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ABSTRACT

Visible, near-infrared (VNIR) reflectance spectra and mid-infrared (MIR)
transmission spectra (2.5 um - 25. um) were measured for selected rock types
from disseminated gold and silver deposits in northern Nevada and southern
Idaho. Samples from the open-pit mines at Pinson, Nevada, and Delamar, Idaho,
were compared to weathered surface samples from a prospect at Preble, Nevada.
Eight characteristics of the disseminated deposits were proposed that could be
identified by remote sensing applications. Of these eight characteristics,
jasperoids, the siliceous replacement of limestones were readily
distinguishable from the carbonate host rock and other associated silicate
rocks by their spectral characteristics in the MIR. Active or fossil hot
spring sites, where present near the deposit, display similar VNIR spectral
features at the surface as hydrothermally altered rocks found at depth in the
open-pit mines. However, most of the host rocks at the surface above a
disseminated gold prospect show few VNIR absorption features, because of the
presence of organic matter. VNIR spectral features of carbonate were
detectable in a few cases immediately adjacent to a jasperoid. Ammonium.
spectral features are observed on some of the hydrothermally altered shale
surrounding the prospect, also suggesting the presence of organic matter.
Because organic matter exerts such a large influence on the spectral character
of the host rocks, the combined MIR and VNIR wavelengths are needed for remote
discrimination of disseminated gold prospects in the western U.S.



1. INTRODUCTION

Several distinctive types of base- and precious—metal deposits in the
arid western United States have been mapped recently by use of multispectral
remote sensing data from aircraft and spacecraft [Goetz and Rowan, 1981].
Different types of hydrothermally altered rocks have been mapped at Goldfield,
Nevada. [Rowan et al, 1974]; at Cuprite, Nevada. [Abrams et al, 1977], at
Tintic, Utah. [Rowan and Kahle, 1982]; at Silver Bell and other southern
Arizona deposits [Abrams et al, 1983]; at Oatman, Arizona. [Marsh and McKeon,
1983]; at Marysvale, Utah. [Podwysocki et al, 1983]; in the Baja California
region of Mexico [Rowan et al, 1983]; and in southern Nevada [Podwysocki et
al, 1985]. These deposits have been detected primarily because of the
presence of two types of minerals that produce diagnostic spectral absorption
features in the visible and near-infrared (VNIR). Clay minerals and other
sheet silicates associated with argillic and phyllic types of alteration
[Lovering, 1949; Hayba et al, 1984] exhibit characteristic molecular-vibration
absorption features near 2.2 um [Hunt and Salisbury, 1970]. In addition, iron
oxide minerals, which are either primary or secondary products of hydrothermal
alteration, produce absorption features in the near-infrared near 0.9 %ﬁ_and
in the visible and ultrav%glet (UV) portions of the spectrum due to Fe
ligand field and O - Fe” charge-transfer transitions [Sherman, in press].

"Disseminated gold deposits'" is the name being applied to a newly defined
type of precious metal deposit in the western United States [E.W.Tooker, in
press]. The common characteristic of all these deposits is the presence of
gold disseminated in submicroscopic particles generally less than 5 um (<0.005
mm) throughout the host rock. The deposits are generally classified as low-
temperature replacement deposits, where hydrothermal fluids have dissolved
carbonate minerals and deposited quartz and fine-grained gold [Fournier, in
press; Dickson et al, 1979]. Two general types of disseminated deposits are
recognized depending upon their geological setting, the sediment-hosted
deposits and the volcanic-hosted deposits. Nine of the twenty-five leading
gold-producing mines in the United States in 1982 occur as sediment-hosted
disseminated gold deposits from Nevada [Lucas, 1983]. Prospecting for these
deposits is generally based on geochemical sampling looking for anomalous
concentrations of gold, mercury, arsenic, antimony, tungsten, and thallium
[Erickson et al, 1964; Dickson et al, 1979]. The sediment-hosted type of
disseminated gold deposit occurs as a replacement of a sedimentary rock,
commonly an organic-rich carbonate, by silica in the form of a massive
siliceous body known as a jasperoid [Lovering, 1972]. These geologic
characteristics suggest that at least two additional spectral-absorption bands
may be needed for remote detection of the disseminated gold deposits: the
carbonate band at 2.35 um and the fundamental silicon-oxygen absorption band
at 9.3 um [Hunt and Salisbury, 1971; 1975].

The purpose of this preliminary discussion is to provide a description of
spectral features in the visible and near-infrared (VNIR) (0.4 um - 2.5 um)
and the mid-infrared (MIR) (2.5 um - 25 um) wavelengths of selected rock
samples from several disseminated gold and silver deposits in the western U.S.
Spectra of fresh rock samples at depth from the open-pit mines will be
compared to spectral features of weathered samples at the surface of an active
disseminated gold prospect. The analysis of spectral features observed in the
laboratory is presented as a guide to determine potential remote sensing
characteristics of disseminated gold and silver deposits in the western U.S.



2. REMOTE-SENSING CHARACTERISTICS OF DISSEMINATED GOLD DEPOSITS

A comparison of some of the major disseminated gold deposits in Nevada
(table 1, fig. 1) indicates that a number of surface geologic characteristics
may be detectable by remote sensing. The following eight remote-sensing
characteristics were deduced from descriptions of the five major sediment-
hosted disseminated gold deposits listed in table 1. They can be depicted
either by distinctive spectral characteristics or by photo-interpretation of
the images. (1) Carbonate Rocks: Sedimentary carbonate rocks, commonly
interbedded with shale, siltstone, or dolomite, are the dominant host rocks
for the sediment-hosted deposits, although some deposits occur exclusively in
shale and sandstone. (2) Organics: Organic material is present in many of the
deposits, although its role in the deposits is not clear; it shows evidence in
places of being remobilized. (3) Silicification: The primary effect of
hydrothermal alteration is silicification; at the surface, massive siliceous
outcrops of jasperoids replacing carbonates are the main indicator of
hydrothermal alteration. (4) Argillic/Phyllic Alteration: In some deposits,
the presence and mineralogy of kaolinite, montmorillonite, illite, or
muscovite is indicative of argillic or phyllic types of alteration; (5)
Intrusive Rocks: A spatial association of the disseminated deposits to
intrusive stocks is commonly observed, but a genetic relationship is still in
question. Crosscutting dikes, some of which are hydrothermally altered, are
also observed in most deposits; in some cases they are linked to an adjacent
intrusive stock. (6) Structures: Ore bodies are commonly associated with
steeply dipping faults, although ore boundaries are commonly conformable with
bedding. In addition, many of these deposits are aligned along distinctive
linear trends. (7) Calc-silicate Rocks: Some of the carbonate rocks near
intrusions show effects of high-temperature alteration to calc-silicates.
This metamorphism is not considered to be related to the depositon of the
gold; however, it does indicate the presence of an intrusive body in the
vicinity of a carbonate host rock. (8) Hot Springs: In some deposits, evidence
of present or relict hot-spring activity is observed, but again no genetic
relationship has been clearly demonstrated between the hot spring deposits and
the disseminated gold mineralization.

