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ABSTRACT

Samples of Mexican obsidian that exhibit either “sheen” or “rainbow” optical properties were examined with acombination
of EMP, SEM, TEM, aswell asvisible and IR spectroscopy. Electron-microprobe analyses of the sheen matrix give (in wt.%):
76.2 Si0,, 0.2 TiO,, 11.6 Al03, 2.2 FeOror, 0.07 MgO, 0.1 Ca0, 4.8 Na,O and 4.4 K,0. The sheen is attributed to the presence
of aligned flow-stretched hollow vesiclesin the gemological literature. SEM images show that many of the flow-aligned lenticu-
lar areas are a second rhyolite glass with, on average, 74.6 SiO,, 0.2 TiO;, 12.7 Al,03, 2.1 FeOror, 0.1 MgO, 0.9 Ca0, 5.6 Na;O
and 4.6 K,0. These two compositions do not overlap at the 20 level. Their inferred indices of refraction differ by asmuch as0.04,
leading to optical interference aong the elliptical interfaces of the two glasses. Thus we postulate that the sheen reflects differ-
encesin indices of refraction (n) between the matrix obsidian and the lower r of either gas-filled or glass-filled vesicles. In our
sample, the presence of the second glass probably correlates with incorporation (and remelting?) of fragments of an earlier
rhyolitic ash or tuff. Two different types of Mexican rainbow obsidian were studied. Thefirst haslayers of numeroustrachytically
oriented rods (0.2-2 by 10-20 wm) of hedenbergite (CaygsM go.07F€0.98M Np.06Si2.0106). The composition of the matrix is: 76.3
SiO,, 12.5 Al;03, 1.7 FeOror, 0.01 MgO, 0.16 Ca0, 4.4 Nap,O and 4.6 K ;0. The second type hastrachytically aligned plagioclase
(~Any), also rod-shaped (as small as 0.5 X 2.0 wm). The composition of the matrix is: 76.1 SIO,, 13.5 Al,03, 0.7 FeOror, 0.09
MgO, 0.7 Ca0, 3.75 Na&O and 4.85 K0 Multiple hypotheses are considered for the possible cause of the rainbow effects: gasor
fluid inclusions, asmall component of scattering centers, differential indices of refraction, Bragg diffraction of visible light, and
thin-film interference. Our data support the last hypothesis.
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SOMMAIRE
Nous avons étudié des échantillons d’ obsidienne mexicains qui possédent soit un reflet monochrome ou en arc-en-ciel au

moyen d’analyses par microsonde électronique, microscopie électronique a balayage (MEB) et par transmission, et par
spectroscopievisible et infra-rouge. Les analyses alamicrosonde él ectronique de lamatrice vitreuse oul | e refl et est monochrome
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donnent, en % pondéraux, 76.2 Si0,, 0.2 TiOy, 11.6 Al;03, 2.2 FeOror, 0.07 MgO, 0.1 Ca0, 4.8 N&;O et 4.4 K0. Lereflet serait
dd ala présence de microvésicules vides étirées lors d' un flux, selon lalittérature gemmaologique. L esimages obtenues au MEB
montrent que les domaines lenticul aires étirés contiennent un deuxiéme verre, de composition moyenne (%) 74.6 SiO,,0.2 TiOp,
12.7 Al,03, 2.1 FeOror, 0.1 MgO, 0.9 Ca0, 5.6 Na,O et 4.6 K,0. Ces deux compositions sont distinctes a un écart de 2o pres.
Leurs indices de réfraction différeraient par au moins 0.04, ce qui pourrait bien mener a une interférence optique le long de
I"interface elliptique entre les deux verres. Lereflet monochrome résulterait donc de différences en indices de réfraction (n) entre
I’ obsidienne delamatrice et celledes vésicules, dont I'indice ) est plusfaible. Dans notre échantillon, la présence d’ un deuxieme
verre pourrait bien résulter de I’incorporation (et refusion ?) de fragments d’ une cendre rhyolitique ou d’ un tuf antérieur. Nous
avons aaussi étudié deux sortes d' obsidienne mexicaine areflets polychromes (en arc-en-ciel). La premiére contient des trainées
de microbatonnets (0.2—2 (10-20 pum) d’ hédenbergite (Cag gsM go.07F€0.98M Mo 06Si2.0106), alignés par flux. La composition de la
matrice (%) est: 76.3 SIO,, 12.5 Al,03, 1.7 FeOror, 0.01 MgO, 0.16 Ca0, 4.4 Na,O et 4.6 K,O. Le second type montre un
alignement trachytique de plagioclase (~Anyp), aussi sous forme de bétonnets (aussi petits que 0.5 X 2.0 wm). Lacomposition de
lamatrice (%) est: 76.1 SIO,, 13.5 Al;03, 0.7 FeOror, 0.09 MgO, 0.7 Ca0, 3.75 NayO et 4.85 K,0. Nous évaluons plusieurs
hypothéses pour expliquer les effects en arc-en-ciel: inclusions de gaz ou de fluide, une faible proportion de centres de dispersion,
des différencesen indices deréfraction, une diffraction delalumiérevisible selon laloi de Bragg, et uneinterférence depellicules

trés minces. Nos données concordent avec la derniére de ces hypotheses.

(Traduit par la Rédaction)

Mots-clés: obsidienne, Mexique, propriétés optiques, arc-en-ciel, reflet monochrome, couleursd’interférence de pellicules minces.

INTRODUCTION

The general interest in the optical properties of both
sheen and rainbow types of obsidian has led to passing
mention of these in most basic texts of mineralogy and
petrology; yet no modern scientific study of these mate-
rials could be found in the mineralogical literature.
Hence our purposeisto use the textures, chemical com-
positions and physical properties of sheen and rainbow
obsidians to formulate a coherent set of hypotheses that
would explain their optical properties. Completely in-
dependent studies of rainbow obsidian were conducted
at the California Institute of Technology and at Temple
University. Preliminary electron-probe data and inter-
pretations were presented by Greller (then Gresh) &
Ulmer (1998) as a poster paper and by Rossman (1998),
who used an illustrative example of hiswork on obsid-
ian in his plenary lecture to the IMA. These earlier
works and the ensuing research have been integrated
into this manuscript.

