
hemat1te, Jarosqte, alunite, montmor1110r:te, and kaolinite in the altered
zones. Analysis of reflectance spectra recorded in the field showed that
the altered rock spectra are éharacﬁerized by broad ab%orption bénd; in the
0.45-0.50 ym and 0.85-0,95 ﬁm regions, which are due to eléétronic processes
- in the iron ions, and an absorpt1on band near 2.2 um, which is due to
vibrational processes in the hydroxy1 ions. lhese features are absent or
_wéak ih most of the unaitered rock-spectra . Therefcre, the shapes of the
-U 45-2,4 ym specira for these a]tered and unaltered rocks are consp1cuous]y
djffEPent,_ : | ' |
However, because of the wavelength positions and widths of the Landsat .
Multispectral Scanner (MSS) bands, these spectral differences are not
apparent in individual or color-infrared composite MSS ihages. The technique
developed to enhance these subtle spectral differences combines ratiéing
of the MSS bands and contrast stretching. The stretched-ratio values avre
used to produceﬂblack~and-white'1m§ges that depict materials according to
spectral refiectance; ratioing minimizes the influence of topography and
overall albedo on the grouping of spectrally similar materials. Color

compositing of two or more stretched-ratio images to form color-ratio




. composites provides additional enhancement. The most effective color-ratio
‘comﬁosfte:for.dféérimfnéfing Betﬂeeﬁ tﬁe altered and unaltered areas, as
well as among many of the unaltered rocks in south-central Nevada, was
* prepared using the following diazo color and stretched-ratio image combina-
“tions: blue for MSS 4/5, yellow for MSS 5/6, and magenta for MSS 6/7.
A?ﬁeréd areas appear green and brown in this combination.
.»}} Field evaluation of this color-ratio composite shows that, after
" _exclusion of alluvial areas., approximately 80% of the green and brown color
'pattérns are related to hydrothermal alteration. The remaining 20% consists
mainly of pink hematitic crystallized tuff and tan or red ferruginous shale
»aﬁﬂ»si1tst0ne.v,Discrimination of this unaltered tuff from the altered
-rocks'may be possible in the 2.2 mm region because_this absorption band is
absént in the tuff spectra. However, the shale and siltstone are mineralo-
“gically and spectrally similar to the altered rocks; hence, there appears
to-be little prospect of distingu%shing these rocks in visible and near-
~infrared multispectral images.
NOTE: See attached document.
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None.
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“G. Data Use.

Value of Data Value of Data  Value of Data

Allowed Ordered Received
o (U.S. DoTlars) (U.S. DoTTars) (U.S. DoTTars)
Images 2600 2755 - 2755
Photos 0 1s40 . 1370 1370

eets a0 100 400

H. ~Aircraft Data,

In spite of the delay in delivery of aircraft data, the color and
color-infrared photographs continue to be an important data source,
especially for estimating vegetation cover, locating sites for spectral

measurements, and logistical purposes.
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v Discrimination of Hydrothermally Altered and Unaltered Rocks

. ’ in Visible and Near Infrared Multispectral Images |

. ;, ) o . by ‘ | |

"~ Lawrence C. Rowan, U.S. Geological Survey, Reston, Va.

- Alexander F.H, Goetz, Jet Propulsion Laboratory, Pasadena, Ca.
Roger P, Ashley, U.S. Geological Survey, Menlo Park, Ca.

'Abstract

Mineralogical differences between altered rocks and most unaltere& '
: rocks in south-central Nevada cause visible and near-infrared (0.45 to
*@—52.4 ) spectra1-refjectance differences which can be used to discri-
o -ﬁinate these broad cafegories of rocks in multispectral images. The
iz most important mineralogical differences are the increased abundance
‘Qf guelhite, hemétite,-and jarosite, and the presence of aTunite,
‘montmor111onite, and kaolinite in the altered rocks. Analysis of ‘
1+ reflectance spectra recorded in the field showed that the altered rock ;
¥ spectra are characterized by broad absorption bands in the 0.45-0.50 um
and 0.85-0.95 ym regions which are due to electronic processes in the
‘iron ions, and a band near 2.2 um which is due to vibrational processesf
in the OH ions. These Teatures are absent or Weak in most of the unai-
“'.tered rock spectra. Therefore, the shapes of the 0.45-2.4 um spectra
: for these altered and unaltered rocks are conspicuously different. .
'waever, because of the wavelength positions and widths of the Landsat |
Mult ispectral Séanner (MSS) bands, these spectral differences are not
iapparent in individual or color-infrared composite MSS images.
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. The technique developed to enhance.these}suthe spectral
’ tdiffereﬁces combines ratioing of the MSS bands and contrast stretching.
jhe stretched ratio values are used to produce black-and-white images
| hhich depict-materiéls according to spectra] fefieétance; ratioing
a~!minimizes the inf]uence of_tqpography and overall é]bedo on the grouping
.;of spectrally sfﬁilar‘maieb{als. Coler compositing of tWo or more
7 %stretched ratio imageslto_form color-ratio composites.provides addi-
N vﬁional enhancément. he moét éffective color-ratio compbsite for
s d1scr1m1nat1ng between - the altered and unaltered areas, as well as
16- among many of the unaltered rocks in south-central Nevada, was prepared
i ~_us1ng the fo11nw1ng d1azq color and stretched ratio image combinations:
” "blue for MSS 4/5, yellow for‘MSS‘B/G; and magenta for MSS 6/7.
s Altered areas appear green and brown i this combination. S ;
o { - Field evaluation of this color-ratio composite shows that
ﬁf{éxc1uding alluviatl areas, approximately 80 percent of the green and
1= brown color patterns are related to hydrofherma] alteration. The
SRR framaining 20 percent.coqsists mainly of pink hematitic crystallized
tuff, a result‘of-vaporuphase crysta1]ization, and of tan and red _
= ferruginous shale and siltstone. 'Disc?imination{ﬁf this unaltered =«
tuff from the altered rocks may be possible in the 2.2 um region
bécaUse fhis absorption.band i$ absent in thé'tuff specfra. However,
because the shale and siltstone are mineralogicaily and spectrally
‘Similar to the altered rocks, there‘appears to be little prospecf of
dlst1ngu1sh1ng these rocks from a1tered rocks in v1s1b1e and near-

