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Abstract

Gas samples from "productive wells in the geothermal fields
of Larderello, Bagnore (Mt.Amiata) and Travale were collected

and separated for spectrometric measurements of their i»divi-
idual components »•

The main components of the geothermal fluids are water
(steam) , carbon 'dioxide, methane, hydrogen, hydrogen sulphide
and nitrogen. The first four are dealt with in our studj
which refers to: the carbon-13 fractionation in the system
carbon dioxide -me thane ( Q (CO--CH. )) ,the oxygen-18 in the

lSAsystem carbon dioxide-water . (Q (CO9-H-O)) and deuterium in
the 'systems water-methane Ĉ CH-O-CH.))', me thane -hydro gen
(A0CCH4-H2)) and water-hydrogen (&

D (H2O-H2) ). The values of

the fractionation factors were used to evaluate equilibrium
temperatures at depth.

The A (CO2-CH.) geothermometer was used in twenty wfclls
in different areas, giving deep temperatures of 312 + 3-I0C

while the average measured temperature was 190 + 440C for
these same wells; the ̂ (CH.-H,) geothermometer applied to .
20 different wells indicated deep temperatures .of 285 + 5O0C
versus an average measured temperature for the same wells of

209 + 35?C. The AD(H2°V~
H2-' geothermometer applied to 21

different wells gave temperatures of 260 + 320C versus an
average measured value, for these wells of 218 + 230C.

The 'isotopic* tempera'tures "obtained with these geother-
mometers are clearly always higher than those measured in
the wells.

i s " "The & (H2O-CO2) geothermometer generally gives tempera-
ture values very similar to those observed "at wellhead and

appear capable of giving useful information on the physical
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state of the water(steam or evaporating liquid water) in the
surroundings of each well. .The H2O-CH. system gives no reason-
able temperature values, showing that no equilibrium conditions
are reached at depth between the two components.

.The comparison between the different 'evaluated temperatures
in the same area, along-with some chemical and chemio-physical
evidence, suggest that the reaction already proposed,i.e.,
C02+H2=CH,+'2H20, is unable to explain the observed isotopic
compositions.On the contrary,the water dissociation reaction
(H20=H_+|02) and the synthesis reaction for methane and carbon
dioxide (C+2H2=CH. and C-I-O2=CO2) seem able to give an approp-
riate picture of the thermal situation of the geothermal
field.

Finally, a detailed study was made of Travale geothermal
field. At this stage we cannot exclude the hypothesis that

the methane originates from organic material in the last stages
of metamorphism,. as proposed by -some authors with regard to
the methane, of the carboniferous basins of Germany and USSR.

Introduction ' •

This type of study can only be successful on the following
conditions: a) that the 'pairs' under study are all sampled
simultaneously; b)that the CO7 is sampled as a 'dry' gas to>
avoid re-equilibration of the oxygen in the sampler, and.as
a natural gas so that the carbon-13 data reflect any eventual
fractionation caused by sampling; c) that sampling is carried .

out with .the utmost precision; d) that preparation and analysis
in the laboratory are -conducte'd with great-accuracy and re-

peated at least once. The problems involved with sampling
methods and laboratory treatment of samples are dealt with in
detail in the Appendix.
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Currently a Fisher-Tropsch chemical reaction, such as(l)

4H2 + CO2 SA-CH4 + 2H2O (1)

provides a generalized pathway for the following isotopic ex-

change reactions :

12,CO2 + 'CH, =

C16O72

CH3D

HD +

HD +

+ H 18O2

.H2O

CH4

H2O

= CO

= CH

= H2

= H2

18O + H

4 + HDO

+ CH3D

+ HDO

2
16O

413(CO2-CH4)

A18CCO2-H2O)

4 0CH2O-CH4)

(2)

C3)

(4)

(5)

(6)
As the theoretical and/or experimental variations of the

fractionation factors for each reaction are known, the Q

values for each pair measured on the discharged fluids can

be used to evaluate the base temperatures of the geothermal

reservoirs.

Now, if the temperature of the fluids had remained con-

stant for a period sufficient for all the reactions to reach

isotopic equilibria, we would then expect them all to give

the same isotopic temperature. If, however, the temperature

of the fluids has not remained constant as they proceeded

towards the point of discharge, the different rates at which

each exchange reaction approaches isotopic equilibrium con-

ditions will be evident in each pair, giving a different iso-

topic temperature.

