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ABSTRACT

L Visible and near-infrared (6.35 to 2.5 ym) bidirectional reflection

spectra were recorded for a suite of well-characterized hydrothermaliy

. ’ altered rock samples. Therspecfra typicaily display well-defined:bands
caused by’boﬁh elecéronicvapd vibrationalnprocesses in‘the individual
mineral constituents, | |

WlElectronic trgnsitions in the iron-bearing constituent minerals

produce diagnostic minima neat .0.43, 0.65, 0.85, and 0.93 ym. Vibra-

tional trapsitions in cla& and water—beériﬁg‘mineral constituents tfpi-r
callymffodﬁce charagteiistic single or multiple féaturg$rovef limited
spectraimranges near 1.4, 1.75, 1.9, 2,2, and 2;35 um.;'The most abun-
dant feéture—producing,iine#als present in these rocks afe hematite,
goe;hité, and alunite, while others frequently present are jarosite,
kaolinite, potassium‘ﬁicas, pyrophyllite, montmorillonite, diaspore,.
and gypSﬁm}; B | l

This study Sh&ws?#haélvisible~near infrared spectrometry is awreli;

able and rapid technique for detecting and identifying clay minerals

EA and alunite in rocks. Because these minerals are important constituents
of altered rocks, the feasibility of using the visible and near infra-

‘red for detecting altered rocks by remote-sensing techniques is indicated.

The spectral region near 2.2 yum is particularly important for this pur-
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' - INTRODUCTIOQN
h The visible and near—infrared bidirectidnal reflection spectfa
(0.35 to 2.5 um) of a suite of hydrothermally altered rockq were recorded
'using a Cary Model 14 spectrophotometer and a prototype attachment de-—
signed to accomodate partdcglate and solid samples in a horizontal plane
se that their upper éurfaces-could be inspected (Hunt and Rose, 1967).
vTheesamgles were collected by one of us (R.P.A.),‘who perfor%ed

m%neralogicalzanalyseg of’each.esing optical and X*ray‘petrogrepﬁde
técﬁniques to identify all the cﬁhstitdént minerals.. The samples were
then classmfled accox dlng to the type of alteratlon that had occurred,
‘namely. e111c1f1ed, advanced argllllc, montmorillonitic argllllc,'
phylllc, or advanced phyllic; plus some samples that dlsplayed opallne
or other types of alteration (Meyer and Hemley, 1967).

The purposes of this study are to show that several commenxaltera—
tion minerals have abundemt‘spectral features in the.Oqé-Z.Sipﬁxxgreéion,
makidg 1a50ratory ;efleetanee infrared techniques usefui for the sfudy
ef altered rocks, and to show thaﬁ mest of these spectral features are
available with natural jllumination, indicating that remo£e~eensing
.methode for mapping variations in hydrophermally altered rocks are |

feasible in this spectral region.

Any use of trade names or trademarks in this publication is for

~desceriptive purpo ses only and doea not constiLute ea601 ement by the
U.S.~Geological Survey. \
prod SRR ,
ym = micrometers B
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- In the figures presented here, the rock spectrdfére assembled into
separate diagrams for each of the major alteration types listed above,

together with a group labeled "miscellaneous". Within each of these

‘figures the spectra of the samples have been a;ranged initially accord-

ing to spectral similar;ty in the near—-infrared range (from-1.2 to 2.5'”
ym)., It islapparené that the features in‘eaéﬁ épecﬁrum can -be explained
in térms of those of the conétituent minerais:of.tﬁero;k sample,

Iq éé&h group of spectra, it is alsovfairly obvious that typically

the features of one constituent mineral (usvally a clay mineral) domi-

nate the spectrum from 1.2 to 2.5 um. A similar sitfuation pertains to

N,

thé wavelength range short of 132 pm,.wheré the §§ectrum is dominated
by fhe features of a few iron~bearing wiverals,

0f the constitUent-minerals listed, some (such as quarﬁz and the
feléspars, for example) do not produce any features over the range
investigated, éo they do not contéibu;é'any features to the total rock
spectrum,

Some of the most characteristié features of alteration‘minerals

occur near 1.4 and 1.9 um, two regions that aré obscured by‘atmOSpheric

absorption, so they are of no use for conventional terrestrial remote-

sensing techniques that use solar énergy as the radiation source. How;
avér, théSe regions couldlpfove extrenely useful forkactive }emote~
sensing and analytica1~techhiques,‘so the features that occuxr ate dis_
cussed in somé detail.

Sﬁectral fcétureé that occur in altered rocks derive from both
'electfonic and vibrational‘processes, principally iﬁvolving iron or the
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hydroxyl group, and these processes will be discusseq initially in
reference to the spectra of the constituent minerals.

FIELD SAMPLING AND LABORATORY PROCEDURES

Wgstern Nevada was chosen for a ééfies of Landsatrstudiesqu hydro-
thermally altered roégs‘because a;tered areas are numerous: and easily
accessible, and vegetati@niis sparse eicept atvhigher elevations (Rowan
and others, 197@} Rowan énd'éfhers, 1977 Abrams and chers, 1977). Im
the ccurse of these studies, fiéld spectral reflectance meaé#reﬁeﬁté
vere made in severai”hydrothermally altered areas (see fig. 1 and table
1), and samples collected for the.mineralogical information necessafy
to interpret tge field spectra, fhis suite of éaméles provides the
geological materials for this study, wﬁich in turn confirms spectra;
results obtained in the field. Prior studies have included spectral
veflectance measurements of various aitgration'mineréls (Hunt and
Salisbury, 1970, 19713 Hunt and otheré, 1971a, b, 1973) and measurements
of altered rocks in situ (Rowan and others, .1977), but the mineralogies

of the altered rocks studied in the laboratory were not examined in the

~detail of those in the present study nor with quite such a high spectral

fesolution instrument., This study represents an attémpt to partly fill
this gap.

The sites proyiding saﬁples for this study are all outcrogs ox mono;
lithblogic taluts with 1itt1e or no soil. Laﬁoratory and field spectral
reflectanﬁe rcéultg are best compared at these sites because the chﬁﬁcés

of obtaining a field sample unrepresentative of the field of view of the

.
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field spectrophbtometerfare minimized. The hydrothermally altered areas

étudied, however, are dominated by clay-bearing rocks which are mostly

poorly to moderétely well exposed, and include few large outcrop areas.

.The most common surface material consists of rock fragments with various

amounts of soil. Thus, our collection is probably somewhat bilased toward

‘more clay-poor altered rocks than are typical of these areas,

Chips totaling:1-3 ¢m3 in volume were ground ‘to’ pass a Tyler 200~

i

. eyl o . : . : .
mesh screen (opening 74 ym). This material was placed in an. aluminum

cell pack for X-ray diffraction analysié; To improve»clayemiﬁeral iden—
tification for many sampiés, a small amount of sample was removed and

dispersed in water with an ultrasonic probe., Suspension containing par-—

- ticles smaller than about 5 im was dried on a glass sliﬂé to form a clay- |

rich residue, treated with‘ethylene glycol, and'heatéd to‘4OOQC>and:then :
to 60000, with X-ray énélysis repeafed after each step.‘ Themmateriall |
examined with the modifiéd Cafy spectrophotoheter was largely identical
to that uséd for the XFréy cell pack f&r each sample. Because the holders
for the two instrumenfsraré subétantially_differént, however, aqé be-
cause diffractomeﬁry and spectrometry vere done in different laboratories
in Menl6 Park, Célifornia, and Denver, Colorado, respectively, the X-ray
céll fécks we;é dééﬁroyed and the disc—shaped packé for thé Carey formedv
subsequently frbm,thebsaﬁe stoqk sample powder.