1nfrared mu1t1spectra1 1mages. o m,ﬂ._;‘ e
-ii BT TR SN LT S N s RS B
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Iﬁtrodﬂction

| Several workers have shown that exposed hydrothermal]j altered
fareas can be detected and mapped by ana1yzin§ fhe spectral radiance
data recorded by the Landsat Multispectral Scanner (MSS) {Rowan and
:others, 19735 19743 1975 a, b; Schmidt, 1975; Schmidt and others,
i1975; Albert, 1975; Gnetz, 1975, written cbmmunicétion). Effective
Juse of this technique must take intb account a large number of varia-
bles, including the mineralogy of the altered and unaltered rocks,
vegetation type and distribution, surface coatings, afmospheric
‘scattering and transmission, solar illumination angies, soil moisture
‘content, and grain size. The relationship between surface composition |
gand spectral reflectance is fundamental and must be established before

.other factors can be evaluated.
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This paper describes the‘initial results of a Tong~-term study in
Ghich in situ measurements of visible and near-infrared spectral
reflectance analyses are being used in an effort to define the relation-
éhip between.surface composition and spectral refiectance for a |
Qariety of alteration types. Although measurements obtained thus far
are not sufficient for a detailed quantitative analysis, they show
fhe principal spectral differences which constiiute the basis of the
fechnique developed by Rowan and others (1974) for discriminating
betﬁeen hydrothermally altered and unaltered rocks in the eastern
part of MSS scene E1072-18001 of south-central Nevada (fig. 1). Since
that initial study, fhe entire area covered by this scene (fig. 1) has
been processed and most of it has been evaluated. The most important
results cf this evaluationh are alsc presented here with emphasis on the

problems encountered and on methods for solving some of the problems.

- Figure 1 near here

The main value of this new approach to mineral exploration is
that it augments traditional exploration methods by providing a rapid,
practical means for compiling reconnaissance alteration; maps of large
arid and semi-arid regions. In addition, with the use of high spatial
resolution systems, this technique may prove useful for mapping some

mineralogically distinct zones within hydrothermally altered areas.
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“ Figure 1. ERTS~1'image mosaic of Nevada showiﬁg;1ocatipn of the

squth—qentraT-NeQada-study area, Dashed line shoWé_approximate~ V},A»
location of the initial study area described by waén'ahd~others.

- (1974). €S locates central part of the Gb}dfiQTdymininQjdistrict;?
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1:,3 o o }1 , 'Spectral-Ref1ectahce Studies. _ _' N

Go]df1e1d Mining District.

Spectral reflectance stud1es have been concentrated thus far 1in
the Go]df1e1d Nevada m1n1ng d1str1ct (f1g 1) because of the wide
range of representat1Ve a]tered rocls present Exposares here are
exce]]ent, vegetat1on covers. less than an est1mated 10 percent of the '
ground and 1is reasonably un1rorm, except for a h1gher density in
dra1nage channels. The geo1ogy of the d1str1ct has ‘been described in

) 211 (Ransome, 19095 1910 a, b; Locke, 1912 a, b; Searls, 1948;
i Alber‘ and K1e1nhamp1, 1970; Ash1ey, 1970 A1bers and Stewart, 1972; j
Cornua]] 19723 Ash]ey and Keith, 1973; Ash]ey and A?bers, 1975). The i