Considering vapour phase reactions only, Lyon (1974) sug-

gests that the rates of reaction for the approach to isotopic

equilibrium.de.crea.se in. this order: A, (H2TH-O) , ..A, (H2-CH.)

and A, (CO--CH.). This sequence could begin with the term
1 8

JC (CO9-H7O), as shown by the data obtained by Panichi e£
*» £t' if



al.(1975) in Larderello geothermal field. Lab experimental
data from the New Zealand group (Hulston,1975) and field ob-

servations, suggest the following rough estimation" of tfhe

isotope reaction rates:

A (CH4̂ CO2) > 5 years

A D(H2-H20) ' 4. 1 year

A18(CO2-H2O) very rapidly
These figures are indicative only, because of the appro-

ximations made during the bomb experiments, -in which t'he
gas phase is only in contact with a liquid phase and IWD rocks
or additional chemical components are present. In other words,
the- influence of some rocky components, which might pl.ay an
important part in catalyzing these reactions, is not cmsid-
ered. This is due to the fact that the activation complex
of each exchange reaction is unknown. The only exceptisn
consists of the oxygen is.otopic exchange be.tween CO, and
water, where the bicarbonate ion provides a reasonable in-
termediate step of the total reaction.

The results given in Tables 1,2 and 3 show that the pair
CO2-CH. indicates temperatures that are 12O

0C higher tlan

the measured values, whereas the methane-hydrogen and lydro-
gen-water pairs give values that are 40-7O0C higher; tfte
pair CO2-H2O, finally, indicates practically the same tem-
perature values as recorded in the wells.

When different pairs are considered in the evaluation of
the base temperature of a certain geothermal field, the ob-

served discrepancies are explained in terms of differences •
in the reaction rates, assuming that isotopic equilibrium
takes place between the gas pair after their formation, in-

dependent of the chemical reactions governing their actual
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concentrations. This hypothesis appears realistic if we con-

sider that molecular H- and H-O(vapour) seem capable of ex-

changing their isotope contents and approaching isotopic

equilibrium after several months; the oxygen isotopic compo-

sition of CO- and H-O suggests that an isotopic exchange also

occurs between gas molecules, other than in a liquid phase,

via the bicarbonate ion as an intermediate. The generaliza-

tion of this hypothesis, ho\vever, seems to be a critical

point because of the lack of re-equilibration observed be-

.tween molecular CH4 and.CO2 and the fact that oxygen isotope

exchanges between COj an^- H^^vapour) may be permitted to

occur by the presence of a s?iall percentage of condensed

water occupying the pore space of a vapour-dominated system.

The activation complexes through which the isotopic ex-

change reactions can proceed are indeed very little under-

stood and quite difficult to define. The generalized form

of equation (1) also seems to be of little use in interpre-

ting the isotopic geothermometers.

However, different temperature values from different geo-

thermometers can also be due to different isotopic exchange

reactions which are related to several distinct chemical

reactions occurring at depth and not necessarily at the same

time and in the same place. Indeed, instead of a single re-

action such as the F-T. type of equation (1), the following

set of reactions can occur in the geothermal reservoir:

H2O H 10,

C +2H2 = CH4

C + O, = COv

CaCO3 + H2O = CO2 + Ca(OH)2

(7)

(8)

(9)"

(10)
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Obviously this requires that amorphous carbon or graphite

be present in the geological setting of the region as an in-

dependent source of .carbon. We do .not know whether this is

the real situation for the geothermal systems, but it is

certainly true in the case of Tuscany's geothermal fields,

where graphite has been found to be widespread in several

well-cores (Puxeddu and Gianelli, personal communication).

In addition, when a liquid phase is present the hydrolysis

of carbonates can easily occur at a temperature as low as 10O0C

and may represent an .additional source of carbon dioxide.

'"• The aim of this work" is 'to check the possibility of using"

different chemical reactions of formation of the different

gas .components in order to explain the differences in tem-

perature values observed, where several gas-pairs are con-

sidered within the same geothermal system.

