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ABSTRACT

The character of Raman spectra in the O—H stretching region collected at low temperaturéej~fd80fine-grained
aggregates of ice and salt hydrate (hydrohalite or antarcticite or both) in the syStelel€l-CaCl reflects the composition of
the parent solution and can be used to estimate the ratio of NaCl toiCé@lsystem. Comparison of these spectra with spectra
collected from moderate-salinity natural fluid inclusions from the Oregon 3 granitic pegmatite, Colorado, allows non-destructiv
testing, and confirmation that these inclusions contain £a€linferred from microthermometry. In both synthetic solutions in
the HO-NaCl-CaCl system and in natural fluid inclusions, Raman spectra collected after initial freezing indicate the presence
of ice, but not salt hydrates. Upon warming, a phase change is observed at temperatures of between “Wthatapi@ars
as a darkening of the inclusion and that, during routine microthermometry, could be interpreted as a eutectic melting event.
Raman spectra collected after this event indicate that it represents the crystallization of salt hydrates (hydrohalitticite) anta
which we suggest occurs from an interstitial, hypersaline liquid. Many of the low “eutectic” temperatures reported attine liter
may thus not represent first melting (stable or metastable), and inferences made about the composition of fluid inclusions from
such measurements may be erroneous.
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SOMMAIRE

Le caractere des spectres Raman dans la région de I'étirement O—H, prélevés a basse tempérafi@¢siird@8@ggrégats
a grains fins de glace et d’hydrate(s) de sel (hydrohalite ou antarcticite ou les deux) dans le s@3t&a€HCaCl, dépend
de la composition de la solution et peut servir a estimer le rapport de NaCLalCag$teme. Une comparaison de ces spectres
avec des spectres obtenus d'inclusions fluides naturelles de salinité moyenne provenant de la pegmatite granitique Oregon 3, au
Colorado, permet une évaluation non destructive, et confirme que ces inclusions contiennery, leoBa® le laissaient
supposer les mesures microthermomeétriques. Aussi bien dans les solutions synthétiques du £stéat@-+HCaCl que dans
les inclusions fluides naturelles, les spectres Raman prélevés aprés un gel initial indiquent la présence de glace, snais non de
hydrates de sel. En réchauffant ces inclusions, nous observons un changement de phase entréG;/guése50anifeste par
un assombrissement de I'inclusion, et qui serait interprété couramment comme une fusion eutectique du contenu de l'inclusion.
Les spectres Raman prélevés apres cet événement montrent qu'il s’agit bien de la cristallisation des hydrates de sl (hydrohali
et antarcticite), a notre avis a partir d’'un liquide interstitiel hypersalin. Plusieurs des cas de faible températureéédtetsiq
la littérature ne représenteraient donc pas l'initiation d’une fusion (stable ou métastable), et les inférences faitedealpropos
composition des inclusions fluides a partir de telles mesures pourraient bien étre erronées.

(Traduit par la Rédaction)

Mots-clés inclusions fluides, composition, comportement des phases, spectroscopie Raman cryogénique, euteciique, CaCl