12 B

Go1df1e1d dlStTTCi is an area of mainly Tower M1ocene volcanic rocks

1L

12

.:over1y1ng Ordovician shale and chert and Mesozoic gran1t1c rocks. The |

12

Miocene units include trachyandesite, rhyodacite, quartz latite, and l
(E

:rhyo1ite tuff and flows. Middle Miocene or lower Piiocene basalt and
we1ded tuff Tocally cap these units. Alteration is extensive,
v_espec1a11y'1n,the,10wer M10cene,trachyandesite and. rhyodacite, the

main ore-bearing rocks.:




T 'the f1e1d by the1r topograph1c express1ons and colors (Ash?ey, 1970,

Ty 1971) The s1]1c1f1ed zones consist of crude]y tabular b0d1es composed

RS the fresh rock is apparent These bodies appear to haVe formed along .

i e rr e e s o el i = ek T nia aee e R L e aeen e e et im S i 1=kt e 58w e 1oy b 4 e 18 e .__._,_?

|
|
|
i

i
+

. ; Rock alteration at Go]dF1e d is of two genera1 types: -
| 'hydrotherma1 and propylitic, HydrothermaT alteration is more fnteﬁse
a and consp1cuous and is economically more 1mportant because of Tts

' d1rect association with meta111zat1on in the district. Two ma1n zones

-
= of hydrotherma] alteration, 5111c1c and ar91111c, can be recogn1zed 1n .

'ma1n1y uf m1crocrysta111ne quartz and Tesser amounts of a]un1te and i
3 Lao]1n1te These bod1es form craggy resjstant outcrops which commonly ,
irr‘have numerous fractures coated with b]ack or dark red hemat1te or

goethTte Where th1s coat1ng is absent, the white to gray color of

fau]ts fracuures, aﬂd TOCa]1j pcermeable beds and reprcocnt the sites
% of highest temperatures and the most intense cation leaching during

}ﬁ~:hydvotherma1 alteration.

h
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1y , 1.~ The silicified bodies are surrounded by extensive zones of

- fargi]]fzed rocks which have a‘bTeached appearance due to destruction

. ;of ferromagnesian and calcic minerals by the hydrothermal fluids, and
."éformation,of_such minerals as quartz, kaolinite, pyrophyllite, K-mica,
. iand montmoriilonite. Three subzones wiéhin the argillized zone have
¢ ' been recognized on the basis of mineraiogica1 differences. In order of
o, decreasing intensit}‘of alteration, these are advanced argillic rocks
. with quartz, alunite and kaolinite; kaonnite - , K-mica-bearing
. “argiTlic rocks; and mbntmori110nité-bear1ng rocks. The color of the
,5_;argiTTic rocks ranges from neariy White; gray, and yarious pastell
3 jshadeélof red, purplé, brown, and yellow in the two kaolinitic subzones
| i 'tqrdominantly-ye]1ow and brown in the montmpri]]onitic subzone. Expo-
5 sureé'aré poorer in the argillic zoné than in the siiicified zone
1w because debris shed from the resistant 1edges'1oca1ly cover much of the
'gu.adjacent less feéistant argillic rocks. Distinction of the argillic |
w‘ sub;pnes is further complicated by the need for X-ray and petrographic
o .anaTysis to identify fhe:diégnostic mineral assemblages. Consequent]y,’

e detailed mapping of.the hydrothermal alteration is not yet complete.
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;p1agioc1ase is saussuritized, mafic minerals are hydrated, and opaque

alteration because the chemical changes are smaller. In general,

Propylitic alteration is less obvious than hydrothermal

'mfhefaTs'are Tocally oxidized. Harvey and Vitaliano (1964) considered

- Because of the low spatial resolution of this system (79m), sample

.:pvopy11t1zat1on may be reTated to deuter1c processes. .This view-.is
fsupported—by the discontinuous. distribution of the propylitic rocks
Iand the dependence of the resu1t1ng m1nera1 ~assemblages on the composi-

-;t1on of the host rocks.

propy]111c a1terat1on in the Go]df1e1d d1str1ct to be the weakest grade
of hydrotherma1 alteration. Ashley (1974) suggests, however, that the

iRef]ectance Spectra.

- the field for the altered vrocks and the main unaltered rock uniis using'-
:a portable spectrometer designed and fabricated at the Jet Propulsion
-jLaboratory, Pasadena, California (Goetz and others, 1975). The
jsamp]ing procedure was mainly guided by the need to obtain sﬁectra

which represent the individual rock units as viewed by the MSS. An

: _
. Measurements of the 0.45-2.4 um spectral refiectance were made in'

additional consideration was the need to select better spectral bands

- for disériminating rock types, especially altered and unaltered rocks.

sites included areas composed of colluvium as well as outcrops. Such

Sites were practically unavoidable in areas where argillic rocks were

ooverlain and mixed with silicified debris. Each sample site, covering -

normalized to calibrated standards.

approximately 100 sq. cm was viewed vertically and all spectra were



:Statistica1 ana]yses'of the average spectra have not been cohducted

ibecausé of the 1imited amouht of data preéent]y available. However,

The spectra discussed below are averages calculated from grbups

of individual spectra representing local variants of the surface units.

these spectra are undoubtedly more representative of the surface units

. than could be obtained by measuring even a large number of samples in

 Vthe ]aboratory.' A statistical ana]ysis of a'iarger number of individual

sample spectra is being prepared.