Several of these characteristics have spectral features that can be
directly related to the constituent rock type. Limestones as host rock display
a carbonate absorption band at 2.32 um in the VNIR that shifts to longer
wavelengths for dolomitic rocks [Hunt and Salisbury, 1971]. The siliceous
replacement deposits display a silicon-oxygen absorption feature at 9.3 um and
in addition have a high reflectance in the VNIR that enhances other spectral
absorption features [Hunt and Salisbury, 1974]. Different iron-absorption
features are some of the most common spectral features observed in
hydrothermally altered rocks. These are caused by electronic transitions in
the iron atom. Two primary features are observed in the VNIR, a band near 1.0
um and an absorption edge in the visible region due to strong bands in the
UV. The ferric iron oxides, hematite and goethite, can be discerned by a
shift in the absorption band between 0.88 um and 0.95 um respectively.

Ferrous iron displays an absorption band near 1.02 um. Other information
about the iron oxide mineralogy can be gained by looking at the smaller
absorption bands in the visible [Hunt et al, 1971; Hunt and Ashley, 1979;
Sherman et al, 1982]. Argillic and phyllic alteration minerals display
spectral features resulting from vibrational processes related primarily to
the hydroxyl radical. Several absorption features near 2.2 um are related to
Al-OH. Kaolinite displays a doublet at 2.16 um and 2.20 um, muscovite and




illite display a primary absorption band at 2.21 um with smaller bands at 2.35
um and 2.45 um; montmorillonite displays a single absorption band at 2.20 um
with hydroxyl and water bands at 1.4 um and 1.9 um [Hunt et al, 1973a; Lee and
Raines, 1984; N. Vergo, 1985, pers. com.]. Intrusive rocks and cross—cutting
dikes in the MIR display Si-0 absorption features shifted to longer
wavelengths than 9.3 um depending upon the felsic/mafic composition of the
rocks [Lyon, 1965]. The VNIR spectra of felsic and intermediate rocks show an
increase in reflectance from 0.4 um to 2.0 um and commonly display ferric iromn
absorption bands. Hydroxyl and water bands at l.4 um and 1.9 um are sometimes
observed because of fluid inclusions in quartz [Hnnt et al, l973b 19733]
Calc-silicate minerals, such as diopside and tremolite, display “two absorption
bands near 2.3 - 2.4 um arising from hydroxyl ions being bonded to magnesium
ions [Hunt and Salisbury, 1970]. Such rocks commonly display ferric or
ferrous iron absorption features near 0.9 um and 1.0 um respectively. The
siliceous portions of a hot spring deposit display an Si-0 feature near 9.3 um
and hydroxyl and water absorption features in the VNIR. The acid-leach portion
of the hot spring deposit may show other types of spectral features, because
of the variety of rock types produced by hydrothermal alteration in these
deposits [Hunt and Ashley, 1979]. 1Iron oxides with spectral features in the
visible and in the near-infrared near 0.9 um are common weathering products of
hydrothermally altered rocks. In this discussion, emphasis will be placed upon
spectral features as they relate to compositional differences in the rock
types. Spatial features derived from photointerpretation of images are
important to an overall remote sensing technique, but will not be discussed
here.

3. VISIBLE AND NEAR-INFRARED REFLECTANCE SPECTRA

The range of spectral properties of rock types associated with
disseminated gold deposits can be evaluated by comparing laboratory spectra of
selected exposed rocks from open-pit mines to laboratory spectra of weathered
outcrops from the surface. The laboratory spectra presented are a preliminary
sample of rocks designed to gauge the range of spectral features that might be
present in these deposits.

A. Sample Procedure

A laboratory reflectance spectrum was measured for each whole rock sample
collected from the Pinson, Preble, and Delamar deposits. Spectra were run on
a Beckman* Model 5240 UV Spectrophotometer equipped with an integrating
sphere. Separate detectors are used for the visible and near-infrared
wavelengths, which are displayed separately in the figures. Wavelength
resolution is estimated to be 0.32 um at 2.5 um and increases to an average of
0.12 um for the rest of the scan in the near-infrared; resolution in the
visible is estimated to be 0.023 um.

Whole-rock samples were mounted at the base of the integrating sphere
below a 2.5 cm sample opening. For the mine rocks, a fresh face was measured;
for the surface rocks, a weathered face was generally measured unless
specifically noted otherwise in the text. Supplementary X-ray powder
diffraction was run for each sample with random mounts (table 2); oriented

*
Any use of tradenames and trademarks in this publication is for descriptive
purposes only and does not constitute endorsement by the U.S. Geological
Survey.



mounts were run for selected samples thought to contain clay minerals. Whole-
rock chemical analysis was performed on each sample by energy-dispersive x-ray
fluorescence spectroscopy (table 3). Samples were prepared in a loose powder
preparation that had been ball-milled for 20 minutes in acetone. A
fundamental parameters—type matrix correction was used to obtain the results.
Accuracy is estimated to be + 10 percent; reproducibility is estimated to be +
1 percent.