Host sampiesrwe:é examined by optidal petppgrapﬁic nethods; the
chip used for thin section was taken from the same’hénd spécimen as the

Y-ray chips whenever possible. ‘Correlation between modal mineral per-~

‘centages and relative X—fay peak heights is usually good‘but only if no

-5
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(ORIGHIAL PAZE IS L AL e
OF PODOR QUALITY ' ~ el
ﬁ%re than rough semiquaqtitative mineral percentages aré éttempted; k,
Réasons for differencgs}bétween optical and X;ray'petrographic estimates
dnclude sampie inhoﬁogeneities, difficulties in identifying fine—grained
'makerial for opticalrboint—counts, énd vérioﬁs toﬁﬁiéxities iﬁﬁolved in,t
ma#ing éuantitative comparisons‘of Xfra§ diffraétion data (Tatlpck,
1966). In generql, optical estima£é$ are more precise and accurate thanx
X-ray estimateﬁ, but because our spectral reflectance data.are for the
rock po?ﬁions examinéd by X—ray-;athef théﬁnby optical petrography, we
present semiquantitagive modal- data only;:‘In the cbded mineral assem-— .
blage accompanying spectré;"data givén‘for each Samplé, mineral compo;

nents.are listed in order of decreasing abundance, with components

present din amocunts less then about 10 percant enclesed in parentheses,

CLASSIFICATION OF ALTERED ROCKS
The.roéks séudied héré are main;y quartz with various mixtures of
the following minerals: kaolinite, ﬁontmorillonite, diaspore, pyro- |
. phyllite, opal, potassium mica (K-mica), potassiumAfeidspaf (KefeléSpar),
_plagiociase, and alunite, The most common ﬁinor constituent is. leucoxene -
(fine~grained rﬁtile or énatase). Before oxidation toék place near thie
weathering sﬁrface, mosf rocks containea pfrite, which is now replaced
by various.mixtures of jarosité, goethite, and hematite,"Téhle‘Z is a
qomplete list of mineréls found and thefabbreviations assighed‘to them
for use in 1ater‘figurcs.
ODur usage of names for altered’rocks is generally the same as that
~ of Méycr and Hemnley (1967};1 Tabie 3 summarizes guidelines used here in

applying these names. Gensrally, this classification is appropriate

6
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for grouping rocks with respect to spectral behavior,'because‘many clay
mincrals,‘alunite, and pyrophyllite have important and diagnostic spec—

tral features inyﬁhe visiblefnéar infrared wavelength region., The only

&

" addition to established nomenclature that we have made in this study is

) tde term "advanced phyllic", which we apply to rocks with the assemblage

quartz-K mica-alunite. With appearance of any kaolinite or pyrophyllite,

a ;6ck v .th thése,three minerals is termed "advanced argillic", but

ra£her than being a scarce end-member ésSemblage?'s§BStantia1 volumes

of advanced phyllic rocks exiét in sOmé of'the altered areas we studied.
Dominant iroﬂ>minerq;‘provides a logicaiwéecoﬁdary basis for.classi—

fication, because iron minéfals'stronglf;éffect.thé 0.4;i:i ym portion

of;ﬁhe visigle—ngér infrared region’ip'diagnos;ic wé§s. Thus, in one

set-of figures presenting spectral reflectance data, the samples are

|
Le-

grouped by major iron mineral and approximate abundance of iron minerals.
Again, a mineral is cpnsideredtabundant, if present in an amount greater

than approximately 10 percent,

v o . " MINERAL SPECTRA

ElectronicfProcessés
In the altered rock spectra discussed here; all features thét,appear
at wa#éiengtﬁé shorter than aboﬁt 1.2 pm ate'due-to varioué eiectrsuic )
transitions involvingiiiontm Figure 2 showskthe gpéctraiqf typicai

dltercd rock constituent minerals in the raﬁge 0.35'tail.5}um."

“Two general types of transition may occur. Those that imvolve the

transfer of an electron between two ilons, called intervalence charge

T v B ‘ e
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transfer (IVCT) transitions, occur between the ions of two different
elements (usually the ferric and oxygen ion) or between different ions

of the same elements (as, for instance, between ferric and ferrous ions).

‘The IVCT transitions are characterized by extremely intense absorptions.

The second type of transition occurs between the crystal or ligand field
perturbed energy levels of an ion.  The location and intensity of the
spectral features for a particula; ion ;111 therefore depend upon the
nature and intensity of the pertérbing field. Tor altered rock spectra,
features may be caused by crystal field fransitions (CFT) in ferric ioﬁs.

The exact interpretation of the iron spectra in minerals is still

ot complete. However, the most intense ébsorption for ferric oxide
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e s posd el e -~ Far +%p . ; o
o e - Ce - e S et e e - . ees - —— rive e Ao et wmueew

has its center in the near-ultraviolet range, so that only one side of
the feature extends into the visible range. In the iron oxides, it is
this mechanism that produces the rapid fall-off in reflected intensity
to shorter wavelengths, and this fall-off is apparent in the goethite
and hematite spectra, Overlying t'is intense absorption are features
due to the ferric fon crystal field tragsitions. There are typically
three fairly broad features that occur in the oxides due to the CFT's:
the 6A14;A18‘that occurs between 0.%5 and 0.95 pm; and the 6A1-’-"A2g
that appears between 0.55 and 0.65 ym, usually as a shoulder; and the
GAlﬂyAl, Y£(G) that appears near 0.45 ym. The latter féature, when it
is observable (which it rarely is, because it lies beneath the intense

IVCT) should shift less than the other two features because it is f{ield

independent., » . ORIGIAL PACE is
OF POOR fuaLiTy

e p———TT T T S 3
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In hemat1te, the 6A *“T 1g is clearly centered near. 0.85 um, whlle
for the sample of goethlte, it is centered at almost 0.1 um 10nger wave-
length near 0.94 um. The shoulder near 0.65 um, 6A1+ A2g is most

apparent in goethlte.

As stated above, théiéA,49A YE(G) feature near 0.45 um is usdallyi

not dlscernlble, but with Jar051te this feature is clearly apparent as

an unusually sharp bapd~near 0.43 ym. The enhanced intensities of spin-~
forbidden bands havé ¥eCdnfly beén explalned as anplférromagnetlc cou~. .-
ﬁling among thé Fe3*t ioné in materials éhét‘cont;innextended two-

dimensional hydroxo~bridged Fe3+ sheets, such as in jarosite (Rossman,

1976). Lannlng (1973) Had prev1ously suggested from a study of extinc-

Ly

tion coefficd
stealdng mechanism is operating such thdt the states involving spin-
fdfbidden ligand field transitions miwiith nearby'séates that involve
spin—a}iowgd o gen—ﬁet;l charge transfer transitions, e;feciaily
apparent idmdxides.

The presence ofithe ferrous ion as opposed to the ferric ion is£

- most typlcale ev1dcnced by the promlnent appearance of a broad band

nezr 1 to 1.1 un, due to the spin-allowed transition between the Eg and

T?g levels into which the D ground state‘splits in an octahedral field.

O‘her veak featureu due to spln—forblddcﬂ FezT transitions occur near

0. 4? O 45, 0.51, and 0,55 um, while the 1.0 um feature is accompanied

~by broad features,to longer wavelengths ncar 1.8 ym in some silicates,

SVibratdonal Processes
Figure 3 shows the 0.6 to 2.5 ym spectra of a selection of typical .