Possible chemical reactions should be selected on the

basis of the actual chemical composition of the fluid" pro-

duced at Larderello and from our knowledge of the mineral

assemblages observed in different zones of the field. These

reactions would be considered as the effective pathways through

which isotopic equilibrium is reached and the isotopic temper-

atures will be compared with those obtained by the chemical

data.

During 1977-1978 samples of CO, and condensed steam from

wells were collected and analysed in order to complete the
18

data on the ̂  (CO2-H2O) geothermometer that was already

available (Panichi et al.,1975); the separation, line for H2
and CH. was built in 1977 and repeated analyses of hydrogen

and carbon isotopes performed on many different wells.

The standard deviation of the Q O is 0.171» for water
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Oand 0. 211» for CO2; the O C measurements deviate by 0.4154,
for CH, and 0.23%, for CO.; the ̂D deviations are roughly

evaluated at 5%e for CH, and Sl0 for the H^.

The standards used are the PDB for carbon and V-SMOY, for
oxygen and hydrogen isotopes.

The data obtained are reported in Tables 1 and 2 which
also indicate the measured and calculated temperatures.

The standard deviation for the isotopic temperatures, due
to the precision of the different measurements, is 5-60S, 7-110C,
8-120C, 3-50C for the H2O-CO2, H2-H2O, H2-CH4 and CO v
systems respectively.

Carbon isotopic fractionation between and CH.

Samples were taken from 20 wells in order to test this
geothermometer (Table 3), but a more complete picture off
the results obtained in this way in the Larderello area can
be attained from the already available data-(Panichi et al.,
1977), which are in complete agreement with these results.

The total range of the calculated temperatures is 227° to
3760C, with an average value of 312 + 330C; these are consi-
derably higher than the observed values.

The calculated figures have been interpreted as the maxi-
mum temperatures reached by the geothermal system below.the
actual productive horizons (Panichi et al.,1977).

In this case the carbon isotopic fractionation between
CO2 and CH. was considered to be frozen from the site of gas
formation to the wellhead and no re-equilibration is possible
because of the relatively short travelling time of the
fluids.

However, the CO,/CH4 chemical ratios for the same wells
indicate 'base1 temperatures of less than 30O0C when an F.T.



reaction is considered: that is, considerably lower than the

isotppic values (D'Amore and Nuti,1977). Furthermore, the

chemical analyses always indicate that reactions (8) and (9)

can be proposed for the synthesis of CO2 and CH. for a tem-

perature interval between 275° and 29O0C.

In addition, where a liquid phase is present the hydrolysis

of carbonates, such as that described in equation (10) can

easily occur at a temperature as low as 10O0C and may repre-

sent an additional source of carbon dioxide (Kissin and Pak-

homov,1967).

Hydrogen isotopic fractionation between H,, and CH.

Hydrogen isotopic measurements were carried out on the

H- and CH, gases from.many different wells in the Larderello

area. The collection and separation procedures are described

in the Appendix, while the isotopic results are reported in

Tables 2 and 3.

he equilibrium temperatures for the system CH,-H_ are

calculated from the following equations:

1O3InCC= -236 + 345.5 x 103/T + 27.5 x 106/T2

calculated by Bottinga in the temperature range 0-70O0C

C1969).and

1O3InOC= -90.888 + 181.269 x 106/T2 - 8.949 x 1012/T4

as suggested by Craig for equilibrium temperatures greater

than 20O0C (1975).

The total range of the calculated temperatures is 143-3650C

and the average value is 285 + SO0C, i.e., about 270C lower

than the previous geothermometer and 750C higher than the

average measured value.

No indication is available on the reaction rate for this

system, but assuming the original re-equilibration took place
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at the same time as the pair CO2-CH., through the F.T. reac-
tion, this system must be assumed to have a faster kinetics
than the previous one. The faster kinetics permits the EH.
and H~ molecules, during their rise to the surface, to reach
a new re-equilibration state at lower temperatures. This
isotopic equilibrium is not frozen, even though the reaction
rate is not fast enough to permit continuous re-equilibration
until well-bottom conditions are reached.

Equation (8) really provides an appropriate means of eval-
uating the chemical and isotopic compositions of the H_ and
CH. species in the Larderello geothermal fluid. Using, bath
the chemical and isotopic data a deep temperature of 3OS0C
(as "an average value) can be calculated.