B. Spectra of Mine Rocks

VNIR laboratory spectra are compared for rocks from two open-pit mines.
The Pinson mine is a sediment-hosted disseminated gold deposit in north-
central Nevada; the Delamar mine is a volcanic-hosted disseminated silver
deposit in southern Idaho. Rock spectra from Pinson and Delamar mines are
compared for two reasons. As a volcanic-hosted disseminated deposit, Delamar
may represent an intermediate step between the well-exposed, highly altered,
aclid-leached deposits in volcanic rocks, well-depicted previously by remote
sensing [Goetz and Rowan, 1981] and the sediment-hosted disseminated gold
deposits, which show relatively few alteration effects at the surface (table
1). Second, Milestone Knob, a siliceous sinter deposit from a paleo—hot spring
adjacent to Delamar, provides an opportunity to relate spectral features from
sinter rocks at the surface to the hydrothermally altered rocks at depth.

Pinson. The Pinson mine (fig. 1) is located on the east side of the
Osgood Mountains along a mineralized fault zone at the contact between the
Cambrian Preble Formation and the Ordovician Comus Formation [Antioniuk and
Crombie, 1982]. At Pinson, the Comus Formation is composed of interbedded
siltstone and limestone with minor dolomite and chert and is the principal
host rock for the ore. The Preble Formation is composed of dark carbonaceous
shale interbedded with quartzite and limestone. Mineralization is confined
mainly to the silicified fault zones within the Comus Formation, and the
highest grades of 0.20 ounces per ton occur in the dense jasperoid along the
fault. The gold is generally less than 5 um in size and occurs mostly as a
free phase not associated with any other mineral except silica [Antioniuk and
Crombie, 1982]. At the mine, the Osgood Mountain pluton, a granodiorite stock
of Late Cretaceous age, intrudes through the Paleozoic sedimentary rocks. Near
the contact of the pluton, the calcareous sedimentary rocks have undergone
contact metamorphism to diopside, tremolite, and other calc-silicates. Sills
and dikes of dacite porphyry are also present in the mine and are believed to
be related to the pluton. Some argillic alteration is observed adjacent to
the silica replacement.

Laboratory spectra are presented for the silicified, argillized, ang
ad jacent host rock of the Comus Formation for Pinson (figs. 2 and 3). Fe
absorption bands at 0.64 um and 0.95 um are the dominant spectral feature of
the silicified sample (D-26, fig. 2). " A weak feature at 2.25 um is observed
in the silicified rock spectrum. The cause of this feature is ‘unknown, because
no clay minerals were detected in the X-ray data (table 2). However, the
absorption band may be related to a hydroxyl feature associated with silica
[Podwysocki et al, in press], although a small percentage of potassium in the
rock (table 3) may be associated with a surface coating of 1llite. The
spectrum from the argillized sample from Pinson (D-25, fig. 2) displays a
shoulder of the doublet at 2.16 um and 2.21 um indicating kaolinite [Hunt et
al, 1973a]. Kaolinite was confirmed by X-ray as the dominant clay mineral in
‘addition to smaller amounts of illite/smectite (table 2). Iron oxides are
indicated by a broad band near 0.9 um and are confirmed chemically (table 3).
The spectrum also shows a prominent water band at 1.95 um that is not present



in the laboratory spectra of kaolinite [Hunt et al, 1973a]. Other workers
have also observed water bands in samples of kaolinite taken from the field
and suggest they may be due to physiocadsorbed water [Hunt and Ashley, 1979;
Rowan et al, 1983]. Alternate sources for the water band may be the hydroxides
associated with limonite, or interlayer water associated with the
illite/smectites. A spectrum of calc-silicates, exposed in the Pinson mine
workings ad jacent to the Osgood Mountain pluton shows two bands near 2.32 um
and 2.40 um. Such absorption features are indicative of tremolite, which is
confirmed in X-ray (table 2). In addition, a broad ferrous iron band near 1.0
um is also observed in the calc-silicate spectrum (D-116, fig. 2).

Spectra of the Comus Formation, the host rock at Pinson, show different
spectral characteristics. A spectrum of the bleached massive limestone unit
adjacent to the silicified zone (D-27, fig. 2) shows a fairly high reflectance
mostly above 50 percent with deep water bands and a strong band at 2.32 um
indicative of carbonate. X-ray and chemical data show almost 50 percent of the
rock is composed of quartz, which would tend to increase the overall
reflectance of the sample. A spectrum of the dark, carbonaceous interbedded
limestone and shale (D-28, fig. 2) from the upper bench of the Pinson mine,
however, shows a much lower reflectance, less than 20 percent, and a spectrum
that 1s almost featureless, even though it also has a high percentage of
quartz (tables 2 and 3).

Delamar. At the Delamar mine in southern Idaho (fig. 1), the geologic
setting is a sequence of Tertiary rhyolitic to basaltic volcanic flows and
tuffs that overlie an eroded Cretaceous granodiorite [Pansze, 1975]. A
rhyolitic quartz porphyry is the principal ore host; it is intensely fractured
with many silicified veins that are surrounded by a halo of argillic
alteration. The stratigraphic section exposed at the mine is a rhyolitic tuff
breccia at the base, which is weakly mineralized, overlain successively by a
rhyolitic vitrophyre that has been mineralized and altered to a clay zone, and
capped by a flow-banded rhyolite [Knox and Weitz, 1976]. The clay zone is
composed of kaolinite, montmorillonite, 1llite, and pyrite and is believed to
have acted as an impervious barrier to the ascending mineralizing fluids
[Rodgers et al, 1980; Beebe, 1981]. Most of the mineralization is disseminated
as the silver selenide, naumanite, near the silicified veins.

Spectra of hydrothermally altered rocks from the volcanic-hosted
disseminated silver deposit at Delamar (fig. 1), appear similar in some ways
to the spectra from Pinson. A spectrum of one of the silicified veins at
Delamar (D-19, fig. 3) has a strong iron oxide band at 0.85 um, large hydroxyl
and water bands at 1.4 um and 1.9 um and an Al-OH band at 2.2 um. No evidence
for clay minerals is detected either by X-ray or chemical analyses (tables 2
and 3) suggesting a thin surface coating may be responsible for the spectral
feature. The hydroxyl band at l.4 um appears relatively broad toward the
longer wavelengths resulting in a local maximum at 1.3 um. The spectrum of
argillized rock from the clay zone at Delamar (D-18, fig. 3) shows the doublet
at 2.21 um and 2.16 um indicative of kaolinite and a broad band near 0.9 um
indicative of ferric iron. Both quartz and kaolinite are detected in the X-ray
analysis (table 2). Like the spectrum for the argillized Pinson sample, this
spectrum also shows a water band at 1.95 um.

