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ABSTRACT
This paper presentS the results of mineralogical ana lysis of hydrothennal altered
rocks from the Comstock Lode, near Virginia City, Nevada, USA, using two different techniques:
reflectance spectromerry and X-ray diffraction. These resultS are discussed based on thcir quickncss,
accuracy and low COstS. The applicability to mineral mapping using high spectral resolution rcmote
sensing images is also briefly discussed. Comparison of the results obtained for both techniques have a
good degree of correlation. showing that refl ectance spectrometry represents an exped ite, simple and
relatively inexpensive technique, capable of mapping nwnerous minerals in the field or in laboratory.

RES UMO
ESle trabalho apresenta res ultados de an!liscs mineral6gicas de rochas com altera~ao
hidrotermal do Lode de Comstock. proximo a Virginia City, ESlado de Nevada, EUA, utiliamdo duas
diferemes tecnicas: especrrometria de reflexilo e difra~ao de raia-X. Os resultados 510 discutidos em
fun~ao de sua rapidez e facilidade de obten~:lo e acuracidade. Discute-se ainda, brevemente, sua aplica·
bilidade ao mapeamento mineral utiliUU1do imagens de sensoriamerltO remoto com alta resoluyilo espectral. A titulo de ilus~lIo, aprescnta-se uma imagem TM -Landsat da regiao de estudo, na qual pode-se
observar a caraccerislica rcsposla das areas alteradas hidrolermalmcnte. A compara~1I0 dos resultados
obcidos com as duas cecn icas apresentou urn razo!vel grau de correla~lio, mostrando que a espcclTOmerria
e uma ferramenta expedita, simples, relativamente barala e capaz de idenlificar no campo ou em laborat6rio minerais de interesse na prospec~ilo de areas com altera~o hidrotermal

INTRO DUCTION
Reflectance ~pectrometry (RSp) is
an analytical technique that allows
quick identification of minerals based
on their spectral properties in the