Average reflectance spectra for representative sites in the

w- altered areas and for the unaltered rock units are shown in fig. 2a and

éb,_respectiveiy. ‘Generalized composite descriptions of each site are

given in Table 1. The general shapes of the average spectral curves

.+ Tor the three altered areas are similar (fig. 2a}. The spectral -

features responsible for these shapes are an absorption band in the

f‘fultravio1et region {not shown in fig. 2a) and several minor bands in

the visible region, a broad band near 0.90 ym, and a sharper band
centered at about 2.2 ym. Maximum reflectance therefore occurs near
1.6 pm. A1l the absorpfion bands in the ultraviolet and visible are

due to electronic processes in the constituent iron fons of such

- minerals as hematite, goethite, jarosite, and montmorilionite (Hunt and;

Sa]isbury, 19703 Hunt and others, 1971). The 2.2 um feature is a com- .
bination band related to OH stfetching and A1-0-H bending that takes
plgce at longer wavelengths 1in alunite and clay minerd]s (Hdnt and

others, 1973).

Figure 2a and 2b near hers
7 H -l."‘--""'—'-‘ RS AT A A B S oottt
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“ Figure 2. In situ reflectance spectra for (a) altered rock types and
‘ '(ﬁ) unaltered rock types in and near the Goldfield, Nevada
% mining district. Areas of no data from about 1.3-1.5 pm and

1.7-2.0 um are due to atmospheric absorption.




Table 1 - Generalized composite descriptions of selected sites within major altered and unaltered rock types
in the Goldfield, Nev. mining district. 0.45-2.k ym spectral re
as well as the number of spectra for each rock unit,

PRFCEDING PAGESBLANE NOT FILMED

flectance measurements were recorded

Rock Type

Description

Number of Spectral

Hematitic Silicified -
Rocks

Measurements

- Red, orange, yellow, black, aﬁd gray silicified fragments 0.5-10

across containing quartz, alunite, hematite, and jarosite;

20% tan, yellow, pink soil.

Silicified outcrop with dark red and black hematite s
quartz, alunite, hematite, gypsum.

e
% O

tain containing

4

L~

[~

Hematitic argillic and
Silicified Rocks

- Dark brown, black, orange, and red silicified fragments from

- 0.25-5 cm across containing quartz, kaolinite, alunite, and
hematite; some pink, purple, gray, and white argillized fragments
containing quartz, kaolinite, and hematite; 10% to 50% tan soil.

;lBlack, tan, and red silicified outcrop containing quartz, alunite,

and hematite.
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Montmorillonitic
Argi’lized Rocks

- Yellow brown, orange, purple, red, and white argilliied fragments
from 0.5 to 5 cm across containing quartz, kaolinite, alunite,
jarosite, and hematite, montmorillomite, ‘gypsum, and goethites

5% to 90% yellow-tan soil.

Playa Deposits

- White, gray, and light tan containing quartz, feldspar, g
" calcite, illite (K-mica), and kaolinite.

ypsum,

25

Tuff

- Dark gray vitrophyric tuff outcrops.

- Dark gray to tan vitrophyric tuff fragments from 0.5-5cm

across; 5-20% tan silty soil.

h"a‘
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Table 1. .(continued)

- Rock Unit

Description

Number of Spectra

- Latite

- Light gray, light brown, and orange propylitized Quaftz latite

fragments from 0.25 to 4 cm across containing plagioclase,

- biotite, and hormblende, phenocrysts and ground mass containing

plagioclase, glass and opaques; 15 to 20% tan silty soil.

w

Rhyodacite

Gray, blue-gray, dark brown, and dark red-brown porphyritic
rhyodacite fragments from 0.5 to 5 cm .across containing

‘plagiociase, biotite, hornblende, hypersthene, and quartz

phenocrysts, and ground mass of plagioclase, glass and alkali

feldspar; 5-20% tan silty soil.

N

Trachyandesite

- Medium-gray pyroxene andesite fragments from 0.25 to 6 cm

across containing plagioclase, zugite, hypersthene, and
hornblende phenocrysts and ground mass containing plagioclase,
clino -:.and orthopyroxenes, and opaque minerals; 1% to 10% soil.