INTRODUCTION phase (Crawford 1981, Roedder 1984). These measure-
ments are important because they tell us whether or not
In the microthermometric analysis of aqueous fluid particular model for the major-element composition
inclusions, the temperature of first melting of a frozeof an inclusion is appropriate. For example, an equilib-
inclusion is generally used to infer something about threum first-melting temperature well below the;®G-
identity of the electrolytes dissolved in the aqueousaCl eutectic implies that this simple binary system is
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inappropriate for modeling phase behavior in this patals of antarcticite in most natural inclusions from which
ticular inclusion. First-melting temperatures below th®aman spectra could be obtained. An alternative ap-
equilibrium eutectic temperatures in thgd4+NaCl and proach, and one which we have employed here, is to
the HO-NaCIl-KClI systems (at —21.2 and —2Z9re- collect spectra from the fine-grained aggregate of crys-
spectively) are generally used to infer that other catiotels that constitute the frozen inclusions. This approach
(most commonly CH, Mg?*, or F&*) are present in has the added advantage that it can potentially provide
solution (Crawford 1981, Roedder 1984, Goldstein &formation about the bulk composition of the inclusion
Reynolds 1994). However, such first-melting temperdsecause the relative proportions of the various hydrates
tures are notoriously difficult to observe, especially ishould reflect the relative abundance of the electrolytes
small inclusions, and are thus prone to error and mis-the fluid inclusion.
interpretation. Furthermore, it is generally difficult to We have carried out, and report here, a pilot study in
be confident that a change during warming of a frozemhich we have collected Raman spectra from frozen,
inclusion is, in fact, the appearance of liquid at the staldgnthetic solutions in the systera®-NaCl-CaCl and
eutectic temperature. Indeed, alternative interpretatiofrem natural fluid inclusions which, based on micro-
have been advanced that involve melting of a metastabireermometric analysis, were considered to contain
assemblage (Davist al. 1990, Vankoet al. 1988) or CaCb. This study was conducted to assess whether use-
devitrification of saline, aqueous glasses (Roedder 1984l information about the bulk composition of aqueous
p. 297). fluid inclusions can be obtained with this method. We
Final ice-melting temperatures below the eutectishow that this is the case and, in addition, that some
temperatures of the J@—NaCl and HO-NaCI-KCl phase changes observed below the stable eutectic tem-
systems are less common, but are less ambiguous, aedature represent crystallization, rather than melting
again require interpretation using a salt system in whi@vents.
such final ice-melting temperatures are possible. Inclu-

sions with eutectic and final ice-melting temperatures MEeTHODS
below the stable eutectic in the®-NaCl-KCI system
are most often interpreted in terms of thgOHNaCl— All Raman spectra were collected on an I.S.A. Jobin

CaCl, system, which is used to estimate salinity, and, ivivon THR 1000 Raman spectrometer fitted with a lig-
some cases, the ratio of NaCl to Cai@lthe inclusion. uid-N,-cooled CCD detector. Excitation was achieved

It would be very useful to determine, nondestructivelysing an ionized argon Lexel laser tuned to 514.5 nm.
whether or not Ca is responsible for low first-melting ointegration times typically ranged from 3 to 10 s (up to
final ice-melting temperatures in individual inclusion$0 s); in most cases, three spectra were coadded. Low
and, thus, whether or not the systegOHNaCl-CaCGl temperatures were achieved with a Linkam fluid inclu-
is appropriate for modeling such inclusions. We tacklgon system comprising a THM600 stage, TMS91 pro-
this problem here in the context of our investigation aframmable temperature controller, and a CS196 liquid

the system BD—NaCl-CaCl. nitrogen pump. Spectra were obtained at temperatures
between —175 and —185. Synthetic solutions were
BACKGROUND INFORMATION analyzed within thin (~<1 mm o.d.) capillary tubes

manufactured by heating and stretching glass tubing.
Dubessyet al.(1982) demonstrated that salt hydrateEluid inclusions were analyzed in doubly polished wa-
can be identified in individual fluid inclusions usingfers 100-20Q.m thick.
Raman spectroscopy. This goal was achieved by grow-
ing large crystals (> 10m) in both synthetic solu- Synthetic solutions
tions and in natural fluid inclusions, and collecting
Raman spectra from these crystals at temperatures ofSynthetic solutions in the J-NaCl, HO-CaC},
between —170 and —175. They were able to distin- and HO-NaCl-CaCJ systems were prepared from
guish various salt hydrates in inclusions by the chara€isher analytical grade NaCl and Cadlhe NaCl and
ter of spectra in the OH-stretching region (3000-3600DaCl, binary solutions were prepared at 15 and 20 wt.%
cn?) and by comparison with spectra collected fromsalt, respectively, to provide abundant salt hydrate upon
synthetic hydrates. At such low temperatures, barigcezing but to be below saturation with any solid phase
widths are narrower than at higher temperatures, alloat room temperature. Solutions in the ternary system
ing better resolution of the closely spaced hydrate peakgere prepared by mixing these two stock solutions at
In the system bED—NaCl-CaC], the stable solid as- weight ratios of 1:2, 1:1, and 2:1 (NaCl:CgCl