9
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altered rock constituent minerals. From 1.2 pm to longer wavelengths,
211 features displayed eﬁclusively involve vibrational transitions of
the hydroxyl (OH) groups. In several respects these spectra are quite

‘similar to each other, and where they differ they do so because uniqué

features appear,
-

All the spectra display single‘of multiple features at or within
0.1 ﬁm to 1.4 pm. :In every case, tﬁéseifeatures are due ‘to the first -
overtone’of the fundamental 6ﬁ—séretching ViEratiqn,‘or to a combinafion
of the fundamental stretching modes of tﬁo @ifféfent OH groups, and the'r
- features occur near here regardless of whether the OH is attached to H,
Si, Al, or Mg. For multiple featu?es to occur, there must be two or
rore éiffervent QlU-group tvpss present, djffvr&ut‘bccause they exict in
Asomewﬁat different environments,

Even though the 1.4 ym feature is comgon to all OH-bearing minerals,
its exact appearance and location varies éufficieﬁtly from mineral to
mineral to-allow some discriminations.to be méde.‘ For éxample, in
phlogopite the single feature lies to shorter wavelengths than in lepid-
olite,’ﬁﬁgcovite, montmorillonite, and pyropﬂyllite, all of which also
display a wéli~define3 single mininum. In pyrophyllite, ﬁhe feature is
most sharply defined. If‘mo;e thaﬂ‘one feature bccurs near 1.4 ﬂm in |
these materials, the additional band is usually’dﬁe to thé pfcséﬁce Qf~
a small amouht’of another minéral of thié group as an impurity; |

;_Hatcrials that displaykSihgle features near 1.4 m can be readily
distinguished from those that SﬁOW‘tWO or more weli;resolvéd features, |

such as occur in kaolinits and alunite, and these latter can be dis-

"
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criﬁinated from each other because the kaolinite-bands,bothfoccurla;
shorter wavelengths than those in ‘alunite. Additional weaker features

that occur in this region are due to more complicated combination over-

toues of other vibrations,

~

Most of the spectra shown in figure 3 display a feature or Bands
near 2,2 ym, and this is-due to combimaéions of the OH-bond fundamental
stretch with the Al-0O-H fundamental bending;mode. Aéain, thesé features
appear slightly different in different Qéterials, being either sha¥p (as

in pyrophyllite), broad (as in muscovite, montmorillonite), or'multiple';

(as in kaolinite, alunite) with their minima shifting over a range from

about 2.16 to é.23 ym, It is common for this particular feature to
aprear in phyllesildicetaes that pcsséss a dioctahédfal structurc that
allows the Al-0-H bend-UH-stretch combination to occur, Tﬁe-feature at
2.2 pﬁ is usvally associated with a second prominent, but weaker feature
removed about 0.1 pm to 1ongervwavelengths, near 2.3 um, that is‘also

associated with the presence of aluminum (see alunite).

However, when a feature appears near 2.3 um in the absence of one

at. 2.2 ym, it dis typically due to a combination of the OH;stretching

" ‘'wode with the bending fundamental of Mg-0-H, and this jis illustrated by

phlogopite. Again, this feature is usually'accompanied by a’prominent
but less intense featufc removed 0.1 um to longer wéveleﬁgghs. These
features occur in phyllosiliéatcs that passesé the trigctahedralystruc—
turxe, but they are also displayad intensely in the spectra of magﬁesium~

bearing amphiboles.

Features at wavelengths longer than 2.4 pm can be assigned to

i1



vibrations iivolving the OH—stretching modes with thc low-lying lattice
modes or to fundamental vibrations,
Two further features 4in these spectra requlre mentlon. Hydroxyl

grOup° present in the form of molecular water, no matter how they are

.attachcd:or included, always”produce a feature near 1.9 um due to the

combination of OH with the H-0-H bending fundamental, and this is well
illustrated by the montmorillonite spectrum. Montmorillonite is the

only mlneral of this group that readlly absorbs water from the air.

One of the most 1nterest1ng and commonly occurring features in the
rock spectra is well ilIUQtrated in the alunite spectrum which displays
a very intense band near 1, 77 Hm. This can be assighed as a combination
of the fundamental stretch with the first overtone of the Al-0 —H band.
This band occurs in a range that is typically devoid oflabsorptlon in
almoet‘all rock.materiais (exceptions are gypsum and jarosite) so that
it prouides an eﬁcellent diagnostic tool. Of the other materials that
displaj the 2.2 um feature; only,diaspore gives any indication of dis~—
playing strong absorption in the 1.75 uu region, but in diaspore the

feature is barely resolved even though it shows generalized intense

" absorption over the entire 1.65 to 2.5 ym range. This occurs largely

" because there is extensive hydrogen.bonding occurring in this material

which causes extensive broadening of the features shown here.

ROCK SPECTRA
Partlal apCCLra (0.35- to- 1.4 pm) of the particulate rock samples
arc sliown in flgures 5 through 9, and the.complere spectra (£xom 0. 35

to 2.5 um);are shown in figures 10 through 15, where they are grouped
' 12 R



according to hydrothermal alteration type. As with the mineral spectra,
features caused by different processes will be discussed separately.

‘'Electronié¢ Proceésses

'
The spectra shown in figures 5 thorugh 9 were grouped to emphasize

similar f;atures that o;;ur as a consequence of the presence of iron in
some form or other. The minerals that are rgsponsible for producing_
such features in the rock spectra are hematite, goethite, jarosite, and
montmorillonite,

Of the 94 rock samples investigated; petrographic-énalyses indicate

that enly 5 do not contain either hematite or goethite. Of those that

do, 27 contain both hematite and goethite, 27 hematite, and 25 goethite.

Torersr=t20 tanoles pontein Snvosite, - of vhich sever -lso contiin both
hematite and goethite, five hematite, and nine goethite.

More than one feature-producing mineral in a rock produces a spectrum
that contains a composite of the features of the individual minerals.
However, because the intrinsic intensity of spectral features varies
from mineral to minefal, it does not necessarily follow that the features
of the most concentrated component mineral will dominate the rock spectrum,
although this is very'often what happens. 1In some spectra the features
of a less concentrated mineral will‘dominate those of a more concentrated
* one and in others a broad feature of one wi'l mask a éharp feature of
another. Examples of these effects will become obvious as the spectra

are discussed in detail, Individual spectral features are discussed

belov,
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The 0.43 ym(Jarosite) Band
The spectra shown in figure 5 all exhibit a sharp well-defined, but
shallow feature, located near 0,43 ym that occurs on the side of a very
broad absorption whose minimum is located at wavelengths shorter than
0.43 ﬁn. The 0.43 ym feature is due to the 6A1¢9A1, 4E(C) transition
in ferric iron in jarosite, and it is enhanced by an intensity-stealing

mechanism,

The petrographic and X-ray analyses indicate that 24 of the 94 rock
samples studied here contain det;ctable.émounts of jarosite. Of these,
only six (T4-11; 109-2—7;-81—8-4; 100-4-1; 23-1-14; and 24-4-10) do not
display the 0.43 ym feature in their spectra (sﬁown in figs. 6-9). All
except 24-4-10 contain only minor émounts of jarosite (less than 10 per-
cent) and 24-4-10 contains about 10 percent. In all six, goethite and
hematite total between about 5 percent and 30 percent. Five of the six
samples with advanced argillic alteration contain only minor amounts of
: jarosite (less than 10 percent) and yet they do display the_spectral
featnre, but in these five samples, goethite and (or) hematite are only
present in minor quantities (less.than about & percent total), Conse-
quently, we believe that the jarosite icature is being wasked by the
iron oxide ab;orption in the case of the six samples listed above.