Basalt

Dark gray to black porphyritic basalt fragments from 0.5 to 5 cm
across containing calcic plagioclase and olivine phenocrysts in
- ground mass of plagioclase microlites, augite, magnetite, glass,
~and biotite; 5 - 10% tan soil. '

Dark gray to black porphyritic basalt outcrops with same mineralogy

as fragments,




7 Some of the small spectral differences reflect mineralogical
differences among the altered areas. For example, the lower slope of
rthe hematitic argillized and silicified rock spectrum in the visible
region appears to be caused by less intense absorption bands due to the
_genera]]y small amount of iron oxide minerals in this rock. Note also
that the band near 0.90 um occurs at a slightly longer wavelength in
‘the montmorillonitic rocks (0.92 um) than in the siliciTied rocks

(0.87 ym). This difference is related to the presence of ferrous iron
in montmorillenite (Hunt and Salisbury, 1970); in contrast, the other

altered rocks contarn dominantly tTerric iron.
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The average spectra for unaltered rocks (fig. 2b) in and near :
the Go?dfie]d mining district'ﬁisplay subtle differences in s1ope, but
Ethe iron and OH-absorption bands are absent or on]y weakly expressed
Consequently, these altered and unaltered rock spectra have
_tnonsp1cuous1y different shapes. Preliminary ana]ys1s of spectra
) “obtained elsewhere .in the study area indicates ﬁhat these differences
are representative of most of the other unaltered anu altered rocks.
However, two unaltered types are excéptional in this respect and a
third is exceptional in the shorter wavelength part of the spectrum.
Tan Timonitic shale is w1despread in the northwestern part of the area -
and red shale occurs 1ocally in the southern part. Because the |
mineralogy of these rocks is similar to that of the altered rncLs,

. their spectral shapes are nearly identical (f1gs 2a and 3). The,

third rock type is an unusually bright p1nk crystallized tuff which is
confined to the northern end of the Silver Peak Mountains south of.
Coaldale Junction, Nevada near the central part of the study area. The
pink color of these rocks is attributed to the presence of numerous
microscopic hematite particles in the groundmass formed during vapor-
phase crystaliization. Comparison of a representative in situ

" reflectance spectrun for the pink tuff and the altered rock spectra

(figs. 4 and 2a, respectively) shows that they are similar between
0.45 and 1.8 ym, but the 2.2 um absorption band characteristic of the B
altered rocks is not present in the tuff spectrum. The absence of
this feature in the tuff spectrum is due to the general lack of j
hydrous phases in the tuff outcrops and in the res1dua1 s0il, wh1ch
is a product of mechanical rather than chemicat weatherung

Figure 3 and 4 near here
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.. Figure 3. In situ reflectance spectra for tan and red shales and
tuff in the western part of MSS scene E1072-18001. Areas of no

data from about 1.3~1.5 ym and 1.7-2.0 um are due to atmospheric
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?Figure 4.- lﬁ_§j§g_fef]ectance speétra.pver the MSS response range for

| (a) altered rocké and (b} unaltered rocks in and near the
Goldfield, Nevada mining district. Wavelength positions of the
MSS bands are indicated.
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Table 2

MSS reflectance in percent calculated for aTtered and unaltered rock spectra
shown in T¥ig. 3a and 3b, respectively.

ATtered Rocks ,

Unaltered Rocks.

Hematitic

; MSS Hematitic argillic Montmorillonitic | Playa

%8 bands |[silicified | silicified | argillized deposits | Tuff | Latite | Rhyodacite | Trachyandesite | Basalt
4. '13.5 20.9 | 35.0 49.3 15.7 22.8 12.1 12.7 9.6
5 23.0 25.9 42.4 51.2 19.4 26.1 13.8 14.8 11.5
6 26;4 -28.9, 42.5 52.3 21.7 26.6 14.5 15.0 | 12.6
7 26.6 3.3 39.7 522 | 28.0| 26.3 | 145 14.2

13.7
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Image Analysis

The MSS spectPaTAbands are not the best for discriminating
;between-the altered and unaltered rocks in the Goldfield mining
3distr1ct, because they are pot situated to take full advaniage of the
ﬂ"distiﬁguishing spectral features (figs. 4a and b). Absence of the
2.2 ym OH-band is especially detrimental, because this feature should
;be useful for discriminating altered rocks from some unaltered rocks
such as the pink tuff discussed above. In addition, the response
range of MSS band 7 (0.8-1.1 um) is broader than the 0.90 um iron-
absorption band so that this feature is weakly expressed in the MSS
radiance data. These spectral limitations of the MSS mean that only
small spectral radiance differences between altered and vnaltered
rocks can be recorded; the differences are not evident in the in&ividua1
:MSS images or in color-infrared composites (Rowan and others, 1975a,

).