wavelength regions of the electromagnetic spectrum between 400 and 2,500
nm (Goetz, 1989). These correspond to
the visible (VIS . 400 to 700 run), near-
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infrared (NIR - 650 to 1,000 nm) and
mid or shomv3ve infrared (SWIR 1,000 to 2,500 run) regions. The way
some minerals interact with energy from
the Sun or from artificial sources are recorded by spectrometers and used to
identify spectral features which are diagnostic of the respective minerals. This
principle constitutes the basis of remote
sensing. since sensors are a type of reflectance spectrometer which measures
the above mentioned wavelength regions, usually at a limited spectral
resolution, defined by the number and
the wavelength range of their spectral
bands.
Spectral features can be used to
identify several minerals, but not all of
them. Minerals formed by hydrothermal
alteration processes, such as ferric oxides, hydroxides and sulphates (hematite, goethite, limonite and jarosite),
"clay" minerals (a generic term that
comprises several O-H-bearing minerals, including kaolinite, montmorillonite, illite, chlorite, etc.) and carbonates
(calcite and dolomite) are amongst those
that produce spectral features. For this
reason, remotely sensed images have
been used to map hydrothermal alteration, thus representing an important infonnation source in mineral exploration.
RSp has been used as a supporting
analytical technique to remote sensing
and image processing and interpretation
(e.g. Hunt & Ashley, 1979; Rowan,
1983; Lee & Reines, 1984; Rockwell,
1991; Taranik et aI., 1991) and, recently
some brazilian studies (e.g. Cr6sta,
I 996a; Cr6sta et a\., 1996; Hernandes &
Cr6sta, 1996; Prado & Cr6sta, 1997).
Early spectrometers that could operate
in all three spectral regions (VIS, NIR
and SWIR), also known as full-range
spectrometers, were basically laboratory
instruments, of large dimensions and
weight. It was not until recently that
these instruments coupled with small
(laptop or palmtop) computers became
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truly portable and could be taken into
the field.
Full-range remote sensing has
been an important research area, which
has prompted the development of sensors with very high spectral resolution.
similar to the resolution of reflectance
spectrometers. Some sensors of this
kind, known as imaging spectrometers,
already exist, flying in airborne platforms (such as AVIRIS - Carrere,
1989). Orbital imaging spectrometers,
such as LewislHSI and ARIES, are also
under development, and should be
launched in the near future (Taranik &
Crosta, 1994; Crosta,1996b).
Besides being used as a support to
remote sensing, RSp is rapidly becoming an exploration technlque by itself.
Recent advances in spectral teclmology
have led to the development of portable
reflectance spectrometers operating in
the so-called full-range (400 to 2,500
run). These portable instruments provide results which are equivalent to
those here presented for a laboratory
spectrometer (e.g. the Beckman UV5240), with the advantages of doing the
analysis in the field, directly from outcrops and providing the results in real
time. This is further enhanced by the use
of software coupled to these instruments, that can compare the spectra of
samples being analyzed with reference
standards from a spectral library (such
as the USGS Digital Spectral Library)
and identify the minerals on the spot.
These portable instruments are
currently being used in the field by exploration companies 10 prepare detailed
maps of alteration zones over targets
that have been previously identified by
satellite remote sensing. As currently
operating multispectral sensors like
Landsat Thematic Mapper have only the
capability of locating alteration zones,
without being able to determine its precise mineralogy, the combined use of
both satellite or airborne remole sensing
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and portable spectrometers in the field
is a powerful exploration tool. The use
of these instruments in the field is likely
to continue even after operational imaging spectrometers such as ARIES become available onboard satellites, since
it will always provide a much high!;.':r
degree of spatial detail, needed to confinn and help the image data interpretation.
This paper reports the results ob~
rained from spectral analysis of hydrothennally altered rocks. The same
samples were analyzed by X-ray diffraction, in order to evaluate to what
extent an expedite and relatively inexpensive technique such as RSp can map
mineralogy of interest for exploration
research. RSp is an analytical uncommon tool in Brazil and the results are
presented here to show some of its capabilities. For this reason a detailed
methodological explanation about the
technique was also included.
The study area is the Comstock
lAJde, near Virginia City, State of Nevada, USA. This is a well kno\.\TI mining district explored for silver and gold,
first discovered around \850, resulting
in the so-called Washoe Gold Rush
(Hess, 1987). Numerous mines operated
in the Comstock Lode during the last
century but most of them were exhausted by the beginning of this century.
The area was se1ecte<l for this
study due to the widespread hydrothermal alteration that affected the volcanic
rocks in the region. The samples used in
this study were collected at the Comstock Fault Zone, along which the alteration is very imense and well depicted at the surface.
LOCATION AND GEOLOGY OF
THE STUDY AREA
The study area is defined by the
geographical coordinates 39<>18'N and
119<>39'W, between the towns of Vir-

ginia City and Gold Hill (Fig. 1). The
access is easy at any time, by paved
roads, and is crossed by Nevada State
Highv.·ay 341.
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Figuret-Loca!ionofthes!udyarea (adapted
from
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1987)

The local geology of the study
area is shown in Figure 2 (Hudson,
1986). According this author, siliceous
tuffs unconfonnably overlie Mesozoic
rocks and are unconfonnably overlain
by the Alta Fonnation, below described.
All these rocks and Imits are of Tertiary
age. The Alta Formation is the main
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Figure 2 - Geology of the study area (adapted

