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where ai = (w/2ai)1/2 is the thermal diffu- 
sion coefficient for medium i, b = kbab/ 
ksas, g = kgag/ksas, r = (1 - j)3/2as and 
oi = (l +j)ai, with the subscript i taking 
values b, s, and g for the backing, solid, 
and gas, respectively. The actual time- 
dependent temperature distribution in the 
gas is given by the real part of g-c and, as 
shown in Fig. 2, it attenuates rapidly to 
zero with increasing distance from the 
solid surface. Since it is effectively zero 
at a distance of only 27r/ag, where 1/ag is 
the thermal diffusion length, we can effec- 
tively consider that only this thickness 
responds thermally to the heating of the 
solid. 

Because of the periodic heating within 
it, this layer expands and contracts peri- 
odically and thus can be thought of as an 
acoustic piston acting on the rest of the 
gas column, producing an acoustic pres- 
sure signal that travels through the entire 
gas column (13). The spatially averaged 
temperature of the gas within this boun- 
dary layer as a function of time is 
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find that, for solids which are reasonably 
transparent to light (1l < 1), the pressure 
bp(t) is proportional to 1l1 unless the 
thermal diffusion length of the solid, t, = 
l/a,, is less than I. In that case the pres- 

sure is proportional to 13s. 
For optically opaque solids (l >> 1), 

the pressure bp(t) is independent of F when 
the thermal diffusion length #s is greater 
than the light absorption length 1/d. In 
this case the sample, as well as being 
optically opaque, is also "photoacous- 
tically opaque"-that is, the acoustic 
pressure is independent of the optical 
absorption coefficient 3. However, when 
,s is less than 1/,--that is, when tys << 
1-the pressure amplitude is proportional 
to Ots, irrespective of the magnitude of the 
optical absorptivity 01. Thus, even though 
the sample is optically opaque (1l >> 1), 
it is not photoacoustically opaque-that 
is, the acoustic pressure is now dependent 
on the optical absorption coefficient 1. 

These results show that the photoacous- 
tic signal is ultimately governed by the 
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magnitude of the thermal diffusion length 
of the solid. Since the thermal diffusion 
length, js, can be changed by changing the 
chopping frequency, w, a solid that is com- 
pletely opaque optically need not be 
photoacoustically opaque. It is therefore 
possible with the photoacoustic technique 
to obtain optical absorption spectra of any 
but the most highly opaque solids. This ca- 
pability of PAS, together with its in- 
sensitivity to scattered light, makes its use 
as a spectroscopic tool for the investigation 
of solid and semisolid materials highly at- 
tractive. These features give the photo- 
acoustic technique a unique potential for 
noninvasive in vivo studies of human tis- 
sues, a potential which may have im- 
portant implications in biological and 
medical research and in medical diag- 
nostics. 
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4(t) - 1 Oei( wt r/4) 
2(27r)1/2 

Using the ideal gas law, we can ap- 
proximate the displacement of this gas 
piston by 

Ax(t) = 21r0(t)/agTo 

where we have set the average d-c temper- 
ature of the boundary layer equal to the 
ambient temperature To. 

Assuming that the rest of the gas col- 
umn responds adiabatically to the action 
of this piston, the acoustic pressure in the 
cell due to the displacement 6x(t) is de- 
rived from the adiabatic gas law. Thus the 
incremental pressure is 

bp(t)= e fV- _ P= lPSx(t) 
Vo lg 
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Laser-Excited Raman Spectroscopy for Nondestructive Partial 
Analysis of Individual Phases in Fluid Inclusions in Minerals 

Abstract. Laser-excited Raman spectroscopy has been successfully applied to the iden- 
tification and partial analysis of solid, liquid, and gaseous phases in fluid inclusions. The 
procedure is no panacea for problems of analysis offluid inclusions, but some unique fea- 
tures make it very useful. In particular, the measurement is performed in situ; it is non- 
destructive; and it can produce qualitative and quantitative data, some of which cannot 
be obtained otherwise, for samples as small as 10-9 gram. 
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The analysis of fluid inclusions in min- 
erals provides important data related to 
many mineralogical, geological, and geo- 
chemical processes. Inclusions represent 
samples of the fluids from which the host 
minerals have crystallized (1) or with 
which they have reacted (2). They may be 
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erals provides important data related to 
many mineralogical, geological, and geo- 
chemical processes. Inclusions represent 
samples of the fluids from which the host 
minerals have crystallized (1) or with 
which they have reacted (2). They may be 