These obscrvations indicate that the presence of a sharp band near
0.43 ym is diagnostic of the presence of jarosite. This band appears
to be an extremely sensitive indicator of the prescﬁce of jarosite in
the ~bsence of iron oxides, but the prescnce of large quantities of
oxides precludes its app..viunce when only small amounts of jarosite are

-
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present. The change in absolute reflectivity relative to Mg0 appears

" to be sensitive to the amount of jarosite present, suggesting further

study to determine the feasibility of ‘using the 0.43 ym feature as a

"quantitative analytical indicator.

The 0.85 ym (Hematite) Band

Figure 6 shows the spectra from 0.35 to 1.4 um of 20 samples that

" contain hematite as an important constituent. In 14 of them, hematite

is one of the major components, while in the other 6 it ranges from 1
to 9 percent. In addition, goethite is present in nine of these samples,

as a major component in three and a minor component in six. Jarosite

-is present in small amounts in one of the samples, but because of the

Lt

reekivre ¢2fcer oFf The Jivrpe oudgatitivmof Sron -ty lden T S the it
six samples discussed above containing jarosite in which the 0.43 um
feature is not observable.

The spectra shown in figure 6 are all quite similar, being char-
acterized by a rise in reflectivity from short wavelengths to a well-
defined maximum near 0.75 ¥m, followed by a broad minimum which is
always short of 0.9 um, but typically it occurs close to 0.85 ym.

Figure 7 includes the spectra of 34 rock samples, all of which
gontain henatite as a minor component with the eyceptioﬂ of two (whose
spectra are shown at the bottom, CP-1-12 and CP-1-13) which contain
hematite as a major constituent. Twenty-one of the samples contain
goethite; in three it occurs as a major component and in the other
seventeen as a minor constituent. Five samples also contain jarosite

(three as a major, two as a minor component) whose spectra are obvious
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because of the appearance of the 0.43 um feature. Two other samples
contain minor amounts of jarosite ﬁut d; not show the 0.43 ym feature.
The upper 14 spectra display a minimum at wavelengths shorter than
0.9 ym and near 0.85 pm which is cha¥acteristic of the presence of
‘hematite. The amount of hematite is less than 10 percent in all these
samples. The highest concentrations of hematite (5 to 10 percent) occur
}n samples L-11, 109-6-3, and CS-1-15 and the lowest (trace to 1 percent)
occur in CS-2-3, 45-11-11,.45-11-;5, and 45-11-12. Minor amounts of
goethite occur in eight of these samples, but goethite exceeds hematite

in only 3 samples.

The twelve spectra immediatély below the upper 14 display the fea-
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there is more goethite than hematite and in 2 samples more hematite than
goethite. In three samples (4-29-5F, 45-11-20, and 24-5-9) amounts of
hemagite and goethite are subequall .Five of these samples contain jaro-
site. In these 12 spectra, the feature at 0.85 ym typical of pure hema-
tite is apparently beginning to be dominated by those due to other iron-
bearing minerals and the minimum is being shifged to longer wavelengths.,
Very fine-grained hematite and gocfhitg are often difficult to dis-
tinguish optically and impossible to distinguish by whole-rock X-ray
d;f[ractibn. The anomalgus abundance ;elationships shown by hematite
and gocthite in a minority of the first 24 samples on figure 7 are
probably the result of misidcntjficatiqn of some fine-grained material.
The bottommost eight spectra show barely dctectable broad fcﬁ:ures
near 0.9 ym or no absorption features (minima) at ail in this range even

16
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though iron-bearing minerals are scarce (only a trace) in only one
sample (5-2-I). In fact, the bottom two spectra show a maximum near
0.9 ym which is most unusual. Their mineral content gives no clue as

" to why their spectra should appear this way, and we have no explanation

for it at this time.

The 0.9+ ym (Geothite, Jarosite) Band :
In figure 8 is shown the spectra of 19 samples, 17 of which contain
goethite. In ten of these it is‘one of the majof components, while in
the other seven it is a minor constituent. In nine of these samples
hematite is also ptésent th ohly as a minor component. Hematite i§
listed as being more abundant thaﬁ goethite in bnly one sample (81-4-7),
but this particular sample was fragmental and notably heterogeneous, so
goethite may be a major component in the portion examined with the Cary.
The other two spectra, shown at the bottom (24-4-3 and 24—4-8);
are of samples that do not contain goethite, but boph contain jarosite
as a major component. Jérosite is also present in seven of the other
sanples (major component in four samples, minor component in 3 saumples).
Figure 9 displays the spectra of 13 samplcs& al} of which contain
goethite as a‘minor componenf, and in addition, Qpe contains a ninor
amount of hematite and 3 contain jarosite. In all samﬁles the band near
0.9 ym is much more weakly expressed than for most samples in the pre-
vious four figures (5-8), and the exact position of the minimum, which

is difficult to determine jrecisely with such a broad shallow band,

varies.
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Iu general, the position of the band near 0.9 ym is a reliable
indicator of the dominant fettic'iron-beating mineral present. If the
band is centered distinctly toward wavelengths shorter than 0.9 um, the
dominant iron-bearing mineral is generally hematite. If the band is
centered at or above 0.9 ym, the dominant mineral :is usually goethite
or jarosite. The relaﬁive importance of jarosite can be assessed by
the presence of the diagnostic sharp 0.43 um absorption band. Strength
of the 0.9 ym absorption and amount of dro;off toward 0.35 ym are
Telated to ‘the total concentration of'i;on-bearing minerals present. .
Iron mineral pércentages must be determined optically, however, and are

not available for precisely the same material as that examined with

the epectrophotoneter. Thus, cuantitative compevison of iran méneral
percentage and strength of spectral bands is not possible with the
presently available data.

Vibrational Processecs

The spectra from 0.35 to 2.5 ym of the particulate rock samples
are grouped according to alteration type and are displayed in figures
10 through 15. In each of these figures, the spectra are arranged
according to similarity of the features they show at wavelengths longer
than 1.3 ym. The spectra are displaced vertically for ease of compar-
ison, and at wavelengths shorter than 1.3 pm the curves are allowved to

overlap where necessary because the features in that region have already

\

Leen discussed,

All the bands that appear at wavelengths longer than 1.3 pm are

caused by vibrational processes that occur in the hydroxyl-bearing

18



minerals that the rock contaihs, and quite typically the features of

" Just one of these minerals will dominate the spectrum, Features in

individual rocks will be discussed under the heading of the alteration

type to which each rock belongs.

Silicified Rocks

The spectra of the 34 silicified rock samples are shown in figures
10 and 11. Almost all samples (30) con;ain alunite, and it is a majot.
constituent in 24, and consequently alunite features dominate many of
the spectra. The other feature;pfoducing minerals in order of frequency
of occurrence in the rocks, are kaolinite (in 10); jgrosite (in 11);
gypsum (in 5); and pyrophyllite (in 3). Ip most spectfa, multiple fea-
tures occur near 1.4 and 2.2 ym. In many, a single band near 1.75 um
is obvious, and in more than half the "water" band near 1.9 um is apparent.

Twelve rock spectra are assembled in figure 10. These spectra show
variations in the position and detailed structure of the bands, and are
arranged to emphasize the gradual progression of the 1.4 um features
toward longer wavelengths and to illustrate that the most concentrated
mineral does not necessarily produce the mosﬁ intense features in par-

ticulate rock samples, althougﬁ this is typically the case.