from Davis II. 199])
host rock of the gold and silver ores. Its
assemblages show extensive hydrothermal alteration and contain abundant
p)Tite. Dikes and stocks of porphyry
hornblende andesite intrude all the units
previously described. Finally, the Davidson granodiorite intrudes the Alta
Formation at several localities. Miocene-Pliocene Kate Peak Formation
consists mainly of andesitic and rhyodacitic lava flows and is probably partially contemporaneous with the Davidson granodiorite. The late volcanic manifestations of the Alta Formation were
synchronous with the mineralizing processes, v.ith an age around 13 Ma (Miocene). Alluvium overlies the entire stratigraphic section.
The main structures in the area are
the Comstock and Silver City faults
(Bonham, 1969). These are normal
faults, which trend respectively nonheast and southeastward, dipping approximately 45 0 to the east. Gold and
silver concentrations are found within
epithermal veins that dominantly occur
in association with these fault zones.
The Silver City fault joins the Comstock
fault \'ery near and south of Gold Hill.
The third important fault is the Occidental, two miles east of Comstock,
which shows lower a concentration of
mineralized zones. A number of north-
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east and northwest-trending faults also
occur in the Comstock district.
Samples for spectral analysis were
collected at outcrops of the Alta Formation, defined by OianeHa (1936, apud
Bonham, 1969). According to the map
pubLished by Bonham (1969), the Alta
Formation consists predominantly of
pyroxene, hornblende-pyroxene, and
hornblende andesite flows, flows breccias, tuff breccias and mud flow breccias. It also contains lesser amounts of
intrusive andesite, soda trachyte, basalts
and lenses of rhyolitic tuff and clastic
sediments. Compositional variations in
these rocks may be attributed to hydrothennal alteration, as indicated by
the presence of high H20 and CO 2 and
the occurrence of FeS2, "beside" the observed pyrite.
Davis II (1991) describes several
alteration types in the Comstock District, mostly based on Whitebread
(1976), Hudson (1986) and Hutsinpiller
(1988). These include kaolinitic, il!itic,
sericitic and minor a1unitic alteration.
Propylitic alteration is pervasive in the
region and show linle association with
structures. A link age between the alteration haloes and ore is not well established, but all the gold and silver deposits in the Virginia City Quadrangle
are related to faults (Whitebread, 1976)
and the main faults in the region are
\'ery closely related with the hydrothermally altered areas. HutsinpiLler (1988)
demonstrated a intimate association
between fault/ore, using TM-Landsat,
aerial photographs and field data. Vikre
(1989) proposed that the alteration types
may have formed in response to
intrusion events. He noted two agegroup clusters of quartz-ahmite alteration and estimated that the ore deposition has occurred synchronous with the
Kate Peak intrusion.
According to the epithermal zonation proposed by Hudson ( 1986) for
the Virginia City district, gold and silver
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ore are thought to have been deposited
at 700 to 850 meters below the surface,
within the sericite-quartz facies. Minerai assemblages identified by this
author are:
_Propylitic: chlorite, epidote, calcite,
quartz, pyrite, illite/sericite
_mitic: illite, quartz, pyrite, montmorillonite
_Kaolinitic: klolinite, quartz, pyrite
_Advanced
Argillic:
pyrophy/lite,
quartz., diaspore, kaolinite, pyrite
_Alunitic: quartz, a/unite, pyrite
_Sericitic: sericite, quartz, pyrite
- Silicic: quartz, calcite
Minerals shown above in bold
letters have diagnostic absorption features within the 400 to 2,500 run region
of the spectrum used by RSp.

ALTERATION MAP
COMSTOCK LODE
USING LANDSAT TM

OF THE
DISTRICT

Remote sensing has been widely
used to map hydrothermal alteration
minerals in different regions of the
world, based on spectral characteristics
of some of the above mentioned minerals. However, current satellite multispectral sensors, such as Landsat TM,
do not have enough spectral resolution
to distinguish between these minerals.
They only can be used to locate probable areas of occurrence of hydrothermal alteration. Landsat TM data is able
to differentiate between "iron" (Fe 3)
alteration, (e.g. sulfides in altered rocks)
and "clay/carbonate" (kaolinite, illitef
sericite, montmorillonite, alunite, calcite).
Spectral features due to these
minerals may be not clearly shown in
remotely sensed images, despite their
peculiar or specific spectral behavior in
laboratory. In images, they commonly
represent only a fraction of the information content of each pixel, being therefore obscured by more prominent spec-
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tral features, such as vegetation in a
non-arid environment. Thus spectral
features due to minerals may form very
subtle patterns in remotely sensed imagery and have therefore to be enhanced
for interpretation. One of the most efficient methods used for enhancing the
spectral information due to alteration
minerals is principal component analysis (PCA). PCA forms the basis of some
techniques specifically designed to extract information related to iron and
clay/carbonate alteration from Landsat
TM or other multispectral data. One of
these techniques, known as feature-orientated principal component selection FPCS - (Crosta & Moore, 1989 and
Loughlin, 1991) has been widely used
for mapping hydrothermally altered
rocks (Spatz, 1996; Sabine, 1997). The
use of PCA as pseudo-ratios also produces good results, as described in the
literature (e.g. Souza Filho, in this issue).
Figure 3 shows the result of alteration mapping of the Comstock District using Landsat TM data processed
through the above mentioned, FPCS
technique (from research by R.L. Bedell
Jr. and G. Heston, personal comunication) and here presented far reference of the spectral behavior of hydrothermally altered rocks at the studied
region. The study area in this image lies
between the VC (Virginia City, at the
center of the image), and GD (Gold
Hill, at the lower center) respectively
(Fig. 1). The surface expression of iron
oxides shows up in this image as red
and yellow shades. They occur mostly
associated to mine tailings containing
oxidized pyrite near Virginia City, Gold
Hill, Silver City (sq, Dayton (D), Six
Mile Canyon (6C) and Geiger Grade
(GG). Pixels dominated by clay minerals and carbonates appear in blue, while
pixels containing both groups (iron and
clay/carbonate) appear in white.
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Figure 3 - Colorco1npt»iteofprincipal component images obtained bylhe fealUre-orientatedprincipal
component selection techniqlle for the Comslock District, Nevada. USA. The sludy area is marked.
[nilials marked on the image indicate the approximate locations for Virginia City (VC), Gold m il (Gil),
Geiger Grade (GG). Six Mile Canyon (6q and Silver Cily (sq, representing main occurrem:es of
hydrotherll1alalteration. The studyareaisilTK'diately southVC.
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MATERJALS AND METHODOLOGY
Field Work
Field work comprised two steps
Firstly, a broad traverse along the road
from Reno to Virginia City was carried
out and some hydrothermally altered
rocks assessed. Secondly, we investigated a small area between Virginia
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City and Gold Hill in detail. Ten samples where collected within this area,
comprising different types of altered
material. This location is shown in Figure 3 by areas of red, yellow and white
shades. Natural colors of these samples
ranged from pure white to yellowish-red
and red (these later with greater
amounts of iron oxide), as shown in Table 1.