trapped either during the growth of the 
host mineral or at one or more later times. 
Most samples thus contain more than one 
generation of inclusions, sometimes of 
greatly different ages and fluid composi- 
tions. During cooling, after the fluid has 
been trapped, two or more phases gener- 
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ally form from the originally homogeneous 
fluid. Most commonly, the fluid separates 
into liquid and gas phases; solid phases 
(daughter crystals) may also form. Fluid 
inclusions are abundant in many terrestrial 
samples (< 109 cm-3) but are rarely greater 
than 1 mm in size. Abundance generally 
increases rapidly with decreasing inclusion 
size. The maximum amount of fluid avail- 
able without ambiguity as to origin is 
about 10-6 g, and the amounts of individual 
constituents of interest in this fluid are fre- 
quently less than 10-9 g, so the analytical 
problems are rather severe, and many tech- 
niques have been tried (3), each having its 
own problems and limitations. Serious 
problems of both sample contamination 
and loss are introduced by all extraction 
procedures. Analytical data for individual 
inclusions of a single generation, even if 
only qualitative, are of more value than 
quantitative analyses of a mixture of in- 
clusions from several generations. As sev- 
eral tests may be needed for a full identifi- 
cation of the various components of the in- 
clusions, use of nondestructive methods 
that maintain the integrity of the samples 
is desirable. 

Laser-excited Raman spectroscopy is a 
recognized tool for chemical analysis (4) 
and can record analytical quality spectra 
of individual particles of submicrometer 
dimensions (5). We report here its use for 
nondestructive in situ analysis of specific 
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phases within single inclusions in geologi- 
cal samples. 

The apparatus and technique were mod- 
ified from those developed for the analysis 
of the gases present in small bubbles in 
glass (6). In essence, they consist of an op- 
tical system for focusing the beam of an ar- 
gon-ion laser (operated at 514.5 nm, at 
powers of 10 to 100 mw) into the inclusion 
through one polished (or natural) face on 
the sample, and an efficient optical system 
to collect the Raman radiation scattered at 
approximately 900 to the direction of the 
incident beam (Fig. 1A). This scattered ra- 
diation is spectrally analyzed and mea- 
sured by a standard Raman photoelectric 
double monochromator system (6). The in- 
cident laser beam may be focused into an 
effective cylindrical source volume -7 Am 
in diameter and -250 Am long. The opti- 
cal collection system forms a magnified 
image (- x 8) of this sample volume on 
the slit of the spectrometer, from which 
any part can be selected for analysis by 
masking the slit. These features reduce the 
Raman radiation from the host material 
and permit a somewhat selective sampling 
of the contents of the inclusion. 

This optical system places constraints 
on the dimensions of an inclusion that can 
be measured. It must be reasonably equant 
and must be observable without obstruc- 
tion from two different directions in the 
sample (preferably ?90? 4 30? apart). Be- 

Fig. 1. (A) Diagram of 
the optical system A used. The incident la- 
ser beam is focused 
into the sample by lens 
LI (f 3 cm). Lenses 
L,2 (f 7.5 cm) and L3 
(f . 56 cm) form a 
magnified image of the 
sample volume on the 
entrance slit (S1) of 
the monochromator. 
Alignment was aided 
by use of a separate 

.... ...... low-power He-Ne laser 
beam (not shown) 
coincident with the 

B......... horizontal axis. (B) 
Path of the laser beam 
through an inclusion, 
as seen through the 
auxiliary telescope (7). 
The path, visible be- 
cause of fluorescence 
and scattering, appears 
curved because it is the 
region of highest irra- 
diance in the focused 
Gaussian profile beam. 
The minimum diame- 
ter of the "brightest" 

ICE cylinder in the sample 
is W (- 7 pm). 
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cause of these geometrical limitations, 
only a small fraction of the inclusions suit- 
able for normal microscopy are suitable 
for this technique. In addition to these re- 
quirements, the host material should be 
reasonably transparent in the visible part 
of the spectrum (450 to 650 nm), and the 
contents of the inclusion should not be 
highly absorbing at the exciting laser 
wavelength. These restrictions arise pri- 
marily because the incident laser irra- 
diance can easily approach megawatts per 
square centimeter. 

The capabilities and limitations of the 
technique are shown in the following three 
analyses. 