Hydrogen isotopic fractionation between H^O and H.,

The equilibrium temperatures for this system were calcu-
lated from the following relationship:

103 In 06 m n u -v = -201.6 + 391.5 x 103/T + 12.9 x 1O6/1!5"̂  (.H2U-H2)

given by Bottinga (1969) for a total range of 0-70O0C, vflich

practically coincides with the experimental equations of Arrai

et al.(1954) and Suess (1949) up to 35O0C.

The temperatures evaluated using this and the following

geothermometer are only approximative, as D/H ratios were not

performed on single samples and an average value of D=-40I

was considered as indicative of the condensate steam in the

Larderello area. This assumption derives from data on D̂ H

ratios obtained previously (Panichi et al.,1777) which indicate
r f isalmost constant QD values in steam samples having Q O

values ranging between -5.5 and +0.5» .Furthermore, evaluated

temperatures in our range of interest change only by 3 Io S0C

when the QD values change by ± 51 with respect to the aver-
age values considered.
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The data reported in Table 3 shew the-, excess in the calcu-

lated temperatures with respect to the observed ones, the mean

value being 260 ± 320C- whereas the average measured values

are 218 + 230C.

Molecular hydrogen i: generally accepted to derive from

the dissociation of water at the geothermal temperature, witi

some mineral assemblage as the buffering agent.

Hydrogen isotopic fractionation between H0O and CH„
~~ - - ~ " " - — - • " -I"" - - £f" "T

Apart from the limitations mentioned above with regard to

the QD value of the steam samples, this geothermometer seems

incapable of providing reasonable temperature values. The0D

values give 10 InC^values ranging from 120 to 200 which

clearly indicate non-equilibrium conditions, when the Bottinga

equation (1969):

103lnfl£, H 0 _CH-)
= 26"2 * 54'9 X 1C)3/T -16-8 x 106/T2

is considered.

The lack of equilibrium conditions at depth between H,O

and CH. is in considerable disagreement with the assumption

that the F.T. reaction is ah effective agent of the exchange

reactions.

Oxygen isotopic fractionation between CO,, and H0O

518O values of CO, and condensed steam samples from wells
in Larderello are reported in Table 1, and represent the

average value of duplicate analyses of different samples fro«

the same well.

The isotopic temperatures reported in this Table were cal-

culated using the equation (11)

1000 InQC= -10.55 + 9.289 x 103/T + 2.651 x 106/T2
(ID

obtained by fitting the fractionation values between carbon

dioxide and water vapour calculated by Bottinga (1968) in the
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temperature range 100-300°C and using equation (12)

1000 InOt= -3.37 + 4.573 x 103/T + 2.708 x 106/T2 (12)

obtained by combining equation (11) and the experimental data

on the fractionation values between H2O(I) and H_0(v) obtained

by Bottinga (1968) in the temperature range 134-3Op0C.

With the exception of a few cases, the isotopic temperatures

obtained through C02-H20(v) equilibria are equal or higher than

the temperature measured at wellhead (Table I)-As already

pointed out by Panichi et al.(1975), this isotopic temperature

may correspond to the actual temperature of the geothermal

reservoir when tapped, where CO2 and steam are in isotopic

equilibrium. The difference between the isotopic temperature

and the temperature at wellhead may be a measure of the cool-

ing undergone by the geothermal fluid on its way up to the

surface, the duration of which is too short to bring about

any significant isotopic re-equilibration.

This conclusion may be supported by Figure 1, showing the

distribution of the difference between the measured and iso-

topic temperatures, as obtained in the 1975 survey and from

present data. This distribution is not normal. The model va-

lue corresponds to the isotopic equilibrium between carbon

dioxide and water vapour (T - T. =0), but 48 wells out of

85, i.e.,564, definitely exhibit a cooling (T -T. O) ranging

from about 10 to more than SO0C. Only 13 wells (15%) had a

wellhead temperature higher than that given by the isotopes;