Table 1 - Description of samples and minerals identified by reflectance spectrometry and
by X-ray diffraction. Quartz was also identified by XRD in all samples.
Sample

nescription

Minerals identified by
Reflectance Spectrometry
(RSp)

[\finerab Identified By
X-Ray Diffraction

T01

oxidized zone;
reddish colors
clay zone, oxidized;
yellow-.creenish colors
clay zone, oxidized;
yellow-greenish colors
clay zone, oxidized;
ale yellow color
clay zone;
whitish colors
clay zone;
white color
clay zone;
white color
clay zone;
white color
clay zone;
whitish colors
clay zone, slightly
oxidized;
pale 'ellow color

illite, alunite, hematite
goethite, illite,
montmorillonite
goethite, montmorillonite,
chlorite?
hematite, montmorillonite ,
se iol ite
alunite, sepiolite; goethite

alunite, magnetite,
pyroph lIite
goethite, sepiolite,
chlorite clinochlore
chlorite (clinochlore),
se ialite
goethite, hematite,
se iolite
pyrophyllite, microcline

kaolinite, nacrite, il1ite (?)

kaolinite,microcline

T02
TO)
T04
TOS
T06
T07
T08

TOO
T10

-(XRD)

kaolinite, nacrile. rectorite

kaolinite, nacrite

montmorillonite

kaolinite, montmorillonite

montmorillonite, rectorite,
oethite
rectori te,hematite

kaolini te, reclOrite

Spectral Analysis
Spectral analysis of the ten samples was carried out at the Desert Research Institute, Reno, Nevada, using a
Beckman UV-S240 laboratory spectrometer, equipped with an integrating
sphere model 198851. This integrating
sphere is designed 10 detect total or dif-

