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ABSTRACT 

This paper continues previous efforts to develop the 
science of fluid inclusion gas analysis The principal 
objective is to generate and refine interpretations of 
fluid sou~ce and hydrdhermal process h analyses 
of fluid inclusions votatiles. 

A good knowledge of magmatic gas compositions is 
necessa~y in order to identify magmatic volatiies in 
fluid inclusions. Ratios of N,, Ar, and €€e in magma 
were measured in magmatic glass inclusions F k t -  
ng inclusions to glass melting temperatures yields 
-eproducible measurements that cluster tightly on ra- 
io diagrams Analyses by cold crushing were not re- 
noducible. 

t4easured ratios ofN, to Ar in some itrdusions ap- 
mximate that of air and show a lagerrange ofra- 
ios fiom analysis to analysis than is possible to 
b i n  fim meteoric water. Contamination by air 
vas suspected. However, modeling shows that these 
dues are to be expected in vapor and liquid evolved 
rum boding meteoric waters. Tiwi inclusions serve 
s an example. They are mixtures of vapor- 
tominated and liquid-dominated inclusions trapped 
luring fluid boiling. The NJAr ratios for most inch 
ions rangefiotn 30 to 105, which aretheratios ex- 
leeted in vapor and residual liquid when meteoric- 
mer is boiled. Overall most Tiwi fluid inclusion gas 
ompositiorrs are consistent with a boikgrmteurk 
hid that has reacted with country rock accumulat- 
ig organic compounds. 

;xpianai.ians far enigmatic, fluid-inchion NJAr ra- 
os fk less than those in air saturated water (ASW) 
re investigated Partitioning of N, into the vapor 
hase during boiling can not explain the N 4 k  r a h  
wing e&& are commonly measured in geothe- 
taI fluid incIushs. Tiwi inclusions that hveP7JAr 
ttios < ASW have lower N, concentratians than 
~chsions with NJAr ratios near that of ASW. 
hese fluids occo~ primarily in the highly altered 
mf zone of the geothermal system. The best expla- 
ation is reduction of N, to form NH, driven by de- 
*easing fluid temperature or incorparation of N& 
ito phyIIosiIicate minerals. 
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Kazakhstan mineral deposit inclusions that have low 
NJAr ratios have the same N, concentrations as in- 
chsions with normal ratios. Anonymously low 
NJAr ratias are the consequence af high concentra- 
tions of Ar. An explanation is accumulation of radio- 
genic fim wall rocks. Analysis ofAr isotopes in one 
sample of Sulfur Springs quartz that has NJAr ra- 
tios < ASW yielded indicates a 'Oh/ Nh ratio 
above air. This suggests that fluid inclusions may 
contain radiogenic Ar accumulated fiom wall rocks 
in sufficient concentrations to change the N,-Ar ra- 
tio. Calculation indicates that the low NJAr ratios 
measured in Kazakhstan inclusions me possible by 
accumulation of radiogenic Ar only if the water to 
rock ratio is on the order of 0.01 to 0.001 and the K- 
rich rocks are in excess of several million years old. 
This implies that low NJAr ratio fluids can only be 
generated once in the lifetime of a geothermal sys- 
tem, and most probably are formed early in the his- 
toryafztpthermal system. 

INTRODUCTION 

The use of fluid inclusion gas chemistry to under- 
standthe geothermal processes and determine the 
source of fl uids has been demonstrated (Norman et 
al. 1993, 1996). But this is a recent field of investi- 
gation, and our ability to interpret Brrid indusion gas 
chemistry is fkr fiom perfect. This papa fmzher ex- 
plores the application of fluid inclusion gas analyses 
to understanding geothermal systems. 

In general, an analysis of fluid inclusion gases can 
be interpreted in the same manor as an analysis of 
reservoir fluid. But, there are some signiscant differ- 
ences. Fluid inclusion anaIyses do nat have the 
precision of well gas analyses and W fluid inclu- 
sions analyses will yield an average aaa-lysis over 
someunkmmn length oftime. Andyskofindusions 
by the d - M - s c a n  (CFS) methoct opens one or a 
few inclusions, however the spatial and time rela- 
tions among the inclusions is not known. Using the 
CFS method to analyze vapor-domfmmt and liquid- 
dominant inclusions trapped together under baiting 
conditions yields analyses of trapped vapor and liq- 
uid at an unknown "y" (steam fiaction) vafue Most 
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ikely, each inclusion was trapped at a different time. 
fierefore, the gas chemistry of single vapor- 
iominant and liquid-dominent inclusions may not 
epresent equilibrium between vapor and liquid. On 
he other hand, fluid inclusions can uniquely provide 
amples of geothermal fluids trapped over an ex- 
ended period of time at vertically and hm*mtally 
ktributed sites. hclusions analysis together with 
hennometric analysis potentially can provide a four 
iimensions picture of a geothermal system. Hence 
h e  impetus to fully understand the analyses of fluid 
nclusion volatiles. 