A sample of the greyish-green tuff breccia and a sample of the upper
flow-banded rhyolite were chosen to be representative of weakly altered host
rock. The spectrum of the tuff breccia (D-17, fig. 3) exhibits hydroxyl



absorption bands at 1.4 um, 2.2 um, 2.35 um, and 2.45 um and a water band at
1.9 um. X-ray analysis (table 2) shows the presence of an illite-smectite
mixed-layer clay, which would explain the water and the hydroxyl absorption
features. In addition, the spectrum of the tuff breccia displays a broad
absorption band between 0.7 um and 1.1 um probably caused by combined ferrous
and ferric iron absorption features. A spectrum of the flow-banded rhyolite
(D-13, fig. 3) shows hydroxyl and ferric and ferrous iron features similar to
but weaker than those of the tuff breccia; the two have similar X-ray and
chemical analyses (tables 2 and 3). The spectra of the host rocks at Delamar
contrast sharply with the spectra of the Comus Formation near the silicified
zone at Pinson. Even though the spectra of the surrounding host rocks of the
two types of disseminated deposits differ greatly, spectra from the silicified
and argillized samples of the mine rocks of the two types are fairly similar.

B. Surface Rocks

Weathered rocks collected at the surface generally showed less intense
spectral features than samples taken from a mine. Surface samples were
collected from four sites: Preble, Golconda, Milestone Knob, and a site near
the Getchell mine (fig. 1). Two of the sites, Golconda and Milestone Knob
(fig. 1), are hot-spring deposits near the mines at Pinson and Delamar. Preble
(fig. 1) 1s a deposit south of Pinson currently being developed (Kretschmer,
1984), giving an opportunity to examine how hydrothermally altered rocks
appear at the surface and in the upper few meters below the surface. The
spectra are presented in the order of the remote-sensing characteristics of
disseminated gold deposits discussed in section 2.

Organic—-rich limestones. Most of the limestones of the Cambrian Preble
Formation and Ordovician Comus Formation in the vicinity of the Preble deposit
contain some organic matter, so it is difficult to separate the two remote
sensing characteristics. A sample of limestone adjacent to the mineralization
(D-45-1, fig. 4) at the Preble deposit can be compared to an unaltered sample
collected approximately 1.5 km southwest of the deposit (D-70-1, fig. 4) to
determine if any local surface effects of mineralization could be observed in
the host rocks. Both limestones weather grey and have a pitted, etched
surface on the exposed face. Although the sample away from the deposit, D-70,
is a lighter shade of grey (N6) than the sample near Preble, D-45 (N3)
[Goddard et al, 1948], both spectra appear extremely flat . Some evidence of a
carbonate al absorption band is observed at 2.35 um, but it is difficult to
measure even at the expanded scale (fig. 4). The underside of the exposed
limestones and the soils ad jacent to the limestones commonly weather to a
light tan color. Spectra of these soils (D-45-2 and D-70-2, fig. 4) display
ferric iron absorption in the visible region below 0.7 um and have a much
higher reflectance than the rocks. Again, a small carbonate band is observed.
Chemical analysis (table 3) shows the surface limestones have much less silica
than the limestone from the Pinson pit.

Silicification. The primary evidence for hydrothermal alteration at the
surface is the presence of siliceous replacement deposits. Jasperoids at
Preble weather dark brown to black and commonly protrude slightly above the
limestone outcrops. Spectra of two jasperoids near Preble (D-44 and D-157,
fig. 4) show evidence of ferric iron oxides by the band at 0.9 um. In sample
D-157, a hydroxyl band is observed at 2.20 um, which corresponds to muscovite
(table 2). The small band at 2.35 um is probably a secondary band of muscovite
[Lee and Raines, 1984], although a carbonate band might also be interpreted
(table 3).




A jasperoild having a highly brecciated texture and well-preserved bedding
in the clasts was observed immediately west of the silicified fault zone
exposed in the pit at Preble. This jasperoid (D-100, fig. 5) has a higher
spectral reflectance than the other jasperoids (fig. 4). A broad ferric iron
band is observed at 0.9 um resulting in a reflectance maximum near 1.3 um.
This pattern is similar to the spectral features of the silicified zones
observed at Pinson and Delamar. The adjacent massive limestone of the Preble
Formation appears similar in color to the other weathered limestones, but its
spectrum (D-102, fig. 5) shows a stronger carbonate band at 2.32 um. A second
sample (D-129, fig. 5) adjacent to a jasperoid shows a similar spectral
pattern and has a band depth of 0.83 as opposed to 0.97 for the other surface
limestones (D-45) [Clark, 1983]. Chemical compositions of the four samples of
Preble limestone (D-45, D-70, D-102, D-129, table 3), are similar with less
silica than the limestone samples from the Pinson mine (D-27, D-28, table 3).
These spectra of surface rocks show that locally diagnostic spectral features
are observed in certain environments that can be related to spectral features
observed in the mine sites.