semblage below the eutectic temperature is ice —
hydrohalite (NaCls2KHO) — antarcticite (Ca@6H,0) Fluid inclusions
(Yanatieva 1946, Crawford 1981). Except in very
CacCl-rich solutions, antarcticite will melt at the ternary  The fluid inclusions used for analyses are from the
eutectic temperature upon warming a frozen mixture f@regon 3 rare-element granitic pegmatite in Colorado.
this system. It is therefore impossible to grow large cry3his is one of many rare-element granitic (NYF-type)
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pegmatites that comprise the South Platte district within The spectrum for the 4@ solution (Fig. 1a) shows

the northern portion of the Proterozoic, Pikes Peako prominent peaks at ~3092 and 3216’cand some
batholith (Simmons & Heinrich 1980, Simmoesal. weaker features at higher wavenumbers. These peaks,
1999). The quartz core of this pegmatite contains abumhich are also present in all of the salt—solution spectra
dant, large, secondary aqueous inclusions. These cqfffigs. 1b through 1f), correspond to O—H stretching vi-
prise liqguid—vapor inclusions and inclusions that containrations in ice (Taylor & Whalley 1964, Whalley 1977).
one or more typically small crystals that include halit&lthough Dubess¥t al. (1982) assigned these peaks to
and anhydrite (Levasseur 1997, Levasseur & Samsbhaxagonal ice (Ih), the Raman spectra of cubic ice (Ic)
1996). The relative proportions of liquid, vapor anénd Ih are identical (Taylor & Whalley 1964, Whalley
halite in the halite-bearing inclusions are consistent977); Ic should be the stable phase at the temperatures
indicating that the halite is a daughter mineral. Sonthe spectra were collected (Bergeal. 1963, Franks
halite-bearing inclusions also contain a birefringent, fit972).

brous solid that has not been identified and that likely is Four peaks that cannot be ascribed to ice are evident
a trapped phase. These fibrous crystals may also octuthe HO—-NaCl spectrum (Fig. 1b). These may be as-
in halite-free inclusions. Some inclusions also contasigned to the O—H stretching modes in hydrohalite
one or more crystals of anhydrite, identified using
Raman spectroscopy (Walker 1998).

First-melting temperatures of the halite-free inclu- .
sions, as measured by Levasseur (1997), were found to | gynthetic solutions
range from —71 to —ET, whereas in the halite-bearing
inclusions, they range from —63 to <29 Final ice-
melting temperatures for the same inclusions were found
to range from —49 to°C and —42 to —2C, respectively
(Levasseur 1997). The low eutectic and final ice-melt-
ing temperatures both indicate that th@HNaCl sys-
tem is inadequate as a model for this phase behavior. |,
Given that this granitic pegmatite contains a significant NaCl + CaCl, = 1:2
quantity of both magmatic and hydrothermal fluorite
(Simmons & Heinrich 1980), it is reasonable to hypoth; e
esize that the low temperatures are caused by,@aCl % NaCl + CaCl, = 1:1
the inclusions. This was subsequently borne out by tife
work reported here and by decrepitate analyses of t&e
inclusions using scanning electron microscopy (SEM,;
Walker 1997, Walker & Samson 1998). When modeled
in the HO-NaCl-Ca(d] system, the phase behavior
described above, along with temperatures of halite dis-
solution, indicate that the salinity of the inclusions
ranges from 0 to 35 equiv. wt. % NaCl + Ca®h this
pilot study, we concentrated on inclusions of moderate
to high salinity to maximize the likelihood of obtaining
spectra with detectable hydrate peaks.