BACKGROUND INFORMATION

Sheen obsidian displays a single-color velvety opti-
cal property that is generally characterized by either a

silvery or golden hue. Thisresponseisdirectionally de-
pendent and commonly isin both the surface and near-
subsurface of polished obsidian as a grain effect (not
unlike wood burls), with both planar and swirled opti-
cal features. The optical flash of the sheen is clearly
linked to these planar and swirl features. Typically the
sheen originates from asingle planar zone mmto cmin
thickness. Areas and volumes between these planes do
not show asheen. An example of golden sheenisshown
in the carved obsidian turtle depicted in Figure 1a. The
turtle’ s back and the top of its head appear velvety and
golden by comparison to the otherwise normal black ob-
sidian.

Rainbow obsidian, on the other hand, shows bands
of various colors, ranging from red through purple. In
this study, we establish that there is a correlation of the
color bands both with the thickness of and with the lo-
cation of microphenocrysts within the studied samples.
Thus the rainbow material has repetitive closely spaced
optical responses at visible wavelengths when viewed
on a polished surface or near-subsurface. As shown in
the polished pieces depicted in Figures 1b to 1h, copla-
nar zones that may differ in thickness from mm to cm
consist of several color bands (for example, red, green,
yellow, blue). Note that Figure 1h shows two sides of

Fic. 1. Polished samples of sheen and rainbow obsidian selected to show a range of colors and optical response intensities. a)
Turtle carved from golden obsidian. Top of head and shell show golden huethat is generated from an optical effect within and
under the surface of the carving. Size: 9 cmin length. b) Sample selected for unusual colors and large size of individual color
bands. Size: 11 X 6 X 3 cm. ¢) Sample with very brilliant, intense blue band. Size: 3 X 5 X 2 cm. d) Sample with intense
yellow layer. Size: 3 X 5 X 4 cm. €) Nodule with intense red layer. Size: 5 X 5 X 3.5 cm. f) Heart shape with finely
aternating green and blue layers. Size: 4 X 4 X 3 cm. g) Elongate heart with noticeably more pastel colors than other
samples. Size: 4 X 7 X 3 cm. h) Two sides of a broach with highly different colors on the two sides. Size: 7 X 1 X 1 cm.
Samples b—d have hedenbergite inclusions (Type 1), whereas samples f-h have feldspar inclusions (Type I1). Sample e could
not be destroyed, so that no examination of its inclusions could be made.
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the same necklace piece, cut so asto orient the two sur-
facesin two different coparallel optic bands of the rain-
bow effect only about 0.8 cm apart, but with quite
different colors. Rainbow bands may be directly adja-
cent to, or separated by, “normal” obsidian that shows
no special optical effects. Repetition of any color isaso
possiblein coparallel planar zones within asingle piece
(Figs. 1b, f).

DEFINITIONS

Published studies of sheen and rainbow obsidians do
not offer arigorous definition of these terms. We equate
the term sheen with synonyms such as “flame” or
“golden” or “silver” that havefound their way into texts
(Mitchell 1987). Hurlbut & Switzer (1979) ascribed this
sheen “to reflections from oriented inclusions’.

The term rainbow is synonymous with “iridescent”
or “color-banded” inthe gemological literature (Hadley
1993). Descriptions are vague. Matlins & Bonanno
(1995) ascribed the phenomenon to “a strong internal
iridescence”, and Foerster (1991) referred to the pres-
ence of “microcrystallites’.

PROVENANCE OF THE SAMPLES

Pieces of obsidian with optical phenomenaare often
fabricated into “objects of art”, as shown in Figure 1.
Accordingly, our samples were obtained as shaped and
polished pieces. However, it is generaly difficult to
determine the exact provenance of such specimens.

Of the many archeologically important sites of ob-
sidian in Mexico (Mosheim & Althaus 1988), or even
in the world (Althaus 1996), few localities have been
reported that display the sheen or rainbow properties.
Obsidian localitiesin Oregon (Hadley 1993) and north-
ern California(Mitchell 1987) arewell documented and
mapped. These U.S. locditiesareinteresting in that they
provide both sheen and rainbow obsidians in the same
geological settings. However, the bulk of the gem ob-
sidian material now distributed globally isfrom Mexico.
The economic importance of these special types of ob-
sidian to the lapidary trade have made the exact Mexi-
can localities purposely, but understandably, shrouded.
Some of the dealers who provided our specimens stated
that they come from an area near Lago de Moreno,
Jalisco, Mexico. Perusal of geological maps seems to
indicate no volcanoes near thisarea. Therefore, we con-
sidered it important to attempt to confirm by geochemi-
cal fingerprinting the localities of our obsidian samples.
Our material s do indeed contain geochemical signatures
that are consistent with the values of Mosheim &
Althaus (1988) for the Tequila=Magdelena area in the
state of Jalisco, Mexico. Similarly, we consider that the
sheen obsidian in our study also to befrom Mexico, and
the major-element composition are again consistent with
this provenance. Figure 2 presents compositional data
for many well-known occurrences of obsidian around

the world. These data confirm that our samples of ob-
sidian have compositions similar to those published by
Mosheim & Althaus, aswell asto the siliceous volcanic
compositions reported by Harris & Carmichael (1984)
and Wallace & Carmichael (1992) for the Jalisco area

ExXPERIMENTAL TECHNIQUES
Sample preparation

The optical effects present in both sheen and rain-
bow obsidian are generated from obvious coplanar
bands within the obsidian. Examination of standard thin
sections cut either parallel or perpendicular to the opti-
cal effects demonstrated that the features generating the
optical effect are commonly localized in thin layers.