With the exception of the top sample, 81-8-4, all of the samples

whose spectra appcar in figure 10 contain alunite, in quantities ranging

"from 1 to about 20 percent, and seven saunples also contain kaolinite.

taclinite is the most abundant hydroxyl-bearing mineral present in the
rock designated 81-8-4, ard its spectrum, shown at the top of figure 10,

is very similar to that of pure kaolinite. It is also very similar in

-
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appearance to the spectrum immediately below itr, 100-4-i, which is of
a sample containing more than 10 percent of both kaolinite and alunite,

with kaolinite more abundant than alunite. The spectrum is dominated

by kaolinite, and the only indication of the presence of alunite is a

very weakly expressed band that appears near 1.75 ym.
The next spectrum below this, that of sanple 109-7-2, which contains

comparable amounts of alunite, pyrophyllite, and kaolinite, reflects the

_presence of the pyrophyllite and kaolinite more intensely than of the

alunite, with the single intense.featurcs of pyrophyllite at 1.4 and
2.2 ym being quite apparent.

| The next three lower spectra, 109-2-7, 109-4-1, and 109-4-4, are
of samples that contain significaﬁf quantities of kaolinite: between
about 10 and 20 percent; they also contain a range of alunite concentra-
tions—~minor in 109-2-7--but about the same amount as kaolinite in 109-4-1
and 109-4-4. 1In all three spectra, the kaolinite doublet near 1.4 um
is apparent, and in the lqwer two, the ionger wavelength member of the
alunite doublet is apparent and its intensity reflects the alunite con-
centfation. These two samples also contain minor quantities of gypsum
which contributé quite strongly to the 1.9 um "water" band as well as

intensifying the 1.75 uym feature.

The next lower spectrum, 81-4-7, reflects the presence of opal in

the rock, and it is this mineral which is primarily responsible for the

broadened appearance of the 1.4 and 1.9 ym bands, to which contributlons

are 2lso made by the minor alunite which produces the bands near 2.2 pm.

The next lower three spectra, 45-11-10, L-15, and 23-2-4, are of
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slﬁples that contain alunite (between about 5 and 15 percent), as well
as potassium mica in the lower two. fhe mixture of s;;ctral features
is consistent with these compositions, the 1.9 ym water feature being
relatively well pronounced when potas;iﬁm mica is present.

Sample J8-19, which contains alunite, kaolinite, pyrophyllite, and

jarosite, produces a fairly broadened spectrum in which the jarosite is

. largely responsible for the enhanced intensity of the feature near 1.5

ym.

The bottom spectrum (81-8-6) in figure 10 is essentially identical
with that of alunite, and indeed, alunite composes more than 20 percent
of the rock and is the only hydroxyl-bearing mineral present. It is
included here for comparison with the above spentra. Its sﬁectrum is
repeated at the top of figure 11, which also displays the spectra of
the 23 other silicified rock samples.

With the exception of the lowest six, the spectra shown in figure

11 are very similar, the only obvious differences between them being

the presence or absence of the "water" band near 1.9 ym. All display

features typical of alunite, and indeed, alunite is present in all of
them in quantities ranging from about 10 to 40 peicent, with most con-
taining near 20 percent. The appearance of the 1.9 ym band in the lower
part of éhe group can be attributed to the presence of traces of
adsorbed water, or where the band is particularly weli prounced, such

as in L-12, it is due to the presence of ﬁotassium micz (10 percent),

or in samples 45-11-11, 45-11-12, and 45-11-15, to the presence of miuor

pypsum.
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In the lowest six spectra the feztures are not well pronounced.
The top two, 23-1-14 and 23-1-13, both contain alunite and jarosite but
their features are not well-resolved.. 82-2-2 contains about 1 percent

_kaolinite, while the lowest three spectra are of samples in which petro-
graphic analysis failed to detect any clay minerals or alunite, and
their spectra indicate by the poorly expressed 1.4 and 1.2 ym bands only
the presence of small quantities of water. -

Advanqed Argillic

. Figure 12 shows the spectrg of 21 rock samples that display ad-
vanced argillic alteration. In this particular figure, bands that Qre
due to a specific mineral are indicated by vertical lines.

fhe top spectrum (T4-11) owes.its overall shaps almost entirely to
the presence of about 30 percent diaspore with the sharp bands near 1.4
and 2.2 ym being enhanced by the presence of about 5 percent pyrophyl-
lite. The pyrophyllite features are indicated in the next.two spectra
impediately below (T4-10, T4-13) which are of rocks containing about -
50 percent and 70 percent pyrophyllite, with roughly 5 percent diaspore
present cdontributing to the downward slope from 175 pm to longer wage-
lengths.

The thkree spectra Below'these, cs-1-2, CS-1-15, CS-1-11, also dis-
play the well-resolved features due to the pyrophyllite present (about
5 to 15 percent), and as well display sharp bands adjacent to them due
to tho presence of larger quantities of po;assium mica. That there is
nore than one mineral (here potassium mica and pyrophyllite) contribut-

ing to each of these spect:r: is evidenced by the structure of the

-
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doubled bands near 1.4 pm, in which the shorter wavelength feature is

the more intense. In individual phyllosilicate minerals, when doublets
occur near 1.4 ym, the longer vavelcngtﬁ band is typically the more
‘intense. This behavior is apparent in the next five spectra, which are
of rocks in which kaolinite is the major constituent, being present in
' concentrations greater fhan 30 percent, and the positions of the fea-
tures due to kaolinite are indicated. In these spectra, the asymmetrical
band centered near 1.9 ym ig completely characteristic of the presence
‘of molecular water. The petrographic analyses do not indicate the
presence of any specific minerals bearing constitutional water (such as

gypsum or montmorillonite), but watef is frequently associated with clay

rinerals as physiadscrbed wzter. 1In 211 five of these sarrles ninor,

but significant, quantities of alunite are indicated to be present
(ranging krom zbout 3 to more than 10 percent) and this is probably
responsible for causing the éppearance of the weak feature at jusé longer
wavelengths than the very sharp features near 1.4 um.

The ten spectra shown at the bottom of figure 12 all display the
gix characteristic features of alunite, starting with the doublet near
1.4 ym, the very diagnostic 1.75 ym feature (which is only present in
some other sulphates, such a; gypsum) which should prove particularly
useful for remote-sensing purposes, the intense feature near 2.17 pm
with its supplcumentary band at slightly longer wavelengths, and the
quite well-defined, but itypically much weaker, feature near 2.3 pm.
These ten samples contain “:ituween about 25 and 50 percent alunite, which

is completely consistent = '-U their spcétra. Two of the samples,

.
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45-11-20 and 81-8-3, also display weak 1.9 ym "water" bands. They are
the only two samples in this group that petrographic Aualyais indicates
also contain significant, although miqor. amounts of kaolinite (samples
81-4-1 and 23-1-5 contain only traces of kaolinite).

Advanced Phyllic and Phyllic

The top six curves in figure 13, which all display a well-defined
0.85 ym minimum, are the'spectra of rocks having advanced phyllic altera-
tion, while the bottom ten spectra are ﬁhose of rocks having phyllic
alteration. :

All the samples displaying advanced phyllic alteration contain
potassium mica (about 3 toA45 percent), and, with the exception of
CS-1-7, also contain large quantitiés of 2lunite (chout 10 to 45 per-
cent). It is the bands due to these minerals that dominate the spectra,
as evidenced by multiple bands near 1.4 and 2.2 ¥m, to which both
miﬁerals contribute in various proportions as well as to the well-
defined band at 1.75 um characteristic of alunite and fhe 1.9 ym feature
attributable to water associated with the potassium mica and opal. This
1.9 ym water band is particularly pronounced in the spectrum of sample
J8-3 (shown fifth from the top of figure 13) which consists of about
35-40 percent.potassium mica and 30 percent.opal.