3432

3092 3406

NaCl + CaCl, = 2:1

ResuLTS 3000 3200 3400 3600

. . A wavenumber (cm™)
Synthetic solutions

Fic. 1. Raman spectra of the O—H stretching region (3000 to
Low-temperature Raman spectra for water and vari- 3600 cm?) of frozen solutions of water, and various com-
ous solutions in the #¥—NaCl, HO—-CaC}, and HO— positions in the ED-NaCl-CaGl system. All spectra were
NaCl-CaC} systems are shown in Figure 1. The collected at between —175 and —i85n thin-walled glass
spectral range shown (3000 to 3600-nsorresponds capillary tubes. The NaCl solution contains 15 wt.% NaCl,
to the region containing the strongest Raman bands for a1d the CaGlsolution 20 wt.% Cagl The ratios given for
ice and the salt hydrates. The bands are generated by"¢ NaCl-CaGmixtures (2:1, 1:1, and 1:2) refer to weight

. . . : ratios of the two stock solutions that were mixed. The peaks
internal stretching vibrational modes for theCHmol- shown in the KO spectrum (and which are also visible in

ecules in the hydrate structure (Falk & Knop 1973, ihe other spectra) correspond to ice. The additional peaks
Dubessyet al. 1982). A discussion of the assignments  |apeled in spectra b and f are from hydrohalite and

of the bands in this region for the common salt hydrates antarcticite, respectively. These latter peaks form compos-
was given by Dubessst al. (1982). ite peaks in the mixed-solution spectra.
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(Dubessyet al. 1982) at 3403, 3420, 3435, and 3538550 cnt', where the principal hydrate peaks should
cntL. Similarly, the HO-CaC} spectrum exhibits the occur, response is either relatively flat (Fig. 2b) or, more
principal O—H stretching bands for antarcticite at 338@ommonly, contains a broad peak centered at about
3406, and 3432 crh(Dubessyet al.1982). The NaCl- 3440 cn* (Fig. 2c).

CaCh mixtures (Figs. 1c, d, and e) all contain the Upon warming such frozen inclusions, a phase
hydrohalite peak at 3536 cfand a set of composite change was commonly observed between about —70 and
peaks in the 3380 to 3450 chregion. The 3420 cth  —50°C, and in some cases, as low as®@ his is ei-
hydrohalite peak is present in all three mixtures but diher manifested as a darkening of the solid assemblage
minishes in intensity relative to the other peaks witbr (less commonly) as a wave of darkening that sweeps
increasing Ca content (from Figs. 1d to 1c to 1e). Treeross the inclusion. Similar phenomena were observed
3403 cmi! and 3406 cmt peaks of hydrohalite and in the synthetic mixtures. After this phase change was
antarcticite overlap sufficiently to appear as a singlebserved, prior to any further warming, the inclusions
peak at about 3404 cin the mixtures. The same iswere cooled quickly to ~—18C and spectra taken.
true of the 3435 cm (hydrohalite) and 3432 cth These spectra (Fig. 3) are characterized by the presence
(antarcticite) peaks, which combine to form a peak af peaks between 3350 and 3560-&mvhich corre-
3434 cmt. Because the 3432 chpeak is the most in- spond to the peak positions for hydrohalite and
tense of the antarcticite peaks, the composite peakaatarcticite, in addition to the ice peaks. During contin-
3434 cnm' is the dominant peak in the Ca-rich mixturaied warming after the initial phase change, significant
(Fig. 1e). The weakest of the antarcticite peaks (3386elting was observed at temperatures between —49 and
cntd) only appears in the Ca-rich mixture as a shoulded5°C.

(Fig. 1e).

Fluid inclusions
3092

Spectra obtained after initial rapid freezing of most 3
inclusions show the peaks of ice, but few other spectral
features (Fig. 2). In the region between 3380 and g
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Fic. 3. Raman spectra of frozen, natural fluid inclusions from
i Troe ™ the Oregon 3 granitic pegmatite, Colorado. a. and b. Spec-
Host quartz tra obtained from liquid—vapor (LV) inclusions. c. Spec-
. I T I T trum obtained from a liquid—vapor—halite (LVH) inclusion.
3000 3200 3400 3600 d. Spectrum obtained from an aqueous inclusion contain-