Samples were prepared in two ways. In the first,
small portions of well-oriented samples were fractured
and examined in the scanning electron microscope to
precisely locate the desired horizon. The main sample
was then recut at that precise location. Other samples
were simply ground down until the desired layer was
intersected. Samplesfor X-ray micro-analysisand trans-
mitted light microscopy were ground and polished with
diamond pastes on flat substrates (“no-knap” cloth).
Even with these precautions, some pieces of the obsid-
ian (particularly of the sheen type) polished irregularly
and yielded a granular texture on the finished surfaces,
with too much topographic relief for good analytical
results. These samples required additional polishing
with softer abrasives such as TiO, or Cey)Os.

Instrumentation at Princeton

Quantitative X-ray micro-analysis was conducted
with aCameca SX-50 six-spectrometer instrument (five
wavel ength-dispersion spectrometers + a solid-state X-
ray detector). Conditions for the analyses included a
beam energy of 15 kV, abeam current of 15 nA, and a
defocussed beam 10 pm in diameter. The following
primary standardswere used: CaSiO3 (CaKa), KAISi3Og
(KKa, SiKa, and AlKa), NaAlSizOg (NaKa), Fe03
(FeKa), and TiO, (TiKa). Excellent agreement with
secondary glass standards (Jarosewich et al. 1980) was
obtained (Table 1). Totalscloseto 100 wt% indicate that
<0.5 wt% aggregate of MnO, P,Os, and volatile compo-
nents are present in this material. Qualitative energy-
dispersion spectra (EDS) were collected with a
Princeton Gamma Tech digital pulse-processing
(PRISM) system of analysis. Secondary electronimages
were obtained with a Philips FEG XL 30 scanning elec-
tron microscope (SEM) typically operated at 12 kV.

Instrumentation at Caltech
A Philips 430 transmission electron microscope

(TEM) operated at an accelerating voltage of 300 kV
was used for bright-field imaging, electron diffraction
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Fic. 2. Compositionsof glassy rhyalites and obsidians from world-widelocalities. Seetext
for a discussion of the rationale and methodology of projecting into this choice of
graphic representation. L represents the average of 40 samples of obsidian from Lipari
in the Mediterranean (Althaus 1996). R is atypical globa rhyolite composition (Best
1982). Y Srepresents the Y ellowstone rhyolite reported in Table 1. Point #5 (Mosheim
& Althaus 1988) represents obsidian from Jalisco, Mexico, from the same area as this
study. The envelope encloses 14 archeological important samples of obsidian from
Mexico, as reported by Mosheim & Althaus (1988). RB | and RB Il pertain to the
matrix glass of two types of Mexican rainbow obsidian (Table 1). M isthe matrix com-
position, and V is the lenticular glass-filled areas, both in the Mexican sheen obsidian
studied here.
TABLE 1. ELECTRON-MICROPROBE DATA FOR SAMPLES OF OBSIDIAN AND TEXTURAL INCLUSIONS
Sheen Sheen Rainbow Rainbow Rainbow Included USNM USNM
matrix inclusions Type-1 Type-1 Type-11 phenocrysts 72834 2213
matrix matrix' matrix in Type I? rhyolite syn. tektite
N 5 10 10 4 10 1 2 2
Si0, wt.% 76.24 (0.21)  74.58(0.37)  7630(0.27) 77.81(0.23)  76.13 (0.43) 48.70 76.82[0.11]  76.02[0.27]
ALO, 11.57(0.14)  12.67(0.12) 12.45(0.10)  11.83(0.03)  13.48 (0.20) 0.00 12.39[033]  11.49[0.15]
Ca0 0.13(0.04)  0.09(0.02)  0.16(0.02)  0.17(0.03)  0.72(0.05) 19.97 0.43[-0.07]  2.62[-0.04]
MnO 1.78
FeO 2.19(0.14)  209(0.11)  1.72(0.10)  1.68(0.05)  0.70 (0.07) 28.45 1.11[-0.12]  4.83 [-0.06]
MgO 0.07(0.02)  0.06(0.02)  0.01(0.01) 0.00 0.09 (0.05) 1.09 0.03[-0.02]  1.53[0.02]
Na,0 475(0.11)  564(0.13)  436(0.06)  4.41(0.07)  3.75(0.10) 0.00 3.63[-0.12]  1.02[-0.04]
K,0 442(0.09)  462(0.08)  461(0.07)  4.60(0.04)  4.85(0.07) 0.00 4.98 [0.09] 1.93 [0.05]
TiO, 0.22(0.10)  0.18(0.07)  0.11(0.06)  0.11(0.02)  0.09 (0.05) 0.00 0.10[-0.02]  0.58[0.08]
total 99.59 99.93 99.72 100.61 99. 81 100.00 99.49 100.02

! Electron-microprobe analysis performed at Caltech. > AEM analysis, with results normalized to 100%. Total Feis expressed as FeO. Values are averages
of multiple (i.e., N) analyses. Numbers in parentheses represent one standard deviation of the population (sheen and rainbow obsidians) and brackets, the

difference from published values for Smithsonian Institution secondary standards (Jarosewich et al. 1980).
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and analytical electron microscope (AEM) analyses.
The specimen for TEM was prepared using an Ar ion-
beam mill. A JEOL 733 electron microprobe operated
at 15kV, 25 nA and utilizing abeam diameter of 10 um
was employed for quantitative elemental analysis. Elec-
tron back-scattered images were obtained with a
CamScan Il scanning electron microscope operated at
15kV.

The visible transmission spectrum was obtained on
asection of theobsidian 1.1 mm thick. Reflectance spec-
trawere obtained by focusing (6, 2.5 mm spot) atung-
sten-halogen light source on the surface of a polished
piece of obsidian (Fig. 1b) that showed pronounced
color bands. The reflected light was collected at a 45%
angle from the incident light. Both experiments used a
1024 element silicon diode array spectrometer. Thein-
frared spectrum of the 1.1 mm thick section was ob-
tained with a Nicolet 860 FTIR spectrometer using a
metal aperture of 1.25 mm in diameter to definethe area
of investigation.