illite, kaolinite

fuse reflectance using monochromatic
radiation generated by an internal energy source in the 250 to 2,500 nm
range. It has a photomultiplier for making measurements in the ultraviolet and
visible regio ns of the electromagnetic
spectrum and a lead sulphide cell for the
near infrared region. It presents a good
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perfonnance for samples with high
scattering. The only sample preparation
required is fragmentation to hand sample dimensions. The Beckman UV 5240
provides direct readings and outputs the
results to a computer file. It has two operational modes, one covering the ultraviolet. visible and near infrared (beIween 190 and 800 run), with a resolulion of 0.2 run, and the other in the infrared (between 800 and 3,000 run),
with a resolution of \.2 nm. Precision is
quoted as 0.5 and 2.5 run for each region, respectively.
The operation of the instrument is
preceded by calibration. This is achieved by reading two standards, one
"white", made of barium suphate, and
the other "black", made of a metal piece
painted in opaque black color. Readings
are done through scanning of the sample
along the t"'·o wavelengths ranges; each
of these ranges produce an individual
spectral plot. There are eight different
speeds to select, with slower scanning
speeds allowing better signal-to-noise
ratios. Samples are placed v.ithin the
integrating sphere compartment, against
the reading wi ndow located in the lower
part of the sphere. The horizontal position of the window allows unconsolidated materials, such as soils or weathered rocks, to be easily analyzed.
Reading is not continuous, since filters
have to be changed along the wavelength ranges. There are four filters in
the 290 to 800 run range and five in the
800 to 2,500 nm range. Each of Ihese
changes produces some noise in the final results, which can be easily identified since filter changes occur at fixed
wavelengths. The equipment is driven
by a PC-type microcomputer and the
analysis takes a few minutes for each
sample.
After the scanning, the results are
output to the PC. A software applies a
smoothing fi lter to the curve to remove
minor noise. The results fi nally output
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to an ASCII file, fonnatted in 2 columns
and 2,089 lines, each column containing
a wavelength position and its respective
reflectance reading. A plotting software
is used to produce the final spectral
curve for analysis (e.g. MS-Excel).
Modem portable spectrometers,
such as the FieldSpec and GER's 3700,
manufactured by Analytical Spectral
Devices (ASD) and Geophysical & Environmental Research Corp., respectively, can perfonn the same type of
analysis described above for the Beckman, but in a matter of seconds. Such
spectrometers also perfonn several
readings for each sample, maximizing
the signal-Io-noise ralio.

Interpretation of the results
Interpretation of the spectral plots
was done visually, based on the criteria
proposed by Hauff (1995). Reference
spectra used as standards for comparison were extracted from the USGS
Digital Spectral Library (Clark et aI.,
1993). Hauff's criteria take into account the position, shape and type of the
main diagnostic absorption features for
alteration minerals at two wavelength
ranges: from 400 to 1,000 nm and from
2,000 to 2,500 om. By considering these
parameters and comparing them mth
the standards from the spectral library it
is possible to identify the minerals responsible for each absorption. The
USGS library contains spectral plots for
nearly 500 materials (mostly minerals)
in the 400-2,500 run spectral range; it
represents the best spectral reference library currently available.
There are software packages that
carty out this interpretation automatically. but they were not available for
this work. These software are used by
modem fie ld spectrometers, such as
ASD's FieidSpec or GER's 3700, thus
allowi ng minerals to be identified on the
spot, in real time. These softwares run
on the same palmtop or laptop computer
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that is lL';ed to operate the spectrometers.
The first step in interpreting the
spectral plots is to verify the occurrence
of intense absorption features and the
exact wavelengths position at which
they occur. The shape of the feature is
then considered, so if it is a either single
or a double feature (kno\'.TI as "doublet"). Next, the secondary (less intense)
features are analyzed in the same way.
By comparing the results with spectral
plots of reference minerals from the library the interpreter may get to some
minerals or groups of minerals with
similar features , being then able to select those more similar to the plot being
analyzed
Absorption features in the 400 to
1,000 nrn range are usually indicative of
Fe3+ oxides, hydroxides and sulphates
(e.g. jarosite). These features are caused
by phenomena that occur at electronic
level in the ferric ion. There are two different types of phenomena related to
minerals containing Fe3+ that produce
absorption features at different wavelength positions within this range. One
is charge transfer, responsible for a
generalized absorption in the ultraviolet,
which decreases towards the visible and
near infrared wavelengths. A second
type, the crystal field effect, produces
absorption fcaturcs at intervals between
450-650 run and 850-950 run depending
on the specific mineral; these are usually more diagnostic than the charge
transfer featLUe. Goethite, for example,
shows a smaller feature at 650 nm and a
more intense one at around 900 run,
whereas hematite usually does not show
the fearure at 650 run and has a intense
absorption around 850 run. Jarosite also
shows an absorption around 900 nm.
but can be differentiated from goethite
for showing a secondary absorption
between 400 and 500 nm (Hunt &
Ashley, 1979). Tn the 1,400 to 2,500 nrn
range another phenomenon is responsible for energy absorption. This vibra-