Argillic/Phyllic alteration. Unlike the extensive argillic alteration
present in the mine sites, argillic alteration is not well expressed at the
surface of the Preble deposit. Most of the alteration is phyllic rather than
argillic alteration and is observed as a change in the crystallinity of
muscovite [W. Bagby, 1985, pers. com.]. A sample of the tan hydrothermally
altered shale was collected from the recent excavations at the Preble deposit,
approximately 2 m below the surface. The spectrum (D-43, fig. 9) shows a fall-
off in the visible below 0.55 um due to ferric iron, a strong hydroxyl
absorption band at 2.2 um, and two weaker bands at 2.35 um and 2.45 um. This
NIR spectral pattern is indicative of muscovite (Hunt et al 1973a). X-ray
analysis shows the presence of both 2M and 1M muscovite (table 2). Most of the
rocks in the Preble area have undergone a regional low-grade metamorphism. In
the unaltered phyllitic rocks near Preble, micas commonly occur along
incipient cleavage planes. A spectrum of an unaltered olive-green shale of the
Preble Formation (D-134, fig. 9) from a borrow pit 0.8 km southeast of the
main Preble pit also shows a weak hydroxyl band at 2.2 um related to mica as
shown by X-ray diffraction (table 2). The presence of mica in both the
regionally metamorphosed host rocks and the phyllic altered rocks near the
deposit does not appear to permit discrimination between the altered and
unaltered rock types in the near-infrared based on hydroxyl absorption
features.

Intrusions. No intrusive rocks are present at the surface near the
Preble deposit, but the Osgood Mountain pluton is well exposed near the
Getchell mine (fig. 1). The pluton is a coarse-grained granodiorite composed
primarily of equigranular quartz and plagioclase with lesser amounts of
orthoclase and biotite and minor amounts of hornblende and magnetite [Hotz and
Willden, 1964]. The pluton is exposed between the Pinson and Getchell deposits
(fig. 1) and has been altered in some places to sericite or chlorite. Calcite
commonly occurs in veinlets and as small interstitial masses. A spectrum of a
sample of the Osgood Mountain pluton (D-63, fig. 6) shows a general rise from
0.4 um to 2.0 um characteristic of felsic rocks. In addition to the water band
at 1.9 um, the s spectrum shows three absorption features in the 2.2 um region
of the spectrum. The large band at 2.32 um and the smaller band at 2. 26 um
correspond to chlorite in the X-ray data (table 2) [Hunt and Salisbury, 1970].
The band at 2.20 um most likely corresponds to muscovite. The broad band near




1.0 um may indicate combined ferric and ferrous iron and is characteristic of
chlorite [Lee and Raines, 1984]. Thus, the primary spectral features observed
in this spectrum are evidence for the two alteration minerals, chlorite and
sericite.

Crosscutting dikes are commonly observed in many of the major sediment-
hosted disseminated gold deposits (table 1) and show a considerable range in
composition. Some of the dikes are associated with nearby plutons, whereas
others show no relationship to any intrusion. A few samples of a highly
altered dike were found in cuts for the Preble deposit. Although its original
composition is difficult to determine, the coarse-grained texture is
suggestive of a composition similar to the Osgood Mountain pluton [W. Bagby,
1984, pers. com.]. A spectrum of the altered dike (PR8301, fig. 6) differs
from the spectrum from the Osgood Mountain pluton (D-63, fig. 6). Ferric iron
bands and hydroxyl and water bands are more pronounced. The hydroxyl bands
near 2.2 um show an overall pattern similar to the Osgood Mountain pluton, but
are not present as three separate bands. However, for most spectral features,
the dike differs from its parent host,

Calc-silicate and other rock types. A large aureole of metamorphosed
sedimentary rock surrounds the Osgood Mountain pluton and extends more than 3
km from the contact north of the Getchell mine (fig. 1). Sedimentary rocks of
the Preble and Comus Formations have undergone contact metamorphism to
hornfels, argillite and other calc-silicates. These calc-silicates are not
associated with the gold mineralization, but do indicate the presence of an
intrusive body near carbonate rocks that may be a potential host for gold
mineralization. The hornfels appear as dark, fine-grained rocks that are less
fissile than the original rock and are composed primarily of biotite,
plagioclase, quartz, muscovite, cordierite, and andalusite [Hotz and Willden,
1964]. The spectrum of a dark hornfels is fairly flat and has few diagnostic
spectral features (D-83, fig. 6). A small absorption edge is observed in the
visible region near 0.5 um due to ferric iron. Similar features are observed
in some of the spectra of thé limestone host rocks near Preble (D-45 and D-70,
fig. 4). A weak water band is observed at 1.9 um and a slight fall off is
observed beyond 2.1 um. The limestones and hornfels are not the only rocks
having small ferric iron absorption edges in the visible and relatively flat
spectra in the near-infrared. Two samples of Tertiary basalt flows from
different localities on the west side of the 0sgood Mountains show similar
VNIR spectral characteristics (D-78 and D-86, fig. 6). Several widely
different rock types near Preble have almost identical spectral
characteristics in the VNIR.

Hot Springs. The question of the age of the disseminated gold deposits
and their relationship to possible hot-spring activity is controversial
[Berger et al, 1975; Joralemon, 1975]. Yet the presence of Golconda Hot Spring
near Preble, of Milestone Knob near Delamar, of Ivanhoe Hot Spring near
Carlin, [Bloomstein, 1984], and of travertine and hot-spring deposits near
Jerritt Canyon [Hawkins, 1982] suggests that a spatial association of hot
springs may be applicable as a remote-sensing attribute. Spectra from hot-
spring deposits at Milestone Knob and Golconda were compared to spectra from
the volcanic- and sediment-hosted deposits at Delamar and Preble,
respectively. Milestone Knob is a paleo~hot spring approximately 1 km
southwest of the pit at Delamar. A surface sample of the sinter from Milestone
Knob (D-24B, fig. 7) shows spectral features similar to those of a silicified



sample at Delamar (D-19, fig. 3). The broad ferric iron band at 0.9 um and the
deep water band at l.4 um result in a local maximum at 1.3 um. The steep
fall-off in the visible is also characteristic of ferric iron. In a second
sample (D-23, fig. 7), the same absorption bands are present but do not appear
as strong. A single hydroxyl band at 2.2 um is present in both samples from
Milestone Knob. X-ray diffraction (table 2) indicates that halloysite, a
hydrated kaolin mineral, is the primary clay mineral present. Halloysite is
recognized in X-ray diffraction by the disordering of the l:1 lattice due to
the presence of interlayer water, which broadens out the diffraction peaks
[Brindley and Brown, 1980]. The large 1.9 um band and the X-ray indicate that
the sample is hydrated to a large degree. Reference spectra for halloysite
[Hunt and Salisbury, 1973a] show that the more hydrated samples have a larger
water band at 1.9 um and lose the shoulder of the doublet at 2.16 um into a
single band. One of the interesting aspects of this spectrum is the large
tail of the 1.4 um band to longer wavelengths. The absence of a detectable
doublet at 2.16 um and 2.2 um in the VNIR does not preclude having a kaolin
mineral in the clay fraction.