An X-ray powder-diffraction pattern of the in siru
inclusions was obtained with a Scintag PAD-V
diffractometer. The sample was a self-supporting pol-
ished dab of the obsidian cut to present the long direc-
tion of the inclusions to the X-ray beam.

GRAPHICAL PRESENTATION

In the literature, many different ways of graphically
presenting compositions of obsidian and rhyolite have
been used. Whereas a plot of CIPW normative compo-
sitions projected in the diagram SiO, — KAISiz;Og —
NaAlSi;Og (petrogeny’ sresiduasystem) iswidely used,
we believe that thereisabetter choice for plotting glass
compositions with only a minor proportion of crystal-
line phases present. In addition, it is clear by inspection
of the global reported averages for either rhyolite or
obsidian that their Al,O3 contents range over a very
narrow interval, ~10 to 13 wt%. Accordingly, we have
chosen to plot our data on the silica-rich portion of the
10 wt% Al,O3 plane of the quaternary system Al,Oz —
SiO; — NaO — K0 (Fig. 2). To project onto this plot,
we sum (silica + sodium oxide + potassium oxide as
determined by analysis) and normalize to 100%.

Figure 2 shows the tightness of the clustering of the
various rhyolitic and obsidian compositions from
Mexico. It is credible that our sheen and rainbow
samples did al come from Mexico, rather than from
other famous localities for obsidian, such as Lipari, in
the Aeolian Islands of Italy or Y ellowstone, Wyoming.

ResuLTs: SHEEN OBSIDIAN

In the particularly brilliant sheen samples that we
examined from Jalisco, Mexico, the matrix obsidian is
very uniform in composition (Table 1). The thin and
polished thin sections of the sample shown in Figure 1
showed tear-drop and elongate oval aress that are de-

cidedly flattened in planar orientations. Originaly, we
interpreted these to be flow flattened, trachytically
aligned, original microvesicles. Thisinterpretation was
quickly modified when SEM views revealed three-di-
mensional lobate fillings and shapes that did not con-
form geometrically to the inner surface expected from
even adistorted gas-filled vesicle. Electron-microprobe
analyses of these inclusions show that the glass in-fill-
ing of the lenticular areasis both chemically, and there-
fore likely genetically, distinct from the matrix glass.

Figure 3ashowsthat the lenticular areas are oriented
in planar arrays which, when viewed edge on, produce
thin, linear, blade-like features. If viewed perpendicular
to the plane of flattening, they appear more obviously
oval, with flattened ellipsoidal textural shapes. Figures
3b and 3d show actual features in transmitted light, re-
spectively, perpendicular and edge-on to the plane of
the lenticular features. These features are trachytically
aligned from lower left to upper right in each photo.
These two photos are taken in oil immersion with dlight
defocusing to show the population density within the
depth of the standard thin section. Figure 3c is a re-
flected-light view of another area, but with the sametype
of sample orientation of the polished section as is
present in Figure 3b.

Figure 4a is a secondary electron image showing
more details of the unusual morphologies of an indi-
vidual lenticular area viewed edge-on. Back-scattered
electron imagesin Figures4b, 4c and 4d are views| ook-
ing down on the planar array of thelenticularly flattened
areas. Theimagesin Figures 4d and 3c do not rule out a
simple interpretation of “empty” (formerly gas-filled)
microvesicles. However, Figures 4a, 4b and 4c show
morphological features not easily equated with “empty”
vesicles or voids. These observations led to the conclu-
sion that many, but not al, of these featuresindeed con-
tain a solid filling. The polish on the samplesin Figure
4b, 4c and 4d is particularly hackly, despite severa at-
tempts to improve it, apparently owing to the plucking
out and mechanical damage done by the “roof” frag-
ments of the cracking or separating tops, as polishing
plucked open the tops of such lenticular areas.

Examination of Table 1 allows comparison of the
matrix obsidian to the glass infilling of many of these
features. In general, theinfilled lenticular areas are flat-
tened glassy inclusions that are higher in Al and Na,
and lower in Si and K, than is the matrix obsidian. But
these statistically real differences between the glass
infilling and the matrix are not so large as to preclude
the petrogenetic interpretation that, in addition to gas-
filled vesicles, some of these lenticular areas are
remelted ash fragments from aprevious (or penecontem-
poraneous ?) rhyalitic eruption that became incorporated
into the matrix-producing obsidian flow. That the in-
cluded fragments are al in flattened lenticular shapes
would indicate that the ash fragments were largely re-
melted as they were trachytically flow-aligned during
the flow of the obsidian matrix.
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Fic. 3. A compositearray of light-microscopy images of the Mexican sheen obsidian studied here. a) Schematic diagram to show
the orientation of flattened, gas- and glass-filled lenticular features found within these samples. b) Transmitted light
microscopy oriented to be looking down on the plane in which the lenticular areas are flattened. ¢) Same orientation as view
b), but on a polished surfacein reflected light. d) Transmitted light microscopy in oil immersion and purposely defocused to
show the three-dimensional aspect of the edge-on lenticlar areas. Note they are dark because of light scattering.

ResuLTs: RainBow OBSIDIAN

We have discerned two types of rainbow obsidianin
the samples from the Tequila-Magdelena area of the
state of Jalisco, Mexico. In the covariance plots of
Mosheim & Althaus (1988), for example their Figure 2
(p. 611), for NaxO versus K20, and in our Figure 2, the
obsidian samples of the Tequila-Magdelena area of
Jalisco show atight clustering, into which al our data
fall. However, within the cluster there are small differ-
encesin composition within any given geographic area.
The earlier work on the volcanic rocks of the Tequila
area by Harris & Carmichael (1984) and Wallace &
Carmichael (1992) also showsthe same overall similar-
ity, although intraflow differences were noted, as one
might expect (in typical Harker variation diagrams) at
any given volcano. However, in some of our rainbow
samples, the microphenocrysts are hedenbergite (here-
inafter, Type I), whereas in other rainbow obsidian
sampl es, the microphenocrysts are sodic feldspar (here-
inafter, Type I1). These two types are mutually exclu-
sive; only one major type of microphenocryst occursin

each type of obsidian. We employ the term micro-
phenocryst to emphasize our interpretation of these crys-
tallites in the obsidian glasses as subliquidus, presolid-
ification crystals. In either type of rainbow obsidian, the
trachytic alignment of these crystallites arguesfor their
origin as microphenocrysts.