tional phenomenon is due to the presence of the hydroxyl (O-H) molecule in
the minerals, common in many hydrothennal alteration minerals. Water is
also responsible for important absorption features at 1,400 and 1,900 run, that
may obscure hydroxy! features.
Figures 4a to 4d present spectral
plots of some minerals extracted from
the USGS library. These are some of the
minerals used as reference for interpreting the mineralogy of the Comstock
samples. Figures Sa to 5j show the
spectral plots for the Comstock samples
analyzed using the Beckman. Some
features that can be seen at 970-1,015,
1,455-1,510 and 2,265-2,310 represent
noise, caused by filter change during the
Beckman operation. These could not be
removed by smooth filtering and should
be disregarded.
X-Ray Diffraction
The samples, ground to 100rnesh,
were analyzed by XRD at the Instituto
de GeocienclaslUSP facilities, producing results which were difficult to interpret due to strong secondary quartz
peaks. A sample preparation was then
camed out at the Technological Characterization LaboratoI)' (Escola PolitecnicalUSP), consisting of a partial extraction of the clay fraction: a sample
aliquot v.'US mixed in warm water and,
after 15 minutes, the particles in suspension, dominantly sheetsilicates.
were sampled for XRD analysis. Interpretation of XRD results was done
through a interactive software (Difrat
AT software).
DISCUSSION OF RESULTS
Table 1 presents the minerals
identified by reflectance spectrometry
and by X-ray diffraction and a brief description of the Comstock samples
Table 1 shows that the results obtained for both methods are not exactly
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Spectral plots of some selected mineral s (modified from Clark el aI., ! 993). Wavelength in

, equal. Somt: difft:rences in the minerals
identified relate to minerals of a same
group, which arc difficult to distinguish
(Tectonte. for example. is a mixed clay,
which contains alternating layers of illite and montmorillonite), There arc
cases, however, in which both methods
produced very different results. This is
probably due to the subjective nature of
visual interpretation for the RSp results
and to the approximation made by the
semi-automatic method used for interpreting XRD results. This method also
showed the presence of magnetite ill
sample TOI , which could not be identified by RSp since this mineral does not
have any significant spectral feature
(Fig. 4a). On the other hand, hematite
was clearly shov.'Il in sample TO I by

RSp and was not detected by XRD. A
similar case is shown by sample TO) , in
which goethite was indicated by RSp
and not by XRD, despite the yello\\oish
shade of the sample, which suggests at
least the presence of iron oxides or hydroxides, not indicated by XRD. The
presellct: of some quartz, that remained
even after sample preparation, caused
the appearance of secondary peaks in
the XRD results, which may have
obscured some minor features due to
other minerals related to alteration.
CONCLUDING REMARKS
Analysis of hydrothermally altered
rocks of the Comstock Lode area by reflectance spectrometry and X-ray dif-
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fraction show the capabilities of both
techniques to map important changes in
mineralogy. Such techniques were able
to identify the main minerals related to
hydrothermal alteration in 10 samples,
from the comstock lode with some
minor discrepancies.
The capacity of RSp to provide
quick analytical results and the fact that
it does not require any major sample
preparation confers to this technique
some advantage over the XRD method.
This is clcar in cases where the purpose
of the analysis is related to remote
sensing data. Detection of minerals in
remote sensing is achieved by the interaction of the electromagnetic radiation
in the VIS, NIR and SWIR regions with
the surface containing the alteration,
which is exactly the same process used
by RSp. Although XRD is capable of
identitying a greater number of minerals, most of the mineral that are diagnostic of hydrothermal alteration processes can be identified by RSp, in a
easier and quicker way.
Although there is no high spectral
resolution sensor in operation on a
regular basis and data availability of
this kind over areas in Brazil is quite
limited (mostly restricted to proprietary
Geoscan data over regions in Minas
Gerais and Bahia states and a few

AVlRIS flight lines over Central Brazil
- Hernandes & Crosta, 1995; Crosta et
ai., 1996; Cr6sta 1996a; Prado &
Crosta, 1997), it is important that capabilities in terms of RSp analytical facilities and hyperspectral image processing to be developed in the country, as
a preparation for future sensors like
ASTER, LewisII-lSI and ARIES and
also for RSp applications in mineral exploration.
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