at present we have no explanation for these positive values

of T -T., except for a partial isotopic re-equilibration at

low temperatures, which may have occurred despite our precau-

tions during sampling of CO2- This process, however, never

occurred during our reproducibility tests and, although not

impossible, seems rather unlikely, considering that both sepa-
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rate collections at each well gave practically the same results.
Another possible explanation may arise from the observation

that nearly all the wells exhibiting this discrepancy are lo-
cated in the central area of the field and they represent the
largest productive wells of that zone, being characterized by
the highest flow-rates and temperatures compared to the surround-
ing wells. In this situation a certain mixing may occur !between
fluids having different isotopic compositions of CO- and H2O
and simultaneously different temperatures, as a consequence of
the widening of the drainage cone of the more productive wells.
Now, if a fluid having CO2 and H2O in isotopic equilibrium at
lower temperature mixes with a fluid equilibrated at higfcer
temperatures, the resulting fluid should simulate an isorttopic
temperature value which is intermediate between the original
values. The actual temperature of the total fluid, on the other
hand, would remain practically equal to the highest valus if
we assume a thermal re-equilibration of the deep fluid.

Another possible explanation of the uncertainty in tie
.interpretation may arise from the fact that the actual temper-
ature of the last equilibrium of the gases may have a quite
different value from that reported in Table 1. Indeed, the
wellhead temperature column represents the temperature values
recorded during the last routine measurements before sanpling,
and performed by the electric survey team. The time lapse may
be as long as one month. Considering that some wells show sig-
nificant fluctuations in repeated measurements, such as in
well 89

Date 8-76 4-77 6-77 8-77 10-77

T0C 253 247 234 231 236

the lack of surface temperature values at sampling time may
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result in an erroneous interpretation of the comparison between

measured and isotopic temperatures.

In addition, the wellhead temperature does not appear to

be the more appropriate value for consideration in this case,

espcially if we consider that the geothermal fluid undergoes

a certain cooling during its flow along the pipe (up to 15-2O0C

for a flow-rate of about 3 t/h and from a depth of about

1000-1500 m, and a well-diameter of 33 cm(Rumi,1967)).Assum-

ing that inside the pipe the fluid has no time to re-equili-

brate (the actual rate of the fluid can be evaluated as high

as several tens of metres per second), the 'true1 temperature

value to consider is that measured or calculated at well-bot-

tom.

From the above considerations, the possible evaluation of

the fluid cooling occurring from the tapped reservoir to the

surface, as indicated from the distribution in Fig.l, appears

to be quite approximative. In particular, a cooling of more

than 350C with respect to the original temperature value ap-

pears to be unlikely. Some particular physical conditions are

possible at depth, where extremely low permeability in poorly

exploited zones may cause the fluids to travel at very low

rates and have sufficient time to cool. In the latter case a

liquid phase may exist instead of a predominant gas phase, as

in the case of a good permeability and strong drainage condi-

tions. Now, if a liquid water exists at the boundary of the

evaporation cone of a certain well, then the oxygen isotopic

composition in the CO2 and H2O samples must be interpreted in

terms of the isotopic fractionation between carbon dioxide

and liquid water as expressed in equation (12). The tempera-

ture values obtained by equation (12) are reported in Table 1

for all the samples analyzed. The results clearly indicate

that when the isotopic temperatures, evaluated by assuming an
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equilibration between gas molecules, is more than 3O0C great-
er than those observed at the surface, a recalculation o>f the

equilibrium temperature for an aqueous phase always gives
practically the same values between the isotopic and measured

ones.
The contemporary existence of different equilibria (CO,-

H2O(V)) and (CO2-H2O(I)) in the same area seems to be support-
ed by the areal distribution of the isotopic temperature cal-
culated from both equations (11) and (12), as shown in Fig.2.
The black points, which represent equilibrium conditions
between CO, and liquid water, are generally located at the

£

field boundaries, while the inner part, which is intensely
drilled, is characterized by a gas phase in very fast movement
and the intermediate wells produce a fluid which has under-
gone a cooling of about 10-3O0C.

If this interpretation is correct, the oxygen isotopic
measurements in carbon dioxide and in water not only represent

a simple tool for determining the actual temperature at depth
in geothermal fields, but also appear to be able to evauuate
the thermodynamic conditions of the fluid in the vicinity of
the drillhole.