Type-I rainbow obsidian

The samples of rainbow obsidian with hedenbergite
microphenocrysts are shown in Figures 1b—e. Photomi-
crographs of Type-I rainbow obsidian are shown in Fig-
ure5; they are taken from slabs of the obsidian in which
the prepared surface is coplanar and within the plane
producing the optical effect of a rainbow color band.
Figure 5awas obtained in transmitted light (utilizing the
same conditionsasfor Fig. 3d). A trachytic array of very
well aigned darker-than-matrix rod-shaped crystallites
is apparent as a layer of aligned crystals. In Figure 5b,
the crystallites arevisible as bright needlesin back-scat-
tered electron (BSE) images. However, because only a
flat single surface is imaged, the crystallites are more
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Fic. 4. Electron images of Mexican sheen obsidian. a) Secondary electron image of a single lenticular area seen edge-on in a
fractured surface. Note the non-uniform thickness of the infilling material. Photos b) — d) are back-scattered electron images

(from the electron microprobe) of lenticular areas|ooking down onto the plane in which they are flattened. Note that the very
flat bottom to feature d) isin strong contrast to features b) and c), with “plateaus’ and “mesas’ of an infilling material.

sparse than in the defocused, depth-integrating, trans-
mitted light image (Fig. 5a). Even so, thetrachytic align-
ment of crystallites is still clearly evident in the BSE
image. TEM bright-field images (Figs. 5¢, d) show fine,
elongate, prismatic crystalsthat are oriented nearly par-
alel to each other. Banding in the obsidian is due to
differential abundances of the fine crystals. The domi-
nant population of the rods in the sample studied by
TEM ranges from 0.09 to 0.4 pm in thickness. A small
population of rods 0.8 to 1.2 pm thick also was ob-
served. These thicker rods produced interference colors
between crossed polarizers in thin section in transmit-
ted light. We have observed that rod sizes may differ in
different bands even within the same sample. The inte-
grated examination of many samples (not all depicted
here) in thetwo labsindicates that these samplesof rain-
bow obsidian have microcrystallites with a size cover-
ing the range from 0.09 to 2.0 pum thick by 10-20 pm
long.

Analytical TEM measurements of the microcrystal-
lite rods give a mean chemical formula CagggMgo.07
Fep.g8Si2,0106, corresponding to hedenbergite. An XRD
pattern of the rainbow obsidian shows broad scattering
expected from the obsidian glass matrix. In addition, it

showsweak linesat d = 3.2 A (220), 2.96 A (310), 2.14
A (421), and 1.76 A (150), all of which correspond to
hedenbergite. A peak observed at d = 3.17 A remains
unidentified. A few grains (2-8 uwm) of opaque oxides
(morphology and EDS analysis suggest that most are
magnetite, and the remainder areilmenite) were seenin
all samples of the rainbow obsidian, but these are rare
in comparison to the large population of the silicate
microphenocrysts.

Visible and IR spectral data are presented in Fig-
ure 6. The optical transmission spectrum (Fig. 6a) indi-
cates that the light transmitted by the sample steadily
increases as the wavel ength increases. The only distinct
departure from the general trend is a weak absorption
band centered at about 800 nm. Figure 6b provides a
reflectance spectrum (for the sample shown in Fig. 1b)
with maxima in reflectance for the green area of the
sample at 520 nm and for the dark red region of the
sample near 800 nm. Figure 6¢ presents infrared spec-
tral data that show a strong OH absorption band in the
~3600-2600 cmi* region. These IR spectral data, when
combined with the assumed density of theobsidian, 2.33
g/cmd, and an assumed molar absorption coefficient (&)
of 88, indicate a total H,O content for the sample of
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Fic. 5. Optical and TEM images of Type-| rainbow obsidian. a) Transmitted light microscopy with oil-immersion lens purpose-
fully focused in theinterior of astandard thin section. The pyroxenerods appear black against the moretransparent high-silica
matrix. b) Back-scattered electron image of nearly parallel, elongate crystals of hedenbergite. c) TEM bright-field image of
hedenbergite crystalsin obsidian. d) TEM bright-field image of the details of asingle hedenbergite crystal. The vertical bands
in the hedenbergite crystal are acombination of thickness fringes and bend contours caused by beam-induced heating. Width
of thesinglerod isabout 170 nm. The subtle horizontal bands in the obsidian are thickness contours induced by ion thinning.

0.095 wt% according to the procedure of Newman et
al. (1986), as modified by Dobson et al. (1988).

Type-II rainbow obsidian

The typical macroscopic appearance of polished
Mexican rainbow obsidian with feldspathic micro-
phenocrysts is depicted in Figures 1f—h. In Figure 7,
transmitted light and scanning electron microspcope
images of Type-1l rainbow obsidian are shown. In Fig-
ures 7a and 7c, the surface of observation is coplanar
and within the plane producing the optic effect of arain-
bow color band. Figure 7a was obtained in transmitted
light with oil immersion and with slight defocusing
within the thickness of astandard thin section. A planar
array of trachytically aligned microcrystallitesisvisible.
Figures 7b and 7c are SEM images along a fractured
surface and within a polished section, respectively. In