_ The subtleness of the MSS spectral differences.between the
altered and unaltered rocks in the Goldfield district is illustrated
‘by comparing reflectances (Table 2) calculated from the spectra in
'fig. 4a and b. These values are not represenﬁative of the absolute
MSS radiances because we did not account for the solar spectrum factor |
and the MSS system response.‘ However, they are useful for comparative
purposes. In each of the MSS bands, the calculated reflectances of '
the unaltered rocks span the entire range of tﬁe attered rocks,
Vemphas121ng the Timited value of albedo for discriminating these rocks.
Some of the band to band differences are reasonab1y large and d1agnost1c
but others are small and, taken individually, not distinctive. For
example, the bénd 4 to band 5 reflectance difference for hematitic
silicified rocks is ccnsidérably targer than those for the unaltered
rocks because of the intense absorption bands typical of hematite. In
szcontrast, the band 5 to band 6 differences for montmorilionitic argil-
lized yocks and for tuff are small and would be easily obscured by
brightness variations due to small changes in topographic slope.

Digital computer processing is required for enhancing such subtle

spectral radiance differences.

1



Several techniques have been used for.disp]ayirg the subtle MSS
radiancé differences ﬁhfch appear to tyﬁify altered and unaltered
‘areas, including digital classification (Schmidt, 1975; Schmidt and
others, 1975) and simu]éted tfue color (A]bert,_1975), but the most
. effective approach in the south-central Nevada study area (fig. 1)
:inv01ves interpretation of color composites of ratic images (Rowan and |
others, 1974). Ratios of spectral band images are useful for several
.reasons: (T) the differences between slopes of reflectance spectra
 betweén two-bands can be displayed in a single image; (2) to first
~~?order, brightness variations causeﬁ.hy variations in topographic slope |
attitude are removed aﬁd the responses from like materials are -~ .
normalized; {(3) the response of the members of a like class of materials
;havingvsimiiar reflectance curve shapes but varying albedos are .~ |
normalized; and (4) the width of the distribution of image br%ghtness

- values is reduced so that a greater contrast stretch can be applied.

"~
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Figure 5 i1lustrates the varying i1lumination conditions. A
jsimp1ified expression for the brightness perceived at the spacecraft
515 given by ’

; Ky = Gepy @+ Ny . . | | (1)

" ‘where the subscript x denotes the wavelength band, G is a system

factor containing the instrument response,'atmospheric transmittance
and solar irradiance, p is the bidirectional specural reflectance, @
is the photometric function given in 2, and N is the path radiance or

;contribution from the scattered light in the intervening atmosphere,

| Assuming a lambert surface and ignoring a small wavelength dependence, |

;then

| § = COS o _ : | (2)
:where Cos o= c0S S cos vy + sin s sin y cos 6 and s is the angle
ibetween z and the vertical, 6 is the azimuth angle between the slope

:and the sun.

-

Figure 5 and 6 near here
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Figure 5 - Simplified two dimensional radiation geometry diagram. o is the
angle between the surface normal (Z) and the sun, y'is the solar

zenith angle.
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Figure 6 - Error ‘introduced in the ratio as a function of average spectka1
reflectance if the path radiance corpection is not made. The values
were calculated for a ratio of MSS bands 4/5 using dtmospheric values

" as given by Goetz et al (1975).



- ‘The first order term P s now independent of the s1ope of the
isurface except that sky 11]um1nat1on (not represented here) W111
become a significant factor for large absolute values of o in fig. 5.

‘I the additive terms are first removad,-then the cross products in

determining the values for deep, clear water bodies in the scene or

;using cloud shadows, as outlined by Goetz et al. (1975). or by deter~

path radiance correction must be made before the ratio is taken. Sky

11tho1og1c mapplng is best done with high sun ang]e Tmages

- Ratioing two spectral bands yields the expression

N N/ N
% . SP 2 1 2 ,
e U1y + 1 - + ... (3) :
Ry Gppy ( Gzpz) Ggp o2 ( 2"2)

Gypq

2°2

equation 3 disappear. The path radiance term can be estimated by

Imining the value of the additive term which yields the Towest variance ;

in the ratio values in the scene (Soderblom, private communication).

Figure 6 shows the error induced in the ratio if the scene is

_Enot corrected for path radiance. Although this error is substantial, .
:thex;otrectiOn destroys an undesirably 1a;ge amount of spatial informa-;
ftion. Therefore, no path radiance correction was applied to‘the<ratio ;
_images discussed in the following section. In practice, this error hasi
‘the effect of reintroducing albedo and sTope information into the ratio

“jimage, but the effect is less disturbing to the analyst than severe |

.loss of spatial detail. However, if quantitative values are desired, af

i
i

ii]]umination of slopes at high ang]és‘of o cannot be corrected for.

without a detailed knowledge of the topugraphy For this reason,

L p— [e——— - e . dme et m———— e e e s v v men e — e e ¢ e
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ulimages are recognized as being espécia}]y.usefuT for detecting iron-

e

Selection of the optimum ratio image or combination of images can:

.be determined by evaluating ratios calculated from spectra representingj

‘the rock units of interest (Table 3). Some units can be distinguished';

-in a single ratio image. For example, MSS 4/5 or the inverse, MSS 5/4,2

- oxide-rich zones (Vincent, 1975; Short and Maars, 1975). Low MSS 4/5,

1+ the best combination of ratio images and diazo colors.