ing liquid, vapor and a birefringent crystalline solid (LVS).
A wavenumber (cm) Inclusions were initially frozen rapidly from room tempera-
ture, warmed to between —70 and 2G@ntil a darkening
Fic. 2. Raman spectra taken from fluid inclusions frozen by of the inclusion was observed, and then cooled to around
rapid cooling from room temperature. These spectra are —18C°C, at which temperature the spectra were obtained.
characterized by the prominent ice peak at ~3090 and These spectra contain peaks that can be assigned to ice and
by broad peaks at higher wavenumbers. a. Host quartz. b. hydrohalite, at 3092 and 3536 Tinrespectively, and a
and c. Typical spectra obtained from rapidly frozen aque- series of composite peaks between 3350 and 346Gtvan
ous fluid inclusions in quartz from the Oregon 3 granitic correspond to a mixture of hydrohalite and antarcticite (
pegmatite, Colorado. Fig. 1).
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In comparison with the spectra obtained on synthetspectrum. The lower graphs show the individual
solutions in Figure 1, it can be seen that they qualitherentzian peaks used to model the spectrum, and the
tively most resemble the 2:1 NaCl:CaGhixture solid line on the upper graphs represents the modeled
(Fig. 1c). The 3422 cm peak is the most intense, andspectrum based on these peaks. Excellent fits to the
the 3406 and 3435 crhpeaks are subequal in intensity spectra acquired from synthetic solutions are obtained
The presence of antarcticite is indicated by the relativelyith peaks centered at 3402, 3420, and 3435 ¢on
high intensity of the 3435 crhpeak, which in the NaCl- H,O-NacCl (Fig. 5a) and at 3389, 3406, and 3433'cm
only spectrum (Fig. 1b) is less intense than the 34®8 H,O—-CaC} (Fig. 5b). These six peaks also provide
cnr! peak. very good fits of the composite peaks in spectra obtained

It was not always possible to obtain spectra witfrom mixed HO-NaCl-CaCl solutions (Fig. 5¢), and
well-defined hydrate peaks, even after thawing and ridicate that the mixed spectra are simply combinations
freezing the inclusion as described above. In such iof the peaks present in the binary mixtures. Very good
clusions, the region in which the hydrate peaks shouiits also were found from spectra obtained from inclu-
appear was typically marked by a weak to intense vesjons (Fig. 5d) in models using the same peak positions
broad peak, centered at approximately 3440 to 3450 crof hydrohalite and antarcticite used to model the syn-

(Fig. 4). thetic solutions. This agreement indicates that Na and
Ca are the only abundant hydrate-forming cations
Modeling present in the inclusions. Spectra of Mg and Fe hydrates

are sufficiently distinct from those of hydrohalite and

In order to evaluate the contributions of various hyantarcticite (Dubessst al. 1982) that the strong Raman
drates to the composite peaks in the 3350 to 3468 crbands for these phases would not be masked by the
region of the inclusion spectra, we mathematically modhands of hydrohalite and antacticite, and thus would be
eled the spectra obtained. Spectra were smoothed, argible if Mg or Fe hydrates were present in sufficient
Lorentzian functions were fitted to the spectra over thguantities in the inclusions.
range of interest (Fig. 5). In some cases, a baseline
correction was applied prior to fitting. For each pair of DiscussioNaND CONCLUSIONS
graphs in Figure 5 (a through d), the individual points
on the upper graphs represent the original, smoothed As the data presented in Figure 1 clearly show, the
character of Raman spectra of the hydrates in the stretch-
ing region obtained from fine-grained aggregates of
synthetic solutions reflects the bulk composition of the
fluid. In this study, only qualitative statements can be
made with any confidence about the presence or absence
of CaC, although some semiquantitative statements
about the relative abundance of NaCl and Ga&td
possible. Whether this technique could be used to quan-
tify the relative amounts of NaCl and Ca@ill require
further study. Even if an acceptable calibration curve
can be constructed using synthetic solutions (either in
capillary tubes or in synthetic inclusions), application
of this approach to natural inclusions will be limited by
b. i the quality of spectra obtained from the latter, as such

‘ spectra tend to show significant noise. Nevertheless, we
have been able to obtain spectra of sufficient quality
from natural fluid inclusions to allow us to determine
whether or not dissolved CaQ$ present in the inclu-
sions studied.