Figure 7b, the view is edge-on with respect to the pla-
nar feature or planar array of crystallites observed, with
a high population-density of crystallites striking diago-
nally (NW-SE) across the image. At higher magnifica-
tion, Figure 7c gives a view that is in the plane of the
same array as was shown edge-on in Figure 7b. Figure
7c shows several non-seriate populations of size ranges
of crystallites that all are in the same planar array of
crystallites. This planar array correl ates with an observ-
able rainbow optic effect. All these crystallites were
found to be plagioclase whose coreis Anyy 2, and whose
rimis ~Any,. The feldspar crystallites commonly show
some skeletal growth aswell asovergrowths at the poly-
gon corners, texturally suggesting that the Anyg
microphenocrysts were continuing to crystallize to more
sodic compositions as the rhyolitic magma erupted and
cooled. The larger crystallites were analyzed, but the
smaller crystallitesaretoo small for aquantitative analy-
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FiG. 6. Spectral data in the visible and IR regions for Type-
rainbow obsidian. a) Optical absorption versus wavelength
for a sample slab 1.11 mm thick, oriented to contain the
long axis of the hedenbergite crystals. The spectral trace
has been shifted down to keep it on scale; true absorbance
at 1100 nm is 2.17 (absorbance is unitless). b) Reflectance
spectra obtained from purple-red and green zones of the
rainbow obsidian, Type-l sample shown in Figure 1c.
¢) The infrared spectrum of the 1.11 mm thick slab of
obsidian.

sis. Inelemental X-ray mapping (not shown), al crystal-
lites have a similar composition and zonation. Figure 7
shows that the smallest crystallites are lath-shaped and
range in size from 0.2 to 0.8 pm wide by 0.2 to 10 pm
long.

INTERPRETATIONS

Sheen obsidian

Dietrich & Skinner (1979) pointed out that obsidian
might have “submicroscopic ...tiny bubble holes, com-
monly giving agold colored sheen” (p. 153). However,
adetailed optical explanation of why the bubbles cause
sheen is not given in this or other standard mineralogi-
cal references. Furthermore, we have shown here that
Mexican specimens also contain planar arrays of flat-
tened and trachytically oriented, glass-filled lenticular
features (Figs. 3, 4).

These gas-filled vesicles or glass-filled areas are
stretch-aligned or even flattened by the trachytic align-
ment during flow. In considering the gas-filled vesicles,
theindex of refraction of the matrix obsidian (Fig. 8) is
higher than the index of refraction of any gasfilled or
empty (n = 1.0) vesicle. A calculation of the critical
angle [r] using Snell’s Law,

M obsidian 1
sinr

M vesicle

shows that incident light coming through the obsidian
and striking the obsidian/vesicle interface at an angle
greater than 43° (measured from the normal to that in-
terface) would be totally reflected. Thus much of the
light striking the outer surface of such vesicles would
“mirror” back, and the critical-angle phenomenon would
back-scatter much of the incident light. The exact color
of the produced “sheen” could be due to many factors
that also influence the wavelength of the light transmit-
ted, such as other discrete submicroscopic particles
present in the matrix glass. Iron oxideisfrequently cited
intheliterature asapotentia causefor the normal dusky
optical effect in most obsidian, though we have not ob-
served any abundance of such a phase in our SEM ob-
servations.

Our sample shows planar arrays of both empty
vesicles and glassfilled lenticular areas. Measurement
of the index of refraction of the glass infilling shows
that it is higher than the index of the obsidian matrix by
as much as 0.04 (Fig. 8, shown by the bold box and
adjacent, double-headed arrow). Under these circum-
stances, the light entering the obsidian would refract into
theglassinfilling, but would reflect mirror-like from the
opposite, back surface of the feature asthelight ray pro-
ceeds and tries to enter the lower-index matrix on the
far side of the glassinfilling. According to Snell’s Law,
the critical angle of refraction in this interface is 75°.
We therefore contend that the sheen effect is produced
by light scattering within the obsidian wherever thein-
cident ray encounters a decrease in the index of refrac-
tion dueto aninclusion with either gasor glassinfilling.
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200 Um

Fic. 7. Images of Type-Il rainbow obsidian. a) Transmitted light microscope image taken with an oil-immersion lens purpose-
fully focused in theinterior of astandard thin section. Theillumination was arranged to show the transparent laths of feldspar.
Width of field of view is 1.0 mm. b) Secondary electron image of afractured surface showing the edge-on view of the aligned
crystals striking diagonally (NW-SE) across the image. ¢) Secondary electron image of the crystals within the aligned plane
of image b. This higher-magnification image shows a non-seriate population of crystals, whose thickness ranges from ~5 to
~0.05 um. Note that even the larger crystal is a microphenocryst whose texture (hollow center) suggests rapid growth.

Rainbow obsidian

Phillips & Griffen (1981) have stated in their dis-
cussion of obsidian that “pyroxene crystallites aligned
by flow may polarize light, adding to the dark color or
causing a silky surface sheen, or play of colors, which
may appear dominantly golden, silvery, greenish or vio-
let” (p. 329). In their statement, they have linked sheen
and rainbow to the same effect and do not explain why
polarization of the light would produce the myriad ef-
fects they otherwise correctly ascribe to various obsid-
ian samples. In addition, in that we have observed
rainbow obsidian with only pyroxene in one case, and
only feldspar in another, it seems that some clarifica-
tion of the optical effects of rainbow obsidian is war-
ranted. We consider below a number of hypotheses.

Presence or absence of microvesicles

No bubbles or fluid inclusions were observed dur-
ing the investigation of the Mexican rainbow obsidian.

Concentrations of H,O are low according to FTIR data
(Fig. 6), and the microprobe-derived analytical totalsare
near 100%, as shown in Table 1. Hence our obsidian is
comparatively dry. Thus the rainbow effects are not
caused by the presence of bubbles or microvesicles. On
the other hand, we have discovered obsidian samples
with planar arrays of either clinopyroxeneor plagioclase
crystals, both of which are completely expected phases
in rhyolites [see, for example, CIPW norms in Best
(1982), and more recently for hedenbergite, Bindi et al.
(1999)].