The top spectrum (CS-1-7) is dominated by the feapurcs of potassium
mica (V45 percent) alone, there being only ~1 percent alunite present,
s0 small an amount that the 1.75 ym band is not observable.

The lower ten spectra are all of pﬁyllic—altcrcd rocks. Withk‘'ithe
exception of the top spectrum (J8-8), they do not diSpiay an intense

0.85 pm minimum and all are relatively flat with weak but quite well-
24
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defined 1.4, 1.9, and 2.2 ym features. All contain large quantities of

potassium mica (10 to 50 percent) with little or no kaolinte (~3 percent

at most).

The spectrum shown at the bottom of figure 13, sample CP-1-12,
shows none of the features expected from a rock composed of more than
50 percent potassium mica with minor kaolinite. Its maximum reflectivity
is only about 50 percent that of any of the other samples, sugge;ting
the presence of some material that drastically lowers reflectivity and
masks well-resolved bands in the near-visible infrared region. The
most likely possibility is magnetite or another similar iron spinel, but
ﬂo such mineral was definitely identified, and maximum concentration
could be no more than about 5 perccﬁt :

Montmorillonitic-Argillic Rocks

The rock samples displaying this type of alteration contain between

* 25 and 55 percent montmorillonite, and with one exception (CP-1-13),

their spectra, shown in figure 14, are dominated by the intense single

.hydroxyl and water vibrational bands that occur near 1.4, 1.9, and 2.2

ym,

The spectra 109-2-8, 109;2-5, and 109-2-3, are essentially identical
to that of montmorillonite, displaying only single features, which indi-
cates that any contributions from ihe small percentages of kaolinite
(<5 percent) present only tend to emphasize those features due to the
montmoriilonite. - ==

ihe three spectra above those (24—2-3, 24-4~8, and 24~-4-10) d.splay
multiple features, especially near 1.4 and 2.2 ym, dhc'to the presence
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of minor amounts of alunite, which is not abundant enough to produce
more than the suggestion of a band at 1.75 ym. In the lowest of these
three spectra (24~4-3) the 2.2 um feature is broadened, because this
sample also contains a significant quantity (&IS percent) of gypsum,

The topmost spectrum is of a sample (45-11-19) that does not con-
tain alunite, but does contain &10 percent jarosite, and it is this that
produces the supplementary bands near 1.4 and 2.2 um,

: The lowest spectrum, that of CP-1-13, even though the rock contains
more than 50 percent monﬁmorillonite, doés not display any well-defined
bands., Like sample CP-1-12, whose spectrum is shown in figure 13 for
phyllic rocks, its low reflectivity and lack of features may be caused
12 (Yo evnnrrgeing effocte of the preserce of nﬂynotitc.

Miscellaneous Alteration Types

Of the eight spectra shown in figure 15, the top six all show
nunmerous well-defined bands, including the 1.9 pym "water" band, and they
are of rocks in which opal is the most.abundaut constituent.

It is the presence of the large amounts of opal in these samples
that accounts wholly or mainly for the appearance of the water band.

The two top spectra, 221-1-8 and 221-1-6, display all the features of
alunite and these samples each cont;in 15 to 20 percent alunite. The
additional small sharp band on the short wavelength side of the 1.4 um
group in 221-1-6 is due to the presence of kaolinite in that sample.

The next lower two spectra (24-5-9, 24-5-10) are essentially iden-
'tical to each other. The saﬁplcs cach contain 10-15 percent alunite

which accounts for the bands characteristic of it, but additional fea-
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tures are obvious, particularly the well-resolved doublet which partly
obscures the shortest wavelength feature of the alunite. The doublet

is characteristic of the presence of kaolinite, whicg.the camples also
contain in amounts of 10-15 percent.

. In the next lower two spectra, the kaolinite features are clearly
intensified, as in the 1.75 ym band and the 1.9 um feature, particularly
in the upper spectrum, 24-5-6. These samples also contain 10-15 percent
of both kaolinite and alunite, bpt in addition, they contain gypsum to

" the extent of about 15 percent in 24-5-6 and 2 percent in 24-5-4, It .
is the constitutional water in gypsum which accounts for the very pro-

nounced 1.9 ym feature and which intensifies the 1.75 ym band in 24-5-6.
Cypena, like 2lunfite, ie z2lso a‘;ul"h:te and it is the only other com=-
mon mineral in these rocks that produces a band near 1.75 ym., Because
the zmount of gyvpsum is much less in 24—5—4, these two features are
dess pronounced but the 1.9 um fea£ure is considerably broadened and
less deep.

The spectyum of sample 4-29-5, a rhyolitic ash flow, contains 50
percent montmorillonite, which produces the 1.4 and 1.9 ym features,
and the weak features near 2.2 yum.

Spectrum 08-09-08 is'that of a quartzuﬁericite rock with features
attr&butable to the prescﬂcc of water and potassium mipa‘(2.2 pm), It

is similar in mineralogy and spectral features to the phyllic rocks

described above (see fig. 13).

‘
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CONCLUSIONS

The particulate samples of the hydrothermally altered ro;ks studied
here typically display clearly defined bands in their bidirectional re-
flection spectra caused by absorptions due to botﬂ electronic and vibra-
tional processes. Between 0.35 and 1.3 ¥m, electronic transitions in
the ‘iron-bearing minerals, hematite, goethite, montmorillonite, and
jarosite cause characteristic featufes, in the form of minima, to occur
near 0.43, 0.65, 0.85, and 0.93 ym. In the range from 1.3 to 2.5 um
the characteristic minima are caused b; vibrational transitions in a
pumber of constituent clay, sulfate, and water-bearing minerals, namely:

alunite, kaolinite, montmorillonite, pyrophyllite, potassium micas,

s - . p e Piaen PN 1 - e, movaeti ms. o e p b 40 o~ 3,
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latter minerals are concentrated in quite narrow spectral ;egions near
By 1155 339, 2:12; and 2.35 uB;
Certain generalizations can be made concerning the appearance of
the individual spectral features in these hydrothermally altered rocks:
a) The appearance of a very sharp but weak band near 0.43 m
appears to be completely diagnostic of the presence of jarosite;

b) The presence of hematite as a major constituent produces a
broad intense minimum centered near 0.85 um;

c) The presence of goethite as a major constituent produces a
similar fecature centered near 0.93 um;

d) When both hematite and goethite are present in significant
proﬁortions, the combins: ":n of these two featurcs preoduces a band with

its minimum between 0.85 =1 0.93 um;
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e) The development of a supplementary band which appears as a
short wavelength shoulder on the 0.75 ym maximum, and centered near
0.65 ﬁm is typically more pronoanced'for goethite-rich samples than for
hematite-rich samples;

S The presenée of clay minerals aéd alunite is indicated by
bands near both 1.4 and 2.2 umj

g) The presence of pyrophyllite or potassium micas is indicated
by intense, sharp, single minima near 1.4 and 2.2 um;

h) Clearly doubled sharp.fcaturés near both 1.4 and 2.2 um, of -
which the shorter wavelength member in both groups of bands is the less
intense, indicates the présence of kaolinite;

i) The presence of alunite ﬁs also indicated by the appearance
of doubled features near l.4 and 2.2 um, but in this case, in the doublet
_nmear 2,2 ym, it is the longer wavelength member that is less intense;
and, in addition, a'very diagnostic minimum appears near 1.75 ym as
well as a sharp feature near 2.3 um; ‘

j)- The presence of montmorillonite is indicated, in addition to
broad 1.4 and 2.2 ym features, by the appearance of an intense 1.9 um
"water" band. This latter band very often appears weakly when opal or
potassiuﬁ mica is present, and sometimes when kaolinite is present;

k) When gypsum is present, features similar though somewhat
broader than those displayed by montmorillenite appear, but, in addition,
a feature near 1.75 ym, similar to that in alunite, also occurs, as it

also sometimes does vhen large amounts of jarosite are present;
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1) The presence of diaspore imparts an unusual shape to the rock
spectrum, causing the intensity éf the spectrum to drop quite sharply
from 1.5 to 1.9 ﬁm, ;imilar to the spectrum of pure diaspore.