METHODS 

Inclusion volatiles are measured by thermal deaepi- 
zition followed by cryogenic separation (TDCS), and 
yy the d d 4 h g - W - s c a a  (CFS) method. Bath 
methods use a quadrupole mass spectrometer to 
measure the liberated inclusion volatiles (Fig. I). 
Procedures for bulk measurements done by thermally 
decrepitating fluid inclusions are given in Norman 
and Sawkins (1 987). Volatiles are cryogenically 
separated into fiquid-N,-noncondensable, EiqUid-N, 
-conden*, and aqueous fractions. A liquid 
N , - d  charcoal trap may be used to separate ac- 
tive noncondensable gaseous species from rare gas 
species. The @ty of each gas f?actiOn is deter- 
mined by pressure measurement in a known volume 
and the gas ratios are measured by a quadrupole 
mass spectrometer. Analytical precision is 5% or 
better for most species. Sample size is typically2 g, 
but quantities as small as 50 mg are analyzed. A 
Meout period of one day is commoniy used while 
heating to I25  to 200 C. Fluid inclusions are de- 
crepitated at temperatures of 400 to 500 C; mag- 
matic glass inclusions are heated to 1100 to 1200 C. 

The CFS method involves opening inclusions by a 
swift crush in the vacuum chamber housing the mass 
spectrometer. Volatiles released are quickly temoved 
by the vacuum pumping system in one or two sec- 
onds. Meanwhile, the pulse of inclusion volatiles is 
recorded by operating the quadruple in a fist scan 
mode with measurements every 100 to 200 millisec- 
onds. The CPS method measures far fewer inclusions 
than is measured by the TDCS method. Opening a 
10 to 20 micron inclusion, or group of smaller inclu- 
sions of equivalent volume, provides the ideal 
amount of volatiles for a CPS analysis. Opening a 
40 micron inclusion swamps the vacuum system and 
the system crashes. Five to twenty crushes are made 
on about a 200 mg sample with the expectation that 
some crushes will be failures by opening too many 
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inclusions. The CFS m & d  is fast and simple, but 
the precision is 10 to 20%, and some species are dif- 
ficult to detect because of interferences. 

I) V W  
0.w. 
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Fig. I. ThegasmdysissystematNewMexico 
Tech. High vacuum is SuPpIied by turo turbo pumps. 
Volatile species are measured 6th MKSQ capaci- 
tance man- and a Bakers@ QMS 420 quad- 
rupoIe mass spectrometer mtroIled with Quadstar@ 
software. 

-o..n - -  
0 m-colp(ng 

Ammonia is rarely detected in CFS analyses because 
of theinterfkmce of secondarywaterpeaksat d e  
= 17 and 16; He at concentrations below 30 ppm is 
interfered with by the tail on the 
peaks hll on those of COP N, CH, and C ,  organic 
species. Small amounts of admixed air is commonly 
detected during CFS measurements, which is esti- 
mated from the amount of 0, measured. The con- 
centrations of inclusion N, Ar and CO, can be 
corrected for air contamination assuming all 0, 
measured represents admixed air. The source or air 
contamination is mostly likely air trapped on grain 
boundaries and mic rmcks .  Air contamination can 
be eliminated by prolonged baking. HoweveF, in the 
interest of expediency, and to minimize & and He 
diffusion from inclusions, prolong baking of sam- 
ples is not done. 

peak; and CO 

MAGMATIC VOLATILES 

It is of great interest to be able to identi@ magmatic 
volatiles in fluid inclusion liquids. There is a consid- 
erable body of evidence that magmatic volatiles, save 
f?om basalts, have NJAr > air (see references cited 
in Norman et al. 1993 and 1996). Further, Groff 
(1996) has shown a positive correlation between 
fluid inclusion NJAr and magmatic hydrogen 



isotopic values in inclusions fiom two mineral de- 
posits. We use diagrams like Fig. 2a to interpret 
fluid inclusion gas chemistry with the tacit under- 
standing that the magmatic field represents vohtiles 
Ebm andesitic magmas. This diagram does not agree 
well with actual analyses of volcanic gases (Fig. 2b). 
Analyses in the He comer of Fig. 2b are h n  basal- 
tic volcanoes. It is not clear if these compositions 
should be ignored because basaltic magmas are pe- 
trogenetically related to some felsic melts. Admit- 
tedly some of the analyses suggest contamination of 
volcanic gases and magma by air and ground water, 
but the degree of contamination is hard to quanti&. 
In rdity,  our data base for assuming that magmatic 
vdatiles can be identified by their NJAr ratio is far 
from perfect. Hence, an effort was made to measure 
magmatic N,-&-He directly by analysis of magmatic 
glass inclusims- ldeally, analyses of glass melts 
should provide better estimates of magmatic 
N,-Ar-He ratios than vdeanic gas analysis because 