Absorption band from a component of the obsidian

Theoptical transmission spectrum of the obsidianin
the visible to infrared region is given as Figure 6a. The
gradua increase in transmission from shorter to longer
wavelengths is commonly a manifestation of the pres-
ence of small centers of scattering in the sample. The
weak absorption band at 800 nm coincides with the
Fe?*— Fe3* intervalence charge-transfer band in
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Fic. 8. Summary of index of refraction data for the obsidian samples studied. Straight
subhorizontal lines outline the range of indicesreported for natural glassesby Church &
Johnson (1980). Round dots show their datafor the indicated rock compositions, where
found as glasses. The large square symbol represents the cluster of our measurements
for the various samples of Mexican obsidian studied. Double-headed vertical arrows
represent, as indicated on the graph, the range of indices from the literature for the
microphenocrysts found within the obsidian samples of this study.

hedenbergite (Amthauer & Rossman 1984). Overdll, the
spectrum confirmsthe visually apparent observation that
the colors do not come from an absorption band of a
component of the obsidian.

Evaluation of the indices of refraction

Our interpretation of the color phenomena in rain-
bow obsidian began with the proposals of Phillips &
Griffen (1981); in what way are the indices of refrac-
tion of the glasses and crystalline phasesinvolved in the
optical effect? Asdepicted in Figure 8, the global aver-
ages and ranges of the index of refraction of volcanic
glass are reproduced from the work of Church &
Johnson (1980). From the literature, we have also taken
the accepted values of the range of indices of refraction
of the crystalline phases identified in our investigation.
Direct measurements of the indices of refraction of the
crystalline phases would have been extremely difficult
given their small sizes and the difficulty of separating
them from matrix for an index oil technique. When we
did attempt some direct measurements of the indices on
the matrix glasses with index oils, we did not find any
measurements that plotted outside the Church &
Johnson range, shown by the light straight linesin Fig-

ure 8. The data plotted in Figure 8 show that for both
Type-l and Type-ll rainbow obsidians, there is a large
differential between the indices of refraction of both
types of crystallites and the range in index of refraction
for the obsidian matrix. Given that the matrix contains,
on average, about 76% SiO,, the average value of v for
the matrix of the isotropic Mexican obsidian samplesis
~1.47.

By inspection of Figure 8, one can see that for Type
I, the 8m = (M hedenbergite— " glass) May be aslarge as0.27,
whereasfor Typell, the dm = (0 piag— 7 glass) May be as
large as 0.09. Thus for either type of rainbow obsidian,
the passage of light from the obsidian matrix through
the crystalliteinterface would encounter alargeincrease
in the index of refraction at the interface. However the
application of Snell’s Law here with the anisotropy of
the silicate crystallites would lead one to believe that
with three different indicesfor the three crystallographic
directions for both clinopyroxene or feldspar, the ray
paths would be much more complicated. These differ-
ences in index between the obsidian and either type of
anisotropic crystallites will thus cause any ray of light
entering from the obsidian in a path perpendicular to
the glass—crystallites interface to be strongly refracted
in the three crystallographic directions of the crystal-
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lites and hence be scattered. Thus the historically pro-
posed inference that properties of refraction providethe
explanation(s) of therainbow optical effect, in our opin-
ion, is not warranted even though the involved & val-
ues in sheen obsidian and its second phase are
responsible for the sheen optical effects.

Possibilities of a diffraction grating

The sampleimagein Figure 5¢ has hedenbergite rods
7 pm apart; if the spacing were extended over larger
dimensions, this spacing would correspond to adiffrac-
tion grating with 143 grooves per mm. Commercial
gratings with 150 grooves per mm make efficient, low-
resolution gratings for the wavelengths of visible light.
Thus, a diffraction grating origin of the rainbow colors
must be considered.

Theoreticaly, if the crystallitesin rainbow obsidian
are of theright thickness or spacing (or both), they may
cause a coherent diffraction of the entering light. Treat-
ing rainbow obsidian in a way similar as did Darragh
et al. (1976) for opal, one may utilize a form of the
Bragg Law:

N\ = m2dsinG

where n is the order of the diffraction, \ is the wave-
length of any light that will diffract, n is the index of
refraction of the matrix, d is the effective thickness or
spacing of the crystallite involved in any color optical
effect produced, and 6 isthe angle of theray of incident
light arriving.

Again as Darragh et al. (1976) did in explaining the
spectral optical effectsin opal, one can assumethat only
the brightest colors are of interest, so that n, at least ini-
tially, isset at avalue of unity (one); N can be chosenin
the range of the visible spectra, as we are interested in
the colors of the observed rainbow effect; n should be
taken as the index of refraction of the matrix obsidian
(1.47) because that is the medium in which the diffrac-
tion is occurring, and 6 can be assumed to be close to
90° for the viewing of apolished surface that showsthe
rainbow effect. Thus the Bragg Law simplifiesto \ =
1.47 X 2d=2.94d. Thereforefor ared optical effectin
which the \ of the red is assumed to be 0.700 pm, the
thickness of the crystallite or spacing that may cause
such a diffraction would be 0.700/2.94 = 0.238 um.
Similarly, for a color effect in the blue region of the
optical spectra, if one assumesthat \ is0.300 wm, then
the thickness of the crystallite, or intercrystalline spac-
ing, that may cause the diffraction would be 0.300/2.94
=0.102 pm.

Theimagesin Figures 5 and 7 indicate that even the
smallest crystallites are generaly larger by more than
an order of magnitude than the Bragg-L aw-cal cul ated
values for both Type-l and Type-Il rainbow obsidians.
One may aternatively question if the rainbow effects
are second-order (n = 2) pastel colors. In general, the

feldspar-activated rainbow obsidian does seem to have
just as intense, but more pastel colors, than the
hedenbergite-containing obsidian (c¢f. Figs. 1b—e with
hedenbergiteto Figs. 1f-h with feldspar). But even com-
bining these two alternative assumptions, the Bragg-
Law-calculated crystallite thickness or intercrystalline
spacing is only as large as 1.088 pm (where: X = blue
light, n = 2, and sin 30°). Thus the features needed for
theoretically calculated diffraction under al these as-
sumptions range from 0.102 to 1.088 p.m, dimensions
that do fall within the measured range reported earlier
in this manuscript.