Detailed study of Travale geothermal field

Introduction
The Travale-Radicondoli geothermal field is located in

Tuscany, the Italian region whose geothermal field of Larder-
ello has been intensely exploited for several tens of years
(Fig.l).

The geological situation of this region has been the subject
of some detailed studies (Cataldi et al.,1970; Burgassi et al.

1975); more recently petrographic studies have been made on
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cores from the wells of the zone (Gianelli & Puxeddu,1978),

along with some structural studies (Gianelli et al..,1978).

In the last few years some regional-scale detailed geo-

physical surveys(gravimetry,seismic reflection,gradient meas-

urements and heat flow determinations) have extended geother-

mal research over a much wider area than was previously investi-

gated by deep exploration.

In 1978 a series of chemical and isotopic analyses were

made of the fluids from all the productive wells of the Tra-

vale-Radicondoli field.

We are here dealing with the relationships between the

four main components of the geothermal fluid: water, carbon

dioxide, hydrogen and methane, about which there is consider-

able controversy among geochemists. According to some (Craig,

1953; Hulston & McCabe,1962) the gas concentrations are con-

trolled by the reaction:

CO2 + 4H2 = CH4 + 2H2O (13)

and some authors (Hulston & McCabe,1962a; D'Amore & Nuti,1977;

Truesdell & Nehring,1978) consider this reaction to achieve

equilibrium conditions in natural geothermal environments.

According to other authors (Gunter,1978; Panichi et al.,1978)

this reaction does not take place, at least not in the geother-

mal environments in question. The genetic implications for

methane are of considerable importance, depending on which

theory is accepted. If reaction (13) takes place in geother-

mal systems then the origin of the methane can be by inorganic

synthesis from the reduction of carbon dioxide. Should this

reaction not take place we could hypothesize that the methane

was produced, by a well-known mechanism (Galimov,1973) ,from

organic matter of any grade of metamorphism.
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Our interpretation of the analysis results leads us to

the conclusion that the carbon dioxide in the Larderello-Travale

fields originated mainly from marine carbonates, as proposed

previously for the CO2 at Larderello (Panichi & Tongiorgi,1976);

the methane, on the other hand, would derive from organic mat-

ter during high-grade metamorphism.

Results and discussion

Carbon dioxide represents more than 90% of the total dry

gas in almost all the geothermal fluids. In the Travale-Radi-

condoli field carbon dioxide forms on average 97% by volume of

the total dry gas.

Large quantities of carbon dioxide form in nature in the

following ways:

i) by thermometamorphisra of marine sedimentary carbonates;

ii)by oxidation of the organic matter of sediments;

iii]magmatic origin.

The isotope studies led to the determination of the variability

fields of the carbon isotopic composition, depending on the origin

of the carbon dioxide.

Expressing the carbon isotope composition in terms of oWvs PCB

the carbon dioxide deriving from limestone thermometamorphis» ranges

between -4 and +4, that deriving from the oxidation of organic

matter between -30 and -18 and that of magmatic origin between

-8 and -6(Craig,1963). The carbon isotope composition of the CO,
£13

in the Larderello field varies widely, Q C versus PDB ranging

between -7 and -1% .It is considered to have originated from

marine limestone (Panichi & Tongiorgi,1976), although a partial

contribution of C0_ of other origin cannot be entirely excluded,

at least in the case of the most negative values.

The isotopic composition of the carbon dioxide of the Travale-Radicondoli

field is,on the other hand, very uniform,with Q C vs PDB = -3.4 ± 0.'6* ;these

values indicate, therefore, that the OIL has most likely originated from a
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thermometamorphism of marine sedimentary carbonates (Fig.2),

The methane in the Travale-Radicondoli field represents

about 1.6% in volume of the total dry gas.

The inorganic synthesis theory of methane through equation

f 13)is backed by Craig (1953), Hulston and McCabe (1962) ,

Truesdell and Nehring (1978)..

Hulston and McCabe (1962a),and D'Amore and Nuti £1977] f

suggest that there is a chemical equilibrium between carbon

dioxide, hydrogen, methane and water in the WairaJcei, and

the Larderello fields, respectively.