N2/200 

10 He 

N2/200 

/ .  \ /i ?. / air 

~. . . : yr saturated 
water . 

He*lO Ar 

Fig. 2 a) Diagram for interpreting sowe of fluid in- 
clusions volatiles fiom Norman et aI. 1993 and 1996. 
b) Analyses of volcanic gases (Reyes and Giggen- 
bach, 1992) 
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the melt is trapped in at depths beneath near surface 
sources of contamination. 

Glass in feldspar megacrysts fiom the Mt. Erebus 
volcano in Antarctica and glass in Taupo volcanic 
quartz phenocrysts was analyzed (Fig. 3). Analyses 
of eight different megacryst samples by the TDCS 
method yielded identical ratios within analytical un- 
certainty (Fig. 3a). They show that the alkaline Ere- 
bus magma has N,J& ratios >> air. The feldspars 
and glass were heated to fusion in vacuum, hence the 
analysis should be representative of the gaseous spe- 
cies trapped in the melt. There could, however, be 
some He loss by diffision €rom Erebus glass during 
the day-long bakeout at 200 C under vacuum pr+ 
ceding the analysis. Unfortunately, there are no 
analyses of Erebus volcanic gasses with which to 
compare the measurements. The good agreement be- 
tween multiple analyses argues that they represent 
magmatic gas. Loss of volatiles by leakage, or con- 
tamination introduced along fractures, is expected to 
increase the variance of multiple analyses. 

One sample each of Erebus and Taupo glass were 
analyzed by the CFS method (Figs. 3b and 3c). It 
was hypothesized that a majority of the gaseous spe- 
cies would partition into the bubbles seen in the 
glass. Hence, it was thought, a meaningful analysis 
could be obtained by crushing. The Eesults are disap- 
pointing, and difficult to interpret. There appears to 
be air catamination of the volatiles liberated during 
crushing even though virtually no 0, was measured. 
Rapid cooling during eruption may have opened mi- 
cro cracks on phenocryst surfaces. l l e  0, could have 
been lost by oxidation and some He may have dif- 
fused into the fractures from magma inclusions. Tt is 
clear that baking prior to TMSS analysis eliminates 
the air-like volatiles released by crushing. Analyses 
of Taupo and other glass inclusions are planned to be 
done by the TDCS method. This type of analysis ap- 
pears to hold great promise for yielding reliable ra- 
tios of magmatic N,, Ar, and He. 

BOILING AND N4Ar RATIOS - 

The N4Ar of ground water varies h m  about the 38 
of air saturated water (ASW) to about 52 (Fig.2a). 
Analyses of fluid inclusions fiom some present g e e  
thermal systems, for example, that Valles, NM geo- 
thermal system (see Norman et al, 1993) plot mostly 
in the idealized evolved water field on Fig. 2a St. 
Cloud, NM Ag-Cu deposit fluid inclusion analyses 
plot in a similar fashion (Fig. 4b). 
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Fig. 3 Analyses of magmatic glass inclusions: a) 
analysis of 8 samples of MT Erebus inclusions in 
feldspar megacrysts by the TDCS methoci, b) analy- 
sis of one Erebus samples by the CFS method; c) 
analysis of one sample of Taupo magmatic glass in 
q- Phenocrysts. 