On the basis of the rock samples investigated here, some observa-
tions about the different types of alteration can be made:

a) Almost all spectra show intense 1.4 and 2.2 ym minima;

b) With just a few exceptions, all the spectra display a rapid
decrease in reflectivity from 1.4 ym to sﬁorter wavelengths, with the
reflectivity at 0.35 ym being the minimum value. The exception to fhfs

general behavior is for the phyllic rocks, which typically begin their

descent ffom near 0.7 pm;

ey  The zd-inced aveillie rocks chaw by f-
most intense vibrational features, and as a class they are closely fol-
lowed by the silicified samples in this respect;

d) The only alteration samples$ that show unique features as a
class are the montmorillonitic argillic rocks, for which all (with one
exception) display spectra that are essentially identical with that of
pure montmorillonite;

e) The phyllic rocks are also quite distinct (again with one '
exception) in that their spectra are quite.flat from 0.7 to 2.5 ym and
shov very weakly expressed iron bands near 0.9 pm and very weak 1.4,
1.9, and 2,2 ym features; .

£) The spectra of the advanced phyllic samples are dominated by

the features of alunite, together with a well-defined 1.9 pm "water"

band due to potassium mica and opal. Half of the silicified rock spectra

30



ORIGINAL PAGE IS
OF PODR QUALITY

are indistinguishable from a pure alunite spectrum as far as the posi-
tions and relative intensities of the ban&s are concerned, and lack the
1.9 ym "water" feature. The rest of the advanced argillic samples,
'which do not contain major amounts of alunite; displa;-well-defined and
clearly identifiable features of other minerals they contain, and this,
to a lesser extent, is true for the rest of the silicified samples and
many of the opalized samples;

g} Because alunite occurs as a major constituent in so many of
- this suite of hydrothermally altered roék samples, and because the
alunite spectrum appears ;o.be so dominant, it would be difficult to

classify a sample into an alteration type on the basis of its spectrum
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the four alteration types that contain alunite (silicified, advanced

argillic, advanced phyllic, and oﬁalized) are usually not all present

in a single hydrothermally altered area, and those that are present tend

to form configuous zones;

h) Comparison of the spectral data with that obtained from
petrographic and X-ray analyses reveals that the detection and identi-
fication of a mineral in the rocks by spectroscopic techniques is con-

firmed by the other techniques. However, certain minerals were detected

less frequently in these spectra than by other techniques, and this was

usually because the featurcs of one mineral spectrﬁm will dominate and
nask those of a less concentrated constituent.

Nevertheless, the potential of spectrcscopy to detect and confirm
the presence of clay minerals in altere& rocks is clearly indicated,
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and its usefulness as a very rapid and reliable analytical tool is
dezmonstrated. ' For example, the mere appearance of the 2.2 um feature
indicates the presence of an hydroxyl-bearing mineral, and, in combina-
.:tion with a feature at 1.75 ym and the absence of a 1.9 ym band, is
completely diagnostic of alunite. The potential for making this a
quantitative technique is obvious, and the availability of the 1.5 to
2,5 ym region (with the exception of the 1.9 um région) points up the

potential importance of this type of data for remote-sensing purposes.
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Table 1.--Sample Series Identification and Localities in Western Nevada

Sample Quadrangle
. s:ries . Locality . . map name Section, Township, Range
.J8~ Goldfield mining Goldfield Bec. 10, T. 3 8., R, 43 k.
. district

T4~ Coldfield mining Goldfield Sec. 5, T. 3 8., R, 42 B,
district :

L- Goldfield mining Goldfield Secs 7, T. 3 8., R A2 K,
district
district : R. 43 E.

45~ Goldfield mining Goldfield Sec., 12, T. 3 8., R. 43 k.
district -

24~ Goldfield mining Goldfield See, 34, T. 2 8., R. 43 k.,
district

4-29- Goldfield mining Goldfield SEt: 2, T 8 5.5 he 6e B
district

5~3- Goldfield mining Goldfield Sec, 34, T. 3 8., Ri 44 &,
district

221-1-  Cuprite mining Goldfield Sec. 5, T. 5 8., R, A2 E,
district

109~ Geiger Grade Virginia City Sec, 26, 7. 18 N, R. 20 B

altered area

81~ Geiger Grade Virginia City Secs 35, T. 18 N., R. 20 E,
altered area .

100~ Washington Hill Virginia City Secs. 27, 33, 35, 7. 19 N.,

R. 2] E,
08-09- Rock Hill mining Rock Hill Seec. 34, T. 4 N., R, 36 2.
district
cp-1- Castle Peak mine, Devil's Gate Unsurveyed
Gilbert mining
district
CS- Cactus Springs Cactus Springs Sec. 12, T. 3 8., R. 45 E.

mining district

5-2 Cow Camp Spring Lida Wash + Sec. 35, %3808 380K
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Table 2,--Abbreviations Assigned to Minerals and Used in Figures

Ab
Al
B

Ba

Br

Chl

D

Ep

Albite

*
Alunite

*
Biotite
Barite
Brookite

A
Calcite

*

Chlorite

Diaspore

*
Epidote

G

Gyp
Ha

Hem

F Ry nS

»
Goethite M
#
Gypsum * Op
' Halite Opagq
*
Hematite P
*
Jarosite Pp
*
Kaclinite Q
*
K-mica Rt
K-feldspar Z1
Leucoxene

Hontmorillnnite*
Opal

Opaque
Plagioclase
Perphyllite*
Quartz

Rutile

*
Zeolite

*® :
Minerals cthat produce well-defined spectral features in the 0.35 to

2.5 ym range.
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Table 3.--Major Minerals Present in Rocks Studied and Content Criteria

for Alteration Types

Criteria

T

Alteration Type Major Minecrals
Silicified Q+A1+K+PpiD+Km
Advanced argillic Q+A1+Pp+K+D+0Op+Knm
Cpal OpiQ+K+tPp+Al+D+Km
Advanced phyllic Q+Al £Kn+0p
Argillic QiKtKmimixed layer
Piiyi..cC SRl bhatvs rianEl- R ot
Quartz-sericite A+Km*Kf +Ab
Montmorillonite- Mi#K+Qimixed layer

bearing argillic *Ca+Chl

Vol. % quartz > wt% sio,
of original rock

Must contain kaolinite or
pyrophyllite, and alunite

Opal > quartz

Must contain alunite and
K-mica; kaolinite and
pyrophyllite absent

Must cdntain kaolinite;
kaolinite + mixed-layer
clays > K-mica

~rawa 2 CiaL S

No mixed-layer clays;
K-mica probably mostly 2M

Montmorillonite > calcite;
relict plagioclase and
K~feldspar common

. See Table 2 for abbreviations.
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FIGURE CAPTIONS

Fig. 1. Hydrothermally altered areas sampled in wesiern Nevada.