If this equilibrium exists, by utilizing the equation:

log K = 12.15926 - 11.3217X
103

0.793517x2 * O.07972O8x3

where X = —^ (D'Amore et al.,1977), based on Ellis' data
T K

(1957) and on calculated free energy data, we can evaluate

the equilibrium temperature. From the equationr

+ 2 log P1H O (150log K = 4 log XH + log XCQ - log XCH
Z 4 2

we can calculate the equilibrium temperatures for reaction

(1-3) which are listed as tchem°C in Table 1.

The molar, fraction logarithms of the chemical species

were obtained from the dry gases and the fractions of gases

in the steam sample. The water vapour pressure was assumed

to be controlled by co-existing vapcur and water at a tem-

perature equal to that of wellhead. Table 1 shows tnat there

is not a very good agreement between temperatures measured

at wellhead and those calculated from the chemical equili-

brium. In 501 of the cases ^t ̂  250C and the calculated

values are generally lower than the measured ones. However,

the fact that the temperatures calculated for equilibrium

with reaction (i'3)are similar to the measured values was

interpreted by Truesdell and Nehring as proof that at least

one of the constituents, carbon dioxide, hydrogen, methane

or water, is controlled by this reaction. As carbon dioxide
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t
t

Vfell logPH20 logX^Oo

T4 0.222 -1.59

T9 0.425 -1.33

T21 0.565 -1.76

R4 0.785 -2.27

R5 1.441 -l.CO

RS 1.360 -1.32

R9 0.924 -0.85

T23D 1.343 -1.38

Average

+
Cqlombaia

\

?ineta*
Lard,57+

4.

Lard.155

Gabbro 6

Gabbro 1

Average
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TABLE 1

1OgX0J4 I0J(H2 ^

-3.86 -4.18 US

-3.50 -3.77 130

-3.97 -4.25 141

-1.73 -2.87 . 16O

-3.09 -3.42 230

-3.02 -3.69 • 220

-2.46 -3.22 173

-3.03 -3.78 21S

173
±45

229

200

241

222

242

24O

229
*18

°c-
tche*

1OO

135

1OS

165

205

165

185

160

153
i37

153

181

225

206

235

251

22O
±27

At

15

s - _

36

5

25

55

12

58

26
±21

I

—
19

16

16

7

11

14
+5

Data from Truesdell and Nehring,1978



- 18 -

and water are major constituents, their abundance Is affected

very, little by the exchange reactions. The hydrogen abundance

is probably affected by water-mineral reactions, especially

with iron minerals. Consequently methane concentrations are

the most likely to have been controlled by reaction (13). It

is, however, difficult to explain why the calculated temper-

atures are, on average, lower than rhose measured at well-

head. The wellhead temperatures, moreover, are not the most

suitable for comparing with temperatures calculated from a

chemical or isotopic equilibrium. The geothermal fluid» in.

fact, cools during its rise through the well-

The fluids rise at a velocity of several tens of metres

per second so that the gases probably have no time to are-

equilibrate; it is therefore the bottomhole temperature that

should be compared with the calculated value. In this, case

the gas equilibrium temperatures calculated with reaction

(13-)are always- lower than the real values.

Reaction (I3)can be examined further.

Antonova et al. (1955) showed that the stable intermediate

constituent of methane oxidation to carbon dioxide is formal-

dehyde. We can quite reasonably presume that the reverse reac-

tion passes through the same constituent. Ife would then have

the following series of reactions:

CO2 + H2 = CO +

CO + H2 = CH2O

CH2O 2H

(16)

(17)

(18)
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Panichi et al. (1978) draw attention to the fact that through

the sequence (16)-(17)-(18) isotopic equilibration Is possible

for hydrogen in the hydrogen-water and hydrogen-methane gas

pairs and for carbon in the CO,-CH pair. However, as several

measurements made in the Larderello field found different

equilibrium conditions for isotopic exchange lit each of the

above gas pairs the authors concluded that reaction. (13) was

not responsible for the ratios between the chemical species

in the geothermal gases.

Table 2 shows the results of our sampling; t.̂  Indicates

the temperature calculated with the isotopic geothermometer

based on the carbon-13 fractionation between carbon dioxide

and methane. We used the equation: .
103 106

1000 InCC= -9.01 + 15.301 =% + 2.361 i~. (19)
i T 4

(Bottinga,1969).