1) Fluorite, Illinois (7). This inclusion 
consists of a brine and a vapor bubble 
thought to contain CH4 under pressure 
(Fig. 2A). Data on the sulfur content of 
such brines (both total concentration and 
species present) would be particularly rele- 
vant to the problems of formation of the 
Mississippi Valley-type sulfide ores. Pre- 
vious microchemical analyses of similar in- 
clusions (8) showed 1000 to 2000 parts per 
million (ppm) for total sulfur as sulfate, 
but these estimates were near the limit of 
sensitivity of the method used. 

The Raman spectrum of the brine (Fig. 
3A) yielded a strong characteristic spec- 
trum for water, but no characteristic sul- 
fate peak (-980 cm-') could be detected 
(9). A water solution with a sulfate concen- 
tration of 1000 ppm yielded a significant 
sulfate peak (Fig. 3B). A comparison of 
the two spectra, with the water peak at 
-1650 cm-' as an internal standard, 
showed the sulfate concentration in the in- 
clusion to be definitely less than 500 ppm. 
This initial study and previous work (9) 
suggest that the sensitivity for measuring 
sulfate in aqueous inclusions could be 
pushed to < 100 ppm routinely. No other 
species was detected in the brine, including 
CH4 and HS-. 

The vapor bubble was found to contain 
CH4, but no other gas species were detect- 
ed. The strong CH4 line was observed at 
2916.5 cm-', rather than at 2916.9 cm-', 
which was determined with a sample of 
CH4 at 1 atm. This shift is due to pressure 
(10) and indicates that the pressure in the 
inclusion is 27 ?= 7 atm, in agreement with 
previous estimates for similar inclusions by 
an independent destructive test (II). 

In this sample some inconsequential tur- 
bulence was occasionally observed at the 
bubble-liquid interface, possibly caused 
by local heating due to small opaque par- 
ticles adhering to the interface. In contrast, 
experiments on a quartz sample from Her- 
kimer, New York (12) (Fig. 2C), contain- 
ing inclusions that were believed to be mix- 
tures of ethane and methane near critical 
density (13), were unsuccessful because of 
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heating due to absorption of the laser ener- 
gy. This apparently caused polymerization 
of certain organic constituents in the fluid, 
as evidenced by precipitation of opaque 
material (Fig. 2C) and phase changes such 
as a drop in the critical temperature of the 
fluid. 

2) Quartz, Brazil (14). This inclusion 
contains three main phases at room tem- 
perature: a water solution in contact with 
the walls, enclosing a globule of liquid be- 
lieved to be CO2, and a small bubble, pre- 
sumably also CO2 (Fig. 2B). The two CO2 
phases homogenize in the liquid phase (by 
expansion of the liquid) at 27.65oC in this 
and most similar inclusions in the sample. 

The spectrum of the liquid CO2 showed 
characteristic CO2 bands at 1263, 1285, 
1370, 1388, and 1409 cm-'. Additional 
bands at 2328 and 2914 cm-' were assigned 
to N2 and CH4. The main line of the latter 
is shifted down -3 cm-' from its position 
at atmospheric pressure (10). This shift is 
attributed to both pressure and solution ef- 
fects. 

The line at -1370 cm-' in liquid CO2 
originates from the species 13CO2 (15). The 
errors involved in measuring the intensities 
of these lines are such that, by calibration 
with an appropriate CO2 standard, the 
method could be used to measure a value 
for 613C with a precision of ? 20 parts per 
thousand (16). Although this precision is 
very low, the sample used here (-4 x 
10-9 g) was about five orders of magnitude 
smaller than the samples used for normal 
'3C/12C determinations by mass spectro- 
scopy. 

The water phase, a solution having a 
freezing-point depression equivalent to IM 
NaCl, showed a strong spectrum of CO2 in 
solution. Reasonable extrapolations from 
experimental studies (17) show that this 
liquid should contain -1.7M CO2 (6.6 per- 
cent by weight). Distinguishing the CO2 
species present in water solutions is impor- 
tant, particularly CO,, HCO3-, and CO32- 
Systematic Raman studies of these species 
have been published (18). The analysis of 
the Raman spectra of the brine in our 
sample indicates no detectable HCO3- or 
CO32-. The reported sensitivity for CO32- is 
-75 ppm. 