10 He Ar 

Fig. 4 Analyses of aqueous fluid inclusions in quartz 
and calcite fiom a) Mat 25 well, Tiwi geothermal 
system and b) the St. Cloud-US Treasury mine, NM 
(Narman et al., 1991) 

But analyses like this are in the minority. Tiwi in- 
clusions exhibit, for example (Fig 4a), a wide range 
in N4Ar ratios, and few analyses fall into the field 
for evolved water in Fig. 2. Many Tiwi ratios are 
near that of air suggesting possible air contamina- 
tion fkr Iargex than that indicated by admixed 0, in 
the analysis. One difference between St. Cloud and 
Tiwi inclusions is that the former all are the two 
phase, liquid-dominent type, whereas Tiwi inclu- 
sions comprise both liquid- and vapor- dominant va- 
rieties. The gas partition coefficients for N2 and Ar 
vary by about a factor of two. Therefore, a vapor 
separated fiam a liquid at a low y value has about 
double the NJAr ratio of these species than in the 
unboiled liquid Vapor separated &om meteoric wa- 
ter will have a N4Ar ratio about that of air! A CFS 
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Fig. 5 a) Interpretation diagram similar to Fig. 2a. 
The lower dashed lines indicate the caI&ed field 
of N4Ar ratios (data fiom Prini and Crovetto, 1989), 
expected when boiling meteoric waters are trapped 
in fluid inclusions. b) Analyses of Tiwi fluid inclu- 
sions. Lower dotted lines are tie lines drawn &.om the 
calculated maximum and minimum N4Ar ratios cal- 
culated in a) to the calculated crustal component in 
the fluids (Moore et al. 1997). 

analysis of inclusions trapped under boiling condi- 
tions will yield an analysis of trapped vapor in one 
crush, in another an analysis of trapped liquid, and 
in some cases analysis of both types of i n c h i m ,  
Therefore, analysis of inclusions trapped under boil- 
ing conditions will have an analysis to analysis ctif- 
ference in N4Ar ratios. We calculated the range in 
N4Ar expected in meteoric water inclusions trapped 
under boiling conditions (Fig. Sa). 
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The expanded range for meteoric fluids simplifies 
the interpretation of Tiwi analyses. The field made 
by drawing tie lines (Fig. 5b) between the calculated 
N4Ar extremes for boiling meteoric water and the 
statidalEy determined crustal end member (Moore, 
et al. 1997) includes most of the analyses. This illus- 
trates that the gas chemistry of most Tiwi inclusions 
is consistent with a meteoric fluid source. 

LOW N4Ar - FLUIDS 

A number of Tiwi fluid inclusions have N4Ar << 
than ASW (Fig. 4a). Some analyses have N4Ar near 
1 (Table 1). Similar low N4Ar ratios are measured 
in inchsions fiom other active and past geothermal 
systems including Sulphur Springs, The Geysers, 6 
ore deposits in Mexico and an ore deposit in 
Ktrzakhsttm (Fig. 6). In general, inclusions with 

- are common, but are not measured in inclusions 
fiom every geothermal system studied 
- only occur in a minority of inclusions fiom one 
geothermal system 
- may occur in all inclusions within a single gram- 
size sample. 

N2k << ASW: 

bit ing ASW will not create fluids that have N4Ar 
ratios less than about 15. Possible explanations for 
fluids with this chemistry are: 

1) Fhid accumulation of radiogenic Ar kom K- 
bearing minerals 
2) N2 occurring as NH, that is not detected 
3) Magmatic gas with a low N 2 k  ratio 

There is no evidence to support idea of a low N , k  
magmatic gas, however knowledge of magmatic gas 
compositions is so limited that the idea can not be 
out of hand rejected. 

CLosure temperatures for radiogenic Ar loss fiom K- 
bearing minerals ranges fiom 200 to 400 C, hence 
geothermal fluids may force Ar out of K-bearing 
minerals. Measurement of the Ar isotopic composi- 
tion of inclusions fluids in one sample of Sulphur 
Springs quartz that has a N4Ar = 5 indicates excess 
radiogenic argon ( 40Ar/36Ar)-,.J 40ArPAr)d = 
1 A). This measurement demonstrates that inclusions 
may contain significant concentratians of radiogenic 
Ar. 

The reason for low-ratios is illustrated in plots of Ar 
and N, concentrations verses N4Ar (Fig. 7). 
Kazakhstan analyses with N 2 k  < ASW are 
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Fig. 6 Analysis of Kazakhstan mineral deposit fluid 
inclusions. The filled symbols are analyses obtained 
from one sample of quartz. 

associated with increasing relative amounts of Ar 
(Fig. 7a). This is evident in the analyses presented in 
Table 1 also. Figure 7a is consistent with develop- 
ment of low-ratios fiom additions of radiogenic Ar 
to circulating meteoric fluids. 

Calculations were done in order to demonstrate that 
sufficient radiogenic Ar could be derived fim crus- 
tal rocks to significantly lower N4Ar ratios (Fig. 8). 
It was assumed for purposes of calculation that: 

1) Fluids had a starting N , k  ratio of 38. 
2) Concentrations of Ar and N, started at concen- 
trations in 20 C ASW. 
3) There was no loss in Ar or N, fiom the M d .  
4) All radiogenic Ar was removed fiom rock. 
5) There was no prior loss of radiogenic Ar from 
minerals. 