Golconda is a presently active hot spring approximately 3 km southeast of
the Preble deposit that at one time was mined for tungsten [Kerr, 1940;
Erickson and Marsh, 1974a; 1974b]. A spectrum of the hydrothermally altered
shale from Golconda (D-40, fig. 7) contrasts with the spectra from Milestone
Knob, but is comparable to spectra of the hydrothermally altered shale from
the Preble pit (D-43, fig. 5). The Golconda spectrum shows the deep hydroxyl
band at 2.2 um and well-expressed secondary bands at 2.35 um and 2.45 um
indicative of muscovite. The strong hydroxyl band at 1.4 um m is most likely
related to the depth of the Al-OH band at 2.2 um. Both the Golconda and
Preble samples appear light tan, show a weak ferric iron absorption band at
0.9 um, and have a steep fall-off in the visible below 0.55 um. X-ray data
confirm that the hydroxyl bands are primarily due to IM muscovite (table 2).

Ammonium Spectral Features. Ammonium minerals have recently been shown to
have diagnostic spectral properties in the near infrared [Krohn and Bethke,
1984]. The first naturally occurring ammonium aluminosilicate was described by
[Exd et al, 1964] from a hot springs deposit in northern California. The
mineral is named buddingtonite and is the ammonium analog of sanidine. The
ammonium cation with an effective atomic radius of 1.43 angstroms replaces
potassium with a radius of 1.33 angstroms in the feldspar structure.
Buddingtonite was shown [Exrd et al, 1964] to have a diagnostic absorption band
in the mid-infrared near 7 um (1419 cm-1). Ammonium muscovites [Vedder, 1965],
ammonium montmorillonites [Mortland et al, 1963], and ammonium illites [Sterne
et al, 1982] were shown to have similar diagnostic features in the MIR.

Krohn and Bethke [1984] tested whether the ammonium fundamental
absorption features in the MIR would produce overtones in the VNIR. An
ammonium montmorillonite was synthesized by base exchange of standard sodium
montmorillonite. A laboratory spectra of the synthetic ammonium
montmorillonite (fig. 8) showed the presence of three new absorption bands in
comparison to the original sample. Two overlapping bands were observed at
2,12 ym and 2,02 um in addition to a smaller band at 1.56 um. In minerals
with A1-OH features, such as montmorillonite, the ammonium » bands are
superimposed upon the hydroxyl feature near 2.2 um. In minerals without the
diagnostic Al-OH features, such as feldspars, the ammonium features of
buddingtonite appear as a broad band near 2.12 um with a large shoulder near
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2.02 um.

The spectrum of the hydrothermally altered shale of the Preble Formation
near Golconda hot springs (D-43, fig. 7) shows two small bands near 2.0 um and
2.1 um that were overlooked in the initial examination of the spectra.
Reexamination of all the VNIR spectra from the disseminated gold deposits
revealed the presence of similar bands in the spectrum of the Preble Formation
(D-40, fig. 6) from the pit at the Preble deposit. The ammonium bands were
confirmed by using mid-infrarfd spectroscopy. Ammonium spectral features were
observed near 7 um (1433 cm ) for both samples; however, the low intensity
of the MIR bands suggests the amount of ammonium substitution for potassium is
low. MIR analysis for ammonium can be confused by the presence of carbonate
features that overlap the ammonium features near 7 um; removing the carbonate
by a pretreatment of the sample by standard carbonate removal procedures by
HCl may also affect the ammonium content [Altaner et al, in press]. Samples
treated with sodium acetate to remove the carbonate also displayed the 7.0-um
band, confirming the presence of ammonium.

The significance and phase of the ammonium minerals in disseminated gold
deposits are not known at this point. The two samples of the Preble Formation
are composed largely of quartz and muscovite (table 2). Ammonium has been
shown to occur in muscovite [Vedder, 1965] and in illites for zinc-lead-silver
deposits in Alaska [Sterne et al, 1982]. A relation of ammonium to organic
matter for the disseminated gold deposits has been proposed by Bloomstein
[1984] for the Ivanhoe hot spring near the Carlin disseminated gold deposit
(fig. 1).

4, MID-INFRARED TRANSMISSION SPECTRA

The VNIR spectral characteristics of the surface rocks present a problem
for the remote sensing of disseminated gold deposits. Three of the primary
remote—-sensing characteristics of disseminated gold deposits, sedimentary
carbonate rocks, organic matter, and silicified jasperoids, show only weak
absorption bands in the VNIR and have spectral characteristics of igneous and
metamorphic rocks that are not directly related to the gold mineralization.
Mid-infrared (MIR) spectra are presented for six different rock types from the
area near the Preble deposit that appear spectrally similar in the VNIR
wavelengths.