However, one may validly question the appropriate
value used for the viewing angle; although it isimpor-
tant to the observation of rainbow effects, it may be as
low as 30° (sin 30 = 0.50) without totally “quenching”
the intensity or significantly changing the color of the
entire optical response. Thus, the viewer's orientation
will change the intensity of the rainbow effect, but the
color response (wavelength) from rainbow obsidian is
not changed to any considerable degree, even over a
changein angle of view of 90°. Thisisin sharp contrast
to aruled diffraction grating, for which arotation of the
grating by afew degrees will change the wavelength of
the diffracted light by a sizeable amount, i.e., the so-
called observed “play of colors’ from diffraction grat-
ings. Thus despite the potential agreement in the size of
particleswith adiffraction hypothesis, other hypotheses
must be examined.

Effects due to thin-film interference

The argument for thin-film interference effects from
the individual microphenocrysts is supported by the
overall shape of the optical reflectance profile (Fig. 6b).
The spectra not only show that the colored regions of
the samplereflect light with maximum efficiency in the
appropriate wavelength regions, but also show an oscil-
latory intensity with a shorter period at shorter wave-
lengths, a feature consistent with interference colors.

Calculations of interference color reveal that the
thickness of the rods is appropriate for the rainbow ef-
fects. Thin films a few tenths of a wm thick have first-
order interference colors for the visible wavelengths.
Specificaly, using the two maxima at 480 and 790 nm
from the reflectance pattern for the red sample (Fig. 6b)
and an average index of refraction for hedenbergite, a
crystal of hedenbergite of about 350 nm in thickness
would cause the red interference color as indicated by
the equations of Smith & Miller (1944). The green in-
terference would come from objects with athickness of
about 240 nm. These results are generally consistent
with the thickness of the hedenbergite crystals observed
inthe TEM observations (Fig. 5), which weretakenina
region with dominantly blue to green color, recogniz-
ing that one cannot be totally certain of the colors that
the particular rods imaged would cause.



70 THE CANADIAN MINERALOGIST

Similar reflectance spectra for the plagioclase rain-
bow obsidian have not been aseasy to collect. The avail-
able width of bands in the hedenbergite sample (Fig.
1b) alowed a 2.5 mm focused light beam to be entirely
within agiven color band. Inspection of dozens of pieces
of plagioclase-containing rainbow obsidian failed to
produce such athick color band (see Figs.1f-h), and as
already noted, the samples of Type-1l rainbow obsidian
seem to be show only second-order colors. Furthermore,
from the data presented here, the laths observed (Fig.
7¢) have a thickness in the range from 5000 to 50 nm,
but with three non-seriate popul ations that have median
values respectively of ~5000 nm, ~1000 nhm and ~500
nm. Since the rainbow effect is present, one may also
attempt to validly apply the equations of Smith & Miller
(1944). But to do so, one must adjust for the indices of
refraction of plagioclase, and one must assume that the
reflectance spectra and fringes are about the same for
the second-order, more pastel appearance of the plagio-
clase-activated obsidian. Taking these assumptions, the
red rainbow plagioclase-bearing obsidian would be gen-
erated by a crystallite thickness of about 410 nm, and
the green plagioclase-bearing rainbow obsidian would
be generated by acrystallite thickness of about 275 nm.
Under these assumptions, at least one could suspect that
the larger two sizes of the populations of plagioclase
laths present do not relate to the rainbow effects. The
smallest hedenbergite and the smallest plagioclase
microcrystallites are certainly in the proper size-range
to cause the rainbow effect.

OTHER GENERAL CONSIDERATIONS AND CONCLUSIONS

The nomenclature distinction between Type-I
(clinopyroxene) and Type-1l (feldspar) rainbow obsid-
ian provides a “short”, convenient terminology, but is
not related, we wish to stress, to a real difference in
mechanism in the optical properties of the rainbow ob-
sidian. Furthermore, the apparent paucity of either
clinopyroxene or feldspar crystallites in the polished
surfaces depicted in Figures 5b and 7¢ should be under-
stood as being due to a single horizon through a larger
volume containing many more trachytically aligned
crystallites. This fact is much more apparent in the
defocused, depth-integrated transmitted light images
(Figs. 53, 7d), and also is very apparent in the edge-on
view of the plagioclase rods (Fig. 7b). Table 1 does
show that the matrix obsidian for Type-I and -1l rain-
bow obsidians are remarkably similar in SiO, and K0,
but are not the same, even within 95% confidence, for
other oxide components. Nevertheless, the matrix
glasses of the two obsidians are sufficiently similar to
have nearly the sameindex of refraction. Consequently,
we conclude that the explanation of the two types of
rainbow obsidian is not related to the matrix chemistry
per se. However, the dr values between matrix and crys-
tallites for either type of obsidian result in white light

being mostly scattered. This fact probably helps to in-
tensify the rainbow effect in that all other light of “im-
proper” wavelength is refracted and scattered, thereby
leaving the single “correct” wavelength as the surviv-
ing, emerging coherent optical effect generated by the
presence of the array of crystallites.

Thus we hypothesize that the arrays of crystallites
serve to produce thin-film interference effects and that
the composition of the crystallites is not of first-order
importance. Rather, it istheir size and their spacing that
control the observed rainbow effect. The distribution
and coherency of the crystals may be spatially varied
even in the plane of the rainbow effect, thereby explain-
ing the observation that even within a given piece of
obsidian, a given color plane may be more brilliant at
one place on the plane than at others. Furthermore, the
optimum size of crystal is never quite realized within
the obsidian. Note again, for example, the non-seriate
sizing of feldspars in Figure 7c. Also, a given colored
layer may berepeated, asisobserved, because morethan
once in the given piece, the trachytic flow alignment
reaches a given set of optically capable thin-film char-
acteristics.
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