~MSS 4/6, and MSS 4/7 ratios are related to the intense ferric-absorption
band in the hematite spectrum. However, some rocks such as the mont- _j

:mori110nitic argillized rocks and basalt (Table 3), have small MSS 4/5 j

. -differences and therefore, a composite of two or more ratio images is

needed for discriminating among them. The spectral information °
discussed here was not available when various color-ratio composites
“vere being prepared and evaiuated Tor the study area. Consequently,

a time-consuming trial and error process was necessary for selecting

~



The color-ratio composite found most useful for discriminating

‘between altered and unaltered rocks, as well as among the unaltered

rocks, in the initial study area in south-central Nevada (fig. T) is

composed of the following stretched-ratio image combinations using

diazo color: biue for MSS 4/5, yellow for MSS 5/6, and magenta for

MSS 6/7. 1In this composite, basaltic and intermediate rocks are white,
felsic rocks are pink to 1ight orange, and altered rocks are green to
dark green and brown to red-brown {fig. 7}. These colors are essen-

tially the same as described by Rowan and others (1974) for the

initial composite of the eastern part of this scene except that all the

colors are more intense. This change was accomplished by using two
yellow separates for MSS 5/6 and slightly more compiete developing for
the separates than was used in preparing the initial composite. The

more intense colors facilitate interpretation of the color-ratio

* composite.

Figure 7 near here
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Table 3

MSS ratios for altered and untered rocks in the Goldfield, Nevada mining
district calculated from the reflectance values in Table 2. , ’

Altered Rocks ’ | Unaltered chks
Hematitic '

_, Mss Hematitic argiliic Montmorillonitic| Playa

& bands | silicified | silicified argillized deposits | Tuff | Latite { Rhyodacite | Trachyandesite { Basalt
4/5 .58 .79 .81 .96 .83 | - .89 .88 .8 .83
.5/6 .87 .80 . 1.00 .98 | .89 .28 .95 .99 .80
6/7 .99 .93 1.07 1.00 .91 1.00 .99 1.05 | .91
4/6 .51 .71 .81 .94 .73 .87 .83 - .8 .75
5/7 .87 .83 1.07 .98 .81 .98 .94 1.06 .82
4/7 .51 .66 .87 .94 .67 .87 .82 | .89 ;69
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Figure 7. Color ratio composite of MSS scene E107?~18001 consisting
of the following strétched ratio image qombinations using diazo
coiors: blue for MSS 4/5, yellow for MSS 5/6G, and magenta for
MSS 6/7. Basaltic and intermediate voTcanic rocks and black
shale appear white, felsic rocks are pink to red, playas are
blue, vegetation is orange, and altered rocks are green to dark
green and brown to red-brown. A, alluvial areas; B, tan sha]e;
C, red shales D, Pink tuff; E, altered tuffs in the Ralston
mining district; F, altered tuffs along west flank of Stonewa1]
Mountaini G, unaltered tuff near Tolicha Peak; and H, unaltered
tuff west and south of Montezuma Peak. Image recorded on

October 3, 1972.
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Evaluation of the initial color-ratio composite of the eastern

'part of the study area (fig. 1) showed that alluvial areas are

commonly represented by various tints of green and brown in the image

(A, fig. 7), similar to the colors representing hydrothermally altered

rocks. In some places, the alluvium was derived from altered rocks,
but in others iron oxide has formed on the surfaces of fragments
derived from unaltered rocks. The first steps required for preparing
an alteration map from the color-ratio composite, therefore, is
distinguishing outcrop from aliuvial areas. This process is signifi-

cantly aided by photointerpretation of Skylab color photographs (fig.

8), but can be achieved using contrast-stretched MSS images (see Rowan

and others, 1974, fig. 14).

Agreement between the green to dark green and brown to red-brown
areas and hydrothermally altered outcrops was found to be excellent in
the eastern part of the study area (fig. 1) (Rowan and others, 1974).
Only two areas portrayed in these colors are unaltered rocks, and all
of the known altered areas were detected. Continued evaluation of the
initial color-ratio combosite image and evaluation of the new compo-
site showing the entire scene (fig. 7) have reaffirmed these generally
positive conclusions. However, analysis of the western part of the
composite (fig. 7) shows that several unaltered rocks are displayed in
colors similar to those of the altered rocks. One of the main objec-
tives of this siudy is to determine the limitations of this approach

for mapping hydrothermal alteration zones. Therefore, the remainder

“of this paper deals with these problematical rock types.