The MIR wavelengths from 2.5 um to 50 um contain the fundamental
vibrational frequencies of both the carbonate and the silicate radicals. Also,
two atmospheric windows are present between 3 um - 5 um and 8 um - 12 um for
remote-sensing applications [Hunt, 1980]. Because the emission properties of
rocks can differ substantially from their transmission properties,
transmission spectra in the MIR cannot be used to gauge the remote-sensing
characteristics of rocks in the way reflectance spectra are used, with some
limitations, in the VNIR [Hunt, 1979;1981]. However, transmission spectra can
be used as an analytical means to compare spectra of field samples with other
well-characterized laboratory spectra and to interpolate how the field samples
might respond in a remote sensing situation. Transmission spectra were run on
a Perkin-Elmer* Model 983 ratio-recording spectrophotometer. Generally 1 mg of
sample ground to a fine particle size was embedded in a 300-mg pellet of KBr;
for two samples, an oversample of 5 mg was used to bring out the details in
the weaker bands.
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The primary difference observed in the transmission spectra is between
the C-0 stretching vibration observed as a broad band near 7 EE.(1428 cm )
and the Si-0 stretchin§ vibration observed as a broad band between 8.3 um and
10 um (1200 - 1000 cm™ ~) [Hunt and Salisbury, 1975]. This difference is
easily observed by comparing the spectrum of a jasperoid (D-44, fig. 9) with
the spectra of the limestones from the Preble Formation (D-45 and D-70, fig.
9). Other weaker C-0 bands related to bending m?des and overtones in the
limestone spectra are observed at 14 um (710 cT' ), 11.5 um (870 cm™ "), 4 um
(2500 cm ') and a shoulder at 11.8 um (847 cm ). These bands show good
correspondence to a laboratory calcite spectrum [Gadsden, 1975; Huang and
Kerr, 1960]. The broad band at 2.9 um (3400 cm-l) is related to the O-H
stretching vibration and is most likely due either to water in fluid
inclusions or to physiocadsorbed water on the surface or in the sample pellet
[Hunt, 1977]. The two oversampled spectra (D-45° and D-70’, fig. 9) show the
saturation of the main C-0 band, but they also show greater detail in the

weaker bands, particularly in the region from 3 um to 5 um (3333 - 4000 cm_

1). The oversampled spectra emph?size the 4-um (2500 cm—l) band and a doublet
between 3.3-3.5 um (3000-2850 cm-"), which is probably due to some type of
organic matter in the limestone [Colthup et al, 1964].

The jasperoid spectrum (D-44, fig. 9) exhibits the MIR spectral
characteristjcs of quartz. The minimum of the Si~0 band is centered near 9.3
um (1075 em™ ) indica%ing high quartz content. Sharp bands are also present
near 21.5 um (465 cm *), 19.2 um (522 cm *), 14.3 um (697 cm *) and a doublet
near 12.8 um and 12.5 um (780 ‘cm © and 800 cm ') primarily from the Si-0
bending modes of quartz [Gadsden, 1975; Hunt and Salisbury, 1974]. One of the
interesting aspects of the jasperoid E?mple is that it shows small C-0 bands
at 7 um (1430 cm ") and 14 um (710 cm *), suggesting that some relict
carbonate was left after the replacement by silica. Chemical analysis also

indicate the presence of small amounts of carbonate (table 3).

MIR transmission spectra were also measured for three silicate rocks
whose VNIR spectra appeared similar to the jasperoid spectrum. The three
samples are the granodiorite from the Osgood Mountain pluton (D-63, fig. 10),
the hornfels of the Comus Formation near Getchell (D-83, fig. 10), and the
basalt south of Preble (D-86, fig. 10). All three silicates_ihow the Si-0
stretching vibration between 8.3 um and 10 um (1200 -1000 cm “). The spectrum
of the gr?nodiorite (D-63, fig. 10) shows a carbonate band at 7 um
(1420 cm ‘), which is consistent with the band at 2.35 um observed in the VNIR
spectrum (D-63, fig. 6) and the chemical analysis (table 3). The doublet near
3.45 um (2900 cm™ ) is indicative of organic matter and its source is unknown.
Each of tqe three silicate rock spectra shows an Si-0 minimum near 9.7 um
(1030 cm-") that is shifted to longer wavelength than the jasperoid minimum at
9.3 um (1075 cm ). Lyon [1965] showed the presence of a shift to longer
wavelength in the position of the Si-O0 minima for rocks having more mafic
compositions. This shift may enable the jasperoids to be discriminated in a
remote—sensing situation from most other igneous and metamorphic rock typegI
In addition, a band appears in the three silicate spectra at 17 um (590 cm
due to (Si, Al1)-0-(Al, Si) symmetric stretching modes from feldspars; this
band is not present in the jasperoid spectrum. However, this region would be
affected by bands due to water vapor in the atmosphere for remote-sensing
applications [Hunt and Salisbury, 1974].

)
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5. DISCUSSION

Laboratory spectra of selected samples from several disseminated gold and
silver deposits reveal some of the difficulties in remote detection of these
deposits and some potential solutions. A primary concern to remote sensing is
the effect of organic material on the spectral response of the associated rock
types. What the exact role of organic matter is to these deposits is not
currently known, but many of these deposits in the western U.S. are spatially
associated with organic material (table 1). Analysis of the organic matter of
several assoclated samples from these deposits shows much of the organic
matter is highly aromatic, indicating a high degree of thermal maturation
approaching anthracite grade. The kerogen fraction of the highly organic rich
samples varied from 2 to almost 9 weight percent, whereas a sample of the host
limestone at Preble (D-70) measured 0.015 weight percent. [P. Hatcher, 1985,

unpub. data].

The spectral effect of organic matter and other opaque material in the
VNIR and MIR wavelengths is beginning to receive some attention. Clark [1983]
has shown the effect of carbon grains on the spectrum of montmorillonite. He
finds the degree to which absorption is suppressed depends upon both the
relative grain size and the concentration of the opaques. The overtones of
hydroxyl in the VNIR appear to be suppressed more than the fundamental feature
in the MIR. Clark and Roush [1984] are proposing techniques to quantitatively
test this theory. Crowley [1985] has shown that both the type and the amount
of organic material have a large effect on carbonate spectra in the VNIR,
Clark [1983] and Crowley [1985] find that 0.5 weight percent of carbon black
and 0.02 weight percent kerogen and bitumen respectively greatly suppressed
spectral features. These figures are comparable to the amount of kergoen
observed in the Preble limestone (D-70).

The presence of silica in the altered carbonate rocks of the mine may
help increase the spectral contrast of the limestone. The presence of organic
matter appears to suppress spectral features of a sample at Pinson, even with
the increased silica content (D-28, fig. 2). Another indirect spectral effect
of the organic matter may be the presence of ammonium bands. Since the
ammoniumn in the lattice generally replaces potassium, ammonium spectral
features should be observed only in rock types with the appropriate cations.
The source of ammonium is not known, but its presence at the Sulphur Bank [Erd
et al, 1964], Ivanhoe [Bloomstein, 1984], and Preble are all near organic-rich
source rocks.