The spectra obtained after initial cooling of inclu-
sions indicates that ice typically forms during initial
freezing, but that hydrates do not (Fig. 2). In other

\ ' | ' \ ' words, a disequilibrium solid assemblage exists in these

3000 3200 3400 3600 inclusions upon simple cooling. Subsequent warming
A wavenumber (cm) of these inclusions induces a phase change, typically
between approximately —70 and <60Qthat represents
Fic. 4. Raman spectra of two fluid inclusions that have bedh€ crystallization of hydrohalite and antarcticite. This
repeatedly frozen and thawed, but which did not yield peaks indicated by the character of Raman spectra collected
for salt hydrates. Rather, they are characterized by the maifter this event, which contain peaks for these com-
ice peaks and by broad peaks at higher wavenumbers. pounds (Fig. 3). The crystallization of these phases

Intensity
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Fic. 5. Lorentzian models of smoothed Raman spectra. In some cases, a baseline correc-
tion was applied prior to fitting. For each pair of graphs, the individual points on the
upper graph represent the original, smoothed spectrum. The lower graphs show the
individual Lorentzian peaks used to model the spectrum, and the solid line on the upper
graph represents the modeled spectrum based on these peaks. a. NaCl,. kx. CaCl
NaCl-CaC}, 1:2 mixture. d. A natural fluid inclusion.

could either occur at the expense of a hypersaline liguigres. The temperature of transformation from cubic to
interstitial to the ice crystals, or of a saline, aqueousxagonal ice does not appear to be well constrained, as
glass. In the latter case, the crystallization would reprseveral different values have been measured; Bsrtie
sent devitrification. al. (1963) place the transition at between —-130 and
At low temperatures, ¥ may exist as a variety of —-120°C, McMillan & Los (1965), at around -8, and
amorphous solids (glasses) that include high-densitiandaet al. (1986), at between —89 and €1 The
amorphous ice and low-density amorphous ice (Handariability, at least in part, appears to reflect heating
et al. 1986, Tulket al. 1998). With increasing tempera-rates and the thermal history of the sample (Betta.
ture, such amorphous phases convert to crystalline id®63, Handat al. 1986). There is also some evidence
The transition temperature for high-density to low-derthat amorphous ice may convert directly to hexagonal
sity amorphous ice is reported to be <I5%y Handa ice, particularly where relict crystals of hexagonal ice
et al. (1986). When amorphous ice crystallizes, it doeserve as nucleation sites (Haretal. 1986).
so as cubic ice (Ic) at temperatures of between —129 andThe Raman spectra of the amorphous ice phases are
—114C (Handaet al. 1986, Hallbruckeet al. 1989), characterized by a broad Raman peak that varies in po-
and then converts to hexagonal ice at higher tempesition from ~3280 to 3340 cthdepending on the phase
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measured (Kluget al. 1987, Tulket al. 1998). The exist up to the temperatures at which the hydrates crys-
breadth of this peak, at least in part, reflects a wide rangdlize in our inclusions. However, aqueous glasses are
in the strength of the hydrogen bond (Tatkal. 1998). difficult to form by supercooling liquid O (Briiggeller
The broad peaks in our spectra (Fig. 2) are centered®atMayer 1980) except from aerosols (Briiggeller &
higher wavenumbers (~3430-3470¢nthan would be Mayer 1980, Mayer 1985), and are more commonly
expected for amorphous ice. formed by vapor deposition (Burton & Oliver 1935) or
The presence of the ice peaks in our spectra indiRrough the conversion of ice at high pressures
cates that crystalline ice has formed. It is conceivabl@Jlishimaet al. 1984). All of the evidence we have fa-
however, that the residual saline liquid forms a vitreousrs a model in which ice forms on initial cooling, leav-
solid. Although vibrational spectroscopic studies haviemg a residual, interstitial, hypersaline liquid. On
been carried out on glasses formed in aqueous salt sysrming, the salt hydrates crystallize from this liquid.
tems €.g., Taoet al. 1991), we are not aware of any Phase transitions in synthetic inclusions in the sys-
spectra measured in the O—H-stretching region, nor teim NaCl-CaGHH,0 at temperatures between —90 and
any assessment of the incorporation of salt into the stru€Z0°C have been attributed to melting events at meta-
ture of amorphous ice, which would presumably causgable eutectics and on liquidi above these euteetigs (
shifts in the position of the Raman bands. CertainlfDavis et al. 1990, Vankeet al. 1988). We do not dis-
O-H-stretching vibrations in silicate glasses produgaute that such melting may occur; the data presented
broad Raman bands between 3300 and 3700 cnabove, however, indicate that at least some phase tran-
(McMillan et al.1983, Mysen & Virgo 1985, McMillan sitions between about —70 and 260epresent a crys-