The calculations show that N , k  ratios of 5 or less 
can only occur if water rock ratios are very small and 
the rocks have remained closed to Ar loss for mil- 
lions of years. This implies that low N , k  fluids can 
form only once in the lifetime of a geothermal sys- 
tem; only a small volume of low N , k  fluid can be 
formed; low-ratio fluids can not develop in coeval 
volcanic rocks; and low-ratio fluids must be gener- 
ated early in the history of a geothermal system. 
Low-ratio fluids have the greatest chance of originat- 
ing in billion year old granites. Conversely, calcula- 
tions s h m  that low-ratio fluids can not fxm in 
young basic terrains. The origin of Ar in low-ratio 
fluid inclusions will be confirmed by Ar isotopic 
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Fig. 7 Relative concentrations of fluid inclusion N, 
and Ar verses N4Ar in samples that have some ra- 
tios << ASW: a) Kazakhstan inclusions, b) Tiwi in- 
clusions. The plots demonstrate that Kazakhstan 
low-ratio fluids are the result of increasing fluid con- 
centrations, whereas Tiwi low-ratio fluids result 
from decreased amounts of N,. 

analysis now in progress. The most exciting aspect 
of the identification of low N , k  ratio inclusions 
may be their use to identi@ early formed mineraliza- 
tion in geothermal systems. 

All low N , k  ratio fluids may not form by accumu- 
lation of radiogenic Ar. Low-ratio Tiwi inclusions 
are associated with a decreased relative amounts of 
N, (Fig. 7b). This could be the result of N, reduc- 
tion by hydrogen to form NI-& that w e  did not detect. 
Mat 25 inclusions, which have low ratios, are fim 
the upper most part of the drill core and associated 
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Fig. 8 Calculated N , k  ratios in geothermal fluids 
as function of water to rock ratio (w.r) and age (or 
years from the last heating event), see text for de- 
tails. Upper diagram is for a granitic roek with 5% 
K, the lower diagram is calculated for rock with 0.8 
% K. 

with extensive iIlite alteration. Incorporation of NH, 
into phyllosilicate minerals may have driven the de- 
cease in fluid N, as would reduction of N, to w. 
The latter can occur in response to decreasing fluid 
temperature. 

CONCLUSIONS 

1 .  Analysis of magmatic glass inclusions shows 
great promise for obtaining accurate magmatic ratios 
of N,-Ar-He. The analyses of Erebus gfass 
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incfrtsions c o n h s  that hypothesis that magmatic 
gases have N , k  > > than air. 

2. Modeling N , k  ratios in boiling systems demon- 
strates that analyses of inclusions trapped under boil- 
ing conditions are expected to have a broad range in 
N , k  ratios, even though the fluid prior to boiling 
had a restricted range of values. Fluid inclusion 
N , k  ratios about that of air is expected in vapor de- 
rived fiom meteoric waters. A range of N , k  ratios 
in inclusion volatiles fiom about 15 to about 120 
measured in one sample can be used to a m  fluid 
boiling. 

4. Inclusion fluids may have N , k  ratios less than 
15. These may form by accumulation of radiogenic 
Ar fiom country rocks or incorporation of N, as Ncl, 
into alteration minerals. Argon isotopic analysis can 
confirm additions of radiogenic Ar to inclusion flu- 
ids. However, plotting N, and Ar normalized to a 
major species such as CO, can illustrate if low ratios 
are associated with increasing relative amounts of Ar 
or decreasing amounts of N,. 

5.  Low N , k  fluids that formed by accumulation of 
radiogenic Ar are small in volume and can only form 
once in the history of a geothermal system. Identifi- 
cation of such fluids should prove of great value in 
identifying early formed mineralization in a geother- 
mal systems. 

TABLE 1 Water-fiee analyses of fluid inclusions 
vcktiles by the CFS method. 

Kazakhstan Tiwi 
(mol.%) 

4 13.3 0.99 
He 0.027 nd 
cH4 35.3 20.0 
N2 3.5 1.4 
H2s 0.001 0.010 
Ar 1.4 0.001 
CmHn 0.30 0.13 
C02 46.1 77.4 

N2/Ar 2.6 2120 
nd = none detected 

_---____________--------------. 

nd 
nd 

0.58 
0.029 
0.018 
0.027 

nd 
99.2 

1 .1  
. - - - - - - - - - - - - 
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