3) Apatite, Mexico (19). This sample 
contained a small multiphase inclusion 
(Fig. 2D). Among various daughter phases, 
the inclusion contained a crystal -10 by 12 
by 39 um, believed to be anhydrite on the 
basis of its optical properties. The Raman 
experiment was made specifically to verify 
the identification of the anhydrite. Figure 
3C shows the spectrum observed when the 
laser is focused into this crystal. The seven 
marked peaks appear only when the beam 
hits the crystal; the remainder arise from 
the host apatite. A comparison of these 
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Fig. 2. Photomicrographs of inclusions in transmitted light at -250C. Abbreviations: H, host crys- 
tal; L, liquid; V, vapor; F, supercritical fluid; X, daughter mineral. Bar lengths are in micrometers. 
(A) Brine inclusion in fluorite; (B) CO2-H20 inclusion in quartz sample 28 containing liquid CO2 (L1) 
and liquid water (L2); (C) organic supercritical fluid inclusion in quartz sample 26 (dark spots, S, 
were formed by laser irradiation); (D) inclusion in apatite having several daughter crystals (X,, anhy- 
drite?; X2, halite?; X3, magnetite'?; X4 and X>, unidentified birefringent phases). 

frequencies and relative intensities with 
those of spectra from macroscopic single 
crystals of anhydrite and gypsum proved 
that the crystal in the inclusion is anhy- 
drite. 

The results reported here show the use- 
fulness of laser-excited Raman spectros- 
copy for the identification and character- 
ization of separate phases in the nanogram 
(10-9 g) range within individual fluid in- 
clusions, without destruction of the in- 
clusions. The demonstration involved the 
detection and measurement of H20 (as a 
brine); CO2 (liquid and vapor); CH4 (va- 
por); CO,, HCO3-, CO,2-, and SO42- in wa- 
ter solutions; N2 and CH4 (in CO2 fluid); 
CH4 vapor pressures; '3C/ IC ratios in liq- 

Fig. 3. (A) Raman 
spectrum of brine in in- 
clusion in fluorite (Fig. 
2A). The vertical scale 
is 100 counts per sec- 
ond (cps) per division, 
and the zero is shifted 
upward 100 counts per 
second. (B) Raman 
spectrum of water so- 
lution of (NH4)2SO, 
with a sulfate concen- 
tration of 1000 ppm by 
weight. The vertical 
scale is 300 counts per 
second per division, 
with zero on the hori- 
zontal axis. The 
"peak" at - 1650 cm-' 
is the HOH bending 
mode of H2O. The 
peak at - 980 cm-' is 
the symmetric stretch 
mode of the sulfate 
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uid CO2; and anhydrite as a daughter crys- 
tal. 

Certain limitations of the technique, for 
example, the requirement for "large," 
somewhat three-dimensional inclusions, 
arise because the instrumentation has not 
been specifically designed for the study of 
fluid inclusions. An optical system utilizing 
backscattered Raman radiation and higher 
magnification should permit application of 
the technique to many more of the samples 
normally encountered in inclusion study. 
The lower limit of detection of a particular 
constituent is controlled by the constituent 
itself, the background from the host mate- 
rial, the geometry of the inclusion, spectral 
interference from other constituents, and 

CM-' 

ion. (C) Raman spectrum (seven marked peaks) of daughter crystal of anhydrite (CaSO4) in inclu- 
sion in apatite (Fig. 2D). The vertical scale is 0 to 3,500 counts per second from 50 to 875 cm-' and 0 
to 17,500 counts per second from 875 to 1200 cm-' (see text). 
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the ability of the phase to withstand the in- 
tense irradiance required. This last item 
may be the major limitation to the general 
applicability of the technique to smaller in- 
clusions. Such problems can be minimized 
by selection of an excitation wavelength 
not absorbed by the sample or host. 
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The possibility of small variations in the 
solar constant (the integrated solar flux per 
unit area as seen at the top of Earth's at- 

mosphere) is of great importance to cli- 

matologists, solar physicists, and planetary 
astronomers. Currently, the uncertainty in 
measures of the solar constant is about :i 1 

percent, and variations of that size on time 
scales from days to years cannot be ruled 
out (1). Limitations in the accuracy of so- 
lar constant measurements are imposed by 
the difficulty of maintaining the calibration 
of the receiver and, for ground-based 
measurements, the difficulty of correcting 
for the effects of atmospheric extinction 
which change with wavelength, time, and 
the altitude of the sun. 