17



As previously described, tan and red shales and bright pink tuff |
in the western part of the study area (A, B, and C, respectively, fig.
_8) are spectrally similar to altered rocks (figs. 3 and 4a) in the MSS |
response range, Therefore, these rocks appear green in the color-ratio
'-‘composite (B, C, and D, respectively, fig. 7), although they are unal- |
tered. It is important to point out that siightly pink, tan, and gray
jsilicic tuffs and flows are common in the study area, but are consis-
:tent1y pink to orange~pink in the co1of~ratio composite (fig. 7). Tan |
_;0 brown siltstone and shale constitute one of the problematical rocks
- ‘discussed by Rowan and others (1974) in the eastern part of the area.
Although spectra are not available for this rock type, they are |
undoubtedly similar to those for the tan and red shales and the altered
rocks. The other problematical reck type in the eastern part is an
intrusive of generally andesitic composition (see K, fig. 17, Rowan
‘“:and others, 1974); spectral measurements are not available for this

area.

Figure 8 near here
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}Figuré 8. Skylab S190A co]ﬁr photograph of part of the study area.
A, tan shale; B, red shale; C, pink tuff; D, altered tuff in the
Ralston mining district; and E, unaltered tuff west and south of
Montezuma Peak. Photographed 3 June 19?3. Ektachrome film,
type SO 356.
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3vvécomposite (fig. 7) are problematical because, although some consist of

altered rocks, others appear to be unaltered. For example, tuffs in

“the Ralston mining district (E, fig. 7 and D, fig. 8) and along the

.37 and E, fig. 8) consist of glassy tuff without any obvious hydrother- §

" high-albedos. Iron-oxide minerals are generally absent or minor,

lequivaTents are not consistently discriminable in the composite.

e e e i e o .
In addition, rocks appearing red-brown in the color-ratio ’

!
!
i
'
|
|
|
"
i

‘:west flank of Stonewall Mountain (F, fig. 7) haﬁe been altered to very f
fine~grained, locally opaline silica, but two areas near Tolicha Peak 1

:(G, fig. 7) and large areas west and south of Montezuma Peakv(H, fig.

mal alteration. A1l these rocks are rhyolitic tuff, which have very

i
¢

indicating that 1ittle iron sulphide was introduced during the epither-‘
mal silicification process that affected some of these areas. Thus, |

these rocks are portrayed in the color-ratic composite in a color that :

‘differs only slightly from that of other silicic tuffs and flows, and

the iron-poor silicified tuffs and flows and their apparent unaltered

————— - O U o in i e —n & e s - ad
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In sﬁite of these problems, as estimated 80 percent of the green

to dark green and brown to red-brown areas in the color-ratio

‘composite are related to hydrothermal alteration. However, these
results do emphasize the dependence of this technique on the presence

=~ of contrasting ferric-iron oxide absorption intensities between

altered and unaltered rocks and the necessity Tor supplementary

inforimation where this contrast is lacking. In MSS color-ratio

composites, unaltered rocks rich in iron-oxide minerals stains will

appear altered, and attered rocks poor in iron-oxides will appear

“- unaltered. The most promising spectral region for solving some of

these problems appears to be near 2.2 um. In this region, unaltered
rocks with strong iron absorption band, but low hydroxyl content, such
as the pink tuff-of the northern $ilver Peak Range. should be discri-

minable from hydrothermally altered rocks on the basis of the absence

- of the 2.2 ym band in the spectra for these unaltered rocks. More

importantly, hydrothermaily altered rocks should be distinguishable
in this spectral region independent of their ferric iron content

because of the presence of the 2.2 um band in their spectra.

nbthuiuumulEYxﬂ?TﬂE
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Conclusions

_ In the MSS response range, the spectta1.ref1ectance differences
:between the altered and unaltered rocks in the Goldfield mining
'district are due to the increased abundance of hematite, goethite,
‘jarosite, and montmorillonite in the altered rocks. 7his mineral
‘assemblage results in intense iron-absorption biands in the 0.45-1.1 um
:part of the in situ reflectance spectra for most of the altered rocks;
‘these spectral features are absent or weakly expressed in most of the
unaltered rock spectra. Although the MSS bands are not optimum for
detecting these spectral differences, approximately 80 percent of the
areas displayed as green and brown in a color-ratio composite of the
study area were found to be related to hydrothermal alteration. There-

fore, detection of mineralogically similar alteration zones 1in other

well exposed regions should be possible using this approach.

21



However, some unaitered rocks, sueh as the pink hematitic tuff
and tan and red shales are spectrally similar to the altered vrocks in
the MSS bands. Judging from the field spedtra obtained thus far, the
2.2 ym region is promising for resolving some of these problems because
the OH combination overtone band that fypifies the altered rocks at
Goldfield is absent in most of the unaltered rock spectra. Furthermore,
the Goldfield altered rocks represent only one type of alteration
where the mineral assemblages cause intense iron-absorption bands.

Some unaltered areas, such as the silicified tuffs near Tolicha Peak
’ ‘énd Montezuma Peak lack distinctive iron-absorption bands; they are
characterized by an intense 2.2 um OH absorption band, however.
Detection of these and spectrally similar altered areas in satellite

and aircraft images may require a band centered near 2.2 um.
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