A major problem facing remote detection of disseminated gold deposits is
discriminating the organic-rich limestones, which are possible host rocks,
While some of these limestones show evidence of a small carbonate absorption
feature at 2.32 um, whether such subtle features could be detected in situ is
questionable. Many other rock types associated with these deposits also
display VNIR spectra with low reflectance and few absorption features. The
MIR wavelengths provide a means to separate out these dark silicate rocks from
the carbonate rocks. For direct identification of carbonates, the main C-0
band near 7 um is not in an atmospheric window for remote sensing. Possibly
the weaker C-0 bands at 11.5 um or 4 um offer a means for direct detection of
the organic- rich limestones.

The siliceous replacment bodies, the jasperoids, appear to be more
amenable to remote detection, particularly in the MIR wavelengths. The
fundamental Si-0 vibrational feature at 9.3 um is well expressed in the MIR
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spectra and can be used to distinguish jasperoids from other rock types having
similar spectral features in the VNIR (fig. 7). The jasperoids would be
distinguishable from the carbonate host rocks, but may be confused with other
highly silica-rich rocks such as quartzites. Since the main silicate band
minimum occurs in an atmospheric window, highly siliceous rocks have been
observed in recently developed multispectral thermal scanners [Kahle and
Goetz, 1983; Kahle and Rowan, 1980].

The silicified rocks, in veins and jasperoids, display ferric iron
absorption features. While all the silicified samples contain measurable
amounts of iron oxides (table 3), the amount measured (table 3) is not
significantly greater for the silicified samples than the rest of the samples.
The VNIR spectra of the silicified samples indicate that hematite, goethite
and mixtures of both are present. The silicified vein from Pinson (D-26, fig.
2) shows a broad band at 0.94 um and a secondary feature at 0.65 um,
characteristic of goethite. The silicified vein from Delamar (D-19, fig. 3)
exhibits a narrower band at 0.89 um characteristic of hematite [Sherman et al,
1982; Hunt and Ashley, 1979]. The jasperoid from the Preble deposit (D-100,
fig. 5) exhibits spectral characteristics of both minerals. Rather than a
specific iron mineralogy, the spectral shape of the iron bands for the
silicified rocks appears to be diagnostic of the silicified rocks; these rocks
show a broad band near 0.9 um followed by a sharp rise to 1.3 um and a deep
absorption feature at 1.4 um. This shape most likely results from the
combination of ferric iron with quartz that has many fluid inclusions or other
sources of water. The characteristic shape, rather than the band position, may
be a means of discriminating silicified samples, although not all surface
jasperoids (e.g., D-44, fig. 4) display the intense spectral features. In
addition, the hydroxyl feature associated with silica may add another
distinguishing characteristic to the jasperoid spectra.

Hot-spring deposits that occur near the disseminated gold and silver
deposits appear to be a good surface indicator of the type of spectral
characteristics associated with the hydrothermal alteration at depth. In the
spectra of samples from two hot-spring deposits, Golconda and Milestone Knob,
well-defined VNIR ferric iron and hydroxyl absorption bands were depicted that
are related to the hydrothermally altered rocks at Pinson and Delamar,
respectively (fig. 1). At Golconda, phyllic and argillically altered rocks
containing muscovite and minor kaolinite were observed at the hot—-spring
deposits. At the Preble deposit, muscovite was not as readily observed at the
surface, although it is present in the upper few meters below the surface.
However, phyllic alteration is hard to recognize in the VNIR because of the
similar spectral character of micas associated with a regional metamorphism in
unaltered shales. The question is whether the change in muscovite
crystallinity that has been associated with hydrothermal alteration Ui. Bagby,
1985, pers. comm.] has any diagnostic spectral properties. Milestone Knob
also exhibits ferric iron and hydroxyl features similar to the rocks at
Delamar. However, the presence of a hydrated kaolin mineral, halloysite, can
give rise to spectral features similar to Golconda, even though the clay
mineralogy is dissimilar. Interpretation of smaller secondary spectral
characteristics, such as the 2.35 um and 2.45 um bands of muscovite or the
shoulder near 1.4 um, is important in separating out the mineralogic
differences between the two hot springs.
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Two spectra of samples collected along the fault zone west of the main
pit at the Preble deposit are of interest, because they show the same type of
spectral characteristics observed at the hot-springs deposit and at depth.

The jasperoid spectrum (D-100, fig. 5) shows the same broad ferric iron
absorption bands that are present Iin the silicified samples from Pinson and
Delamar (figs. 2 and 3) and from Milestone Knob (fig. 7). The limestone
adjacent to the jasperoid is the only surface sample collected whose spectrum
(D-102, fig. 5) shows a carbonate absorption band at 2.35 um. Textures of
these samples indicate that they came from a brecclated zone and casts
preserved in the jasperoid suggest the presence of sulfide minerals. The
question remains whether weathering of the sulfide minerals in a near-surface
environment can mobilize the organic matter or whether the carbonate band is a
surface expression of an effect that was formed by the emplacement of the
jasperoid. In any case, the occurrence of such samples suggests that it might
be possible to detect locally spectral effects in the VNIR of hydrothermal
alteration at the surface away from hot—-spring deposits near certain
jasperoids. However, to achieve this detail in a remote-sensing situation
requires high spatial and spectral resolution in an airborne scanner or a
detailed ground survey with a hand-held instrument.

6. SUMMARY

A preliminary analysis of the VNIR and MIR spectral characteristics of
surface rock types associated with the sediment-hosted disseminated gold
deposit at Preble, Nevada, has shown some spectral features that may be useful
in recognizing such deposits from airborne or hand-held instruments. Organic
matter associated with these deposits appears to have a strong influence on
the spectral character of the rocks. The MIR wavelengths are fairly important
for discriminating jasperoids, the siliceous replacement deposits that are omne
of the primary surface indicators of mineralization; in addition, the MIR
wavelengths have potential for discriminating other rock types, such as
intrusions and hornfels that may be indirectly assoclated with the
mineralization. At the Preble deposit, remote sensing in the VNIR region is
hampered by the presence of organic matter, which appears to quench many of
the spectral features of the host carbonate rock<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>