However, one can make differential pho- 
toelectric measurements of reflected sun- 

light accurate to a small fraction of 1 per- 
cent by comparing the magnitudes of the 
outer planets and their satellites with stars 
of similar brightness and color located 

nearby in the sky. The observations are in- 
sensitive both to the extinction, which af- 
fects all objects about equally, and to 

changes in the sensitivity of the photome- 
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ter. Although these measurements are not 

easily transformed to an absolute scale of 

physical units, they are very suitable for 
the detection of small changes over a long 
period of time. 

Two sets of photometric data, spanning 
25 years, are combined in this report. Ura- 
nus and Neptune were observed at Lowell 

Observatory in Flagstaff, Arizona (eleva- 
tion, 2210 m), continuously from 1950 to 
1966. In 1972, the program was reinstated, 
and Titan was added as a third object. This 

huge satellite of Saturn was a logical addi- 
tion since it is the only satellite in the solar 

system known to have an atmosphere, and 
there was good reason to suspect that its 

reflecting power would be constant. 
Since 1972, Neptune, Uranus, and Titan 

have been observed regularly with the 
1.1-m and 0.5-m reflecting telescopes at 
Lowell Observatory. Some observations of 
Uranus and Neptune in 1972 and 1974 
were made with the 0.6-m telescope at the 
Mauna Kea Observatory in Hawaii (eleva- 
tion, 4200 m). All observations prior to 
October 1973 were made by M. Jerzykie- 
wicz and those since then by me. The same 
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photometer, filters, and photon-counting 
data system have been used for all mea- 
surements. 

In these observations the blue (b, 472 
nm) and yellow (y, 551 nm) filters of the 
Stromgren narrow-band (- 20 nm) photo- 
metric system have been used. Color ef- 
fects, due to differences in the color of the 

comparison stars, are virtually nonexistent 
for such narrow bandwidths. As an experi- 
mental control, two comparison stars are 
used for each object and are intercompared 
along with the primary objects in order to 
ensure that they are constant in brightness. 
Pre- and post-opposition mean magnitudes 
for each object and each apparition since 
1972 are shown in Fig. 1. The magnitude 
scale is defined in terms of published 
(b - y) colors for standard stars (2) and a y 
scale that is being defined on the basis of 
the Lowell observations. To simplify com- 

parisons from year to year, all magnitudes 
are routinely normalized to mean opposi- 
tion distances and a solar phase angle of 
zero (3, 4). 

From Fig. 1 it is clear that each object 
has brightened, but by different amounts, 
since 1972. The changes have been essen- 
tially linear with time and are highly signif- 
icant, being many times larger than the an- 
nual mean errors. Variations in the bright- 
ness of Titan have been reported else- 
where, and there is also evidence that the 
Galilean satellites of Jupiter may have 

brightened from 1973 to 1974 (5). 
The principal uncertainty in a long series 

of planetary observations such as these lies 
in the determination of the relative magni- 
tudes of the different sets of comparison 
stars which must be used for each year's 
observations. As an example, comparison 
stars for Titan, two per apparition, are lo- 
cated at 12? (annual) intervals along the 

ecliptic path. Thus, considerable time and 
care must be invested in observing the 

comparison stars required for a planetary 
monitoring program of several years' du- 
ration. 

The internal error of the mean of the dif- 
ferential observations for one observing 
period (consisting of measurements on 10 
to 20 nights) is typically + 0.001 to 
? 0.002 mag, or 0.1 to 0.2 percent. Ex- 
ternal errors in the relative magnitudes of 

comparison stars for different years aver- 

age ? 0.002 mag. Thus, the uncertainty in 
the resulting annual mean magnitude of a 

single planetary body is often as small as 
+ 0.003 mag or 0.33 percent. This is an 
order of magnitude smaller than the in- 
creases that have been observed, and so the 
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reality of the brightening is very secure. 
Further correlated changes in brightness 

are evident in broadband B (440 nm) mea- 
surements of Uranus and Neptune made 
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Planetary Brightness Changes: Evidence for Solar Variability 

Abstract. Brightness changes of Uranus and Neptune at 440 nanometers were highly 
correlated from 1956 to 1966. Recent observations of Saturn's satellite Titan and of Ura- 
nus and Neptune show a steady brightening at 551 and 472 nanometers since 1972. Either 
the solar constant is slightly variable or solar activity causes correlated changes in the al- 
bedos of planetary bodies. 
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