Fig. 2,

Fig. 3.

Fig. 4.

Fig. 3,

Fig. 6.

Features due to electronic ttransitions in the spectra of iron-
bearing minerals commonly present in Aydrothermally alteteq
rocks. Spectra are displaced vertically and characteristic
features are indicated by arrows.

Features due to vibrational processes in the spectra of four
hydroxyl-bearing minerals commonly present in hydrothermally
altered rocks. Spectra are displaced vertically. Reflection.
values are indicated on the curves at 1.6 um.

Features due to vibrational processes in the spectra of four

= o w Q
T N A S e g o I e W

. s s
B e T S

Spectra are displaced vertically. Reflection values are indi-
cated on the curves at 1.6 ﬁm.

Spectra of rock samples that contain jarosite and display the
characteristic ferric iron feature near 0.43 ym (arrows at J).
Spectra are displaced vertically and arranged according to
alteration type. For sample identification and mineral content
code, see tablesl and 2. Secondary constituents in parentheses.
Spectra of rock samples that display a minimum near 0.85 um
characteristic of hematitic rocks. Spectra are displaced ver-
tically and arranged according to alteration type. Tor sample
identification and mineral content code, see tables 1 and 2.-

Secondary constituents in parentheses,

ERERON



Fig. 7.

Fig. 8.

Fig. 9.

Fig. 10.

31

Spectra of rock samples that contain either hematite or goethite,
or both, as minor constituents., All but the lowest 7 display
an intense feature between 0.85 and 0.93 ym. In the top spectra
the position of the band is governed by the presence of goethite
in the sample. The three spectra at the bottom, although con-
taining a significant amount of hematite display no minimum
near 0.9 ym. Spectra are displaced vertically. For sample
identification and mingtal content code, see tables 1 and 2.
Secondary constituents in pareﬁtheses.

Spectra of rock gamples that display a minimum near 0.93 um
characteristic of the presence of goeth;te. The lowest two

> - . .. . 1. 1 .
Fom By e g -y o PP » P mtbrda Bt e g h -~
£ ¢ 14 o -4 s » . . . abe e .ot 1= R RN fimiie &5 ot

contain major jarosite. Spectra are displaced vertically and
arranged according to alteration type. For sample identifica-
tion and mineral content code, see tables 1 and 2. Secondary
constituents in parentheses.

Spectra of rock samples whose mineral analyses did not indicate
the presence of iron oxide minerals. Spectra displaced ver-
tically. For sample identification and mineral content code,
see tables 1 and 2, Secoﬁdary constituents in parentheses.
0.35 to 2.5 ym spectra of rock samples classified as silicified,
in most of which the f{eatures are not primarily determined by
the presence of alunite., Spectra are displaced vertically.

FYor sample identi ication and mineral content code, sec tables

1 and 2. Second:ry constituents in parentheses.



Fig. 11.

Fig. 12.

Fig. 13.

Fig. 14,

o

0.35 to 2.5 ym spectra of rock samples classified as silicified,
in which the features of most are determined by presence of .
alunite. Spectra are displaced vertically., For sample iden-
tification and mineral content code; see tables 1 and 2,
Secondary constituents in parentheses,

0.35 to 2.5 ym spectra of rock samples that were classified

as displaying advanced argillic alteration. Those vibrational
features that are due.to the presence of particular constituent
minerals are indicated (1.e.,‘Pp = pyrophyllite; Km - potassium
mica; K = kaolinite; Al = alunite). Spectra are displaced
vertically and arrangeq according to similarity. For sample

fdentifdcaticn and piveral) ¢r-tont rpde, pea tzbhlen 1 2néd

Secondary constituents in parentheses.

0.35 to 2.5 um spectra ofArock samples displaying advanced
phyllic (top 6 spectra) and phyllic (lower 10 spectra) altera-
tion. Spectra are displaceé vertically., For sample identi~
fication and mineral content code, see tables 1 and 2,
Secondary constituents in parentheses.

0.35 to 2,5 ym spectra of rock samples classified as display-
ing montmorillonitic-argillic alteration. Spectra are dis-
placed vertically. For sample identification and mineral
content code, see tables 1 and 2. Secondary constituents in

parentheses,

ORIGINAL PAGE i§
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Fig. 15.
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0.35 to 2.5 ym spectra of rock samples classified as opalized
(top 6 spectra) or which display unusual alteration types
(lower 2 spectra). Spectra are displaced vertically. For
sample identification and mineral content code, see tables 1

and 2. Secondary constituents in parentheses.
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— CP-1-2:Q-Km-Kf (J-Lx-G-K)

45-11-19:M-Kf-J(Q-G-Op-Lx-B~-P)
24-4-3:M-0pg-Gyp-J(AI-Q-K-ZI)
24-4-8:0pg-M-J(Hem-Al-Q-P-Z1)
CS-1-7:Km-Q(Hem-J-Al-D-Rt)
109-7-5:Q-G-J-Al(Lx)

5-3-1A:Q(Rt-Hem-J-Ca-Ba)

100-2-3:Q-J-Pp-Km(G-Lx-Hem-Al)
23-1-13:Q-J-Al(Lx)

-100-1-4:Q-G-Al-J(Op-Lx)

JB-19:Q-Al-J(0p,-Pp-G-K-Hem-D-Lx)

100-1-8:Q-Al-J(G-Lx-0p)
CS-1-15:Km-Q-Pp(Al-Hem-J-R1)

1I00-1-1:Q-AlI-0p(G-J-Hem-Lx-Km~-D)
23-1-5:Q-Al-J(Lx-G-K)

100-2-1:A1-Q(J-Lx-0p-Pp-G)

CS-1-2:Q-Km-Pp(D-Al-J-Rt-G)
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CS-3-7 Am-Q(G-P-Lx-K!{-Ba)

o~ CP-1-4 Am-Q(kf-G-A-Hem-Lx~-Ca)

) /
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CP-1-12 km-Q-Hem(Ha-K-%{)
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45-11-19:M-Kf-J(Q-G-Op-Lx~B-P)

24-4-8:0p-M-J(Hem=-Al-Q-P-2Z1)

24-4-3:M-0p-Gyp-J(Al-Q-K-2Z1)
109-2-3:Q-M-G(P-K-Lx)
109-2-5:Q-M=-G-Lx(P-K)

109-2-8:M-Q(P-G-K-Lx-Hem)

e (CP-|-13:M-Ham(Q-P-Gyp-Ca-K)

:

¢
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24-4-10:M-0p=-J(G-Al-P-Q-ZI-Km)

EIG 12k
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221-1-8:0p=-Ca-Al (Q~Lx}
221-1-6:0p-Al-Cq
(K-Lx-G-Q)
24-5-9:0p-K-Al -Hem{G-Q)
24-5-10:0p~Al-K-Ham

24--5-6:Op-G;'p-K-.’&l (O -Hom)

24-5-4:0p-5<-A!-Hcm(Q-Gyp)
'4-29-5:».1-?,

(Op-B-Ki-Q-G ~Lx~Hem~-Ca)
08-09-08: Kf=Q=Km<-Ahb
(G-Ca=-Rt)

b
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