& Remmele 1986), such that this is not an unreasonaldlization event and not a melting event. Significant
suggestion. melting is observed in the inclusions studied at tempera-
Alternatively, the broad peak represents O—Htures slightly above (~—4€) the equilibrium eutectic

stretching vibrations in liquid $D, which form a broad temperature in the system NaCl-Ca&l,0 (-52C);
asymmetrical peak at ~3450 ch{Walrafen 1964, this presumably represents a case of equilibrium melt-
1972) and which represent overlapping peaks corrigg. In interpreting low-temperature phase equilibria in
sponding to HO molecules in different structural con-the system NaCl-CagiH,O, Daviset al. (1990) sug-
figurations. With increasing salinity, the shape of thigested that a Caghydrate generally forms (either
band becomes more symmetrical but remains centergdble CaGk6H,0 or metastable Cag#iH,0), but that
at ~3450 cmt as the intensities of the lower-frequencyhydrohalite commonly does not form. Our data suggest
peaks diminish (Walrafen 1962, Mernagh & Wildehat, typically, no hydrates form.
1989). The position and shape of the broad band in our The character of this phase change and the tempera-
spectra are, therefore, more consistent with the presetaees at which it occurs would, in most inclusions, lead
of a saline, aqueous solution, rather than a glass, &l-the interpretation that this is a eutectic melting event.
though without Raman spectra of saline glasses, the IHtinterpreted as a stable eutectic, the interpretation that
ter possibility cannot be ruled out. The rapidity withhe fluid contains salts other than NaCl and Ga@uld
which the hydrates crystallize also suggests that thbg wrong. Thus because of the demonstrated existence
form from a liquid rather than a glag$ Roedder 1984). of crystallization events in this study and the possibility
However, there is experimental evidence that aquef metastable melting events (Daeisal. 1990, Vanko
ous glasses liquify prior to crystallization of ice uporet al. 1988), apparent eutectic temperatures below
warming; the temperature at which the glass converts+60°C in natural fluid inclusions may be erroneous, and
a liquid is known as the glass transition)(Tin pure the interpretation of such measurements in terms of a
H,0, the glass transition has been measured at betweemplex fluid chemistry may be unwarranted.
—144 and -13% (McMillan & Los 1965, Johart al. Mathematical modeling of the inclusion spectra in-
1987, Hallbrukeeet al. 1989), although not all investi- dicates that the composite hydrate peaks in the 3380—
gators interpret this transition as a change from glass3450 cnt! region can be adequately explained by
liquid (Fisher & Devlin 1995). With the addition of salt,hydrohalite and antarcticite peaks. This is consistent
Ty is raised and increases with increasing salinityith data obtained from SEM examination with analy-
(Angell & Sare 1970). LiCl, the only chloride salt of asis of decrepitate residues by energy-dispersion spec-
monovalent cation studied by Angell & Sare (1970), hadometry (EDS) (Walker 1998, Walker & Samson 1998)
less effect on J'than chloride salts of polyvalent cat-and from laser-ablation inductively coupled plasma —
ions or nitrate and sulfate salts. If NaCl has a similanass spectrometry (ICP—MS) analyses (Sanesai.
effect, Ty would be raised to around —F@in a solu- 1998) on the same inclusions, which indicate that NaCl
tion containing 25 mole % salt. Calcium chloride has and CaC] are the dominant salts in solution. We rec-
more pronounced effect and would require concentrammend that, wherever possible, interpretation of phase
tions of approximately 20 mole % to raisgt®d —60C. behavior, such as low eutectic temperatures, in aqueous
Thus, significant concentrations of dissolved salt in thuid inclusions using multicomponent systems be based
residual liquid in the inclusions could allow glass tmn elemental analysis of inclusions.
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