The difference between the two calculated temperatures Is

considerable. If the isotopic geothermonieter Indicates the

equilibrium temperatures in deep conditions then this vould

mean that, while the geothermal fluid is cooling as it; grad-

ually approaches the sampling point, the gas species Involved

reach a. chemical equilibrium without, however, any isotopic

exchanges. This condition is difficult to accept-

An alternative genesis for .methane can be sought- Gunter

and Musgrave (1971) consider that the methane in. hydrothermal

gases originated from the thermal breakdown of organic matter;

. more recent studies have led Gunter (1978) to the conclusion

that, at least for the hydrothermal systems he studied, "the

low abundance of molecular hydrogen, the distribution of al-

kenes and the apparent absence of alkynes are taten as addi-

tional evidence against the reaction of carbon dioxide and
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Table 2
•

Kell Gas/steam
ratio
mlSTP/g

T4

T9

TlS

T21

Rl

23.3

53.0
O

16.4
e

R4 2046.8

R5

R7

R8

R9

T23D

Average
0 Wells

126.7
O

55.5

201.4

50.7

producing

CO2
^13C vs

PDB

-2.8

-2.5

-2.8

-3.2

-3.9

-4.3

-2.9

-3.5

-3.8

-3-4

-3.5

-3.4*0.6

cold gas

. CH4

- PDB

-2.5.8

-26.4

-25.9

-25.8

-34.3

•-26.9

-29.3

-26.9

-25.8

-27.6

-26.9

-27.5±2.4

only

t.
0C

324

309

321

329

227

327

275

315

339

304

315

30S±50

°e

Z24

179
e

224
O

162

70
O

174

119

155

1631Sl

molecular hydrogen as primary source of methane".

Studies of the isotopic composition of the methane in

natural Italian gases were carried out IS years ago CColorabo

et al. ,1965) .Out of 52 samples coming from 9 gas fields of

southern Italy they found Q C vs PDB ranging between -41

and -724ft . O C values in methane equal to those found at

Travale were reported for Larderello field by Panichi et al.

(1977) but the authors make no genetic interpretation. They

merely state that as the methane originating from bacterial

processes at low temperatures has a much more negative 0 C,
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the isotopic composition of the geothermal methane was indi-

cative either of a high formation temperature or of a. later

high temperature exchange with C0_ in the geothermal reser-

voir. In a more recent paper, Panichi et äl-(1978) suggested

that the following reactions take place:

C + 2 H CH

CO

120)

H2O

(21)

+ 10, (22)

For the first two, amorphous carbon or graphite msist exist

at depth in the zone and, indeed, graphite has been found In

several cores at Larderello.

In the case of the third reaction gas concentrations will

also -.be in equilibrium with a buffering agent made up c£ an.

association of minerals (quartz-magnetite-fayalite)-As reac-

tions (20), (21) and (22) are independent, the methane -wootld not

necessarily undergo isotopic exchange with the carbon iloxide;

the temperatures calculated from the carbon-13 fractioaatlon

between these two chemical species would therefore be mean-

ingless.

Researchers at the USSR Academy of Sciences have developed

a theory about the genesis of methane, based on the carbon

isotopic composition in this gas. This method and the theo-

retical grounds on which it is based have been discussed In

detail by Galimov (1973a). Ve will give a brief outline,

summarizing from Galimov et al. (1973).

It has been demonstrated experimentally and theoretically

that the carbon entering into organic matter varies In Isotopic

composition, according to so-called isotopic numbers o£

bonds (Galimov,1972;1973a;1973b). The isotopic number of the
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C-H bond has the smallest value and it Is higher for tike

C-C bond, for the double bond C=O,. for the C=C bond,etc.

The isotopic composition of carbon in a given structural

position is characterized by the sum of the isotopic numbers

of all bonds formed by the atom. The larger this sum Is, the

higher is the probability that the heavy carbon isotope will

occupy this position. The carbon isotopic composition of a.

gas depends on the kind of structural groups present in. it

and on the order in which they were formed.

It is evident that the isotopically lightest carbon. In

organic matter is carbon of the CH, - groups. The content of
13C will be slightly higher in the carbon of CH»- groufs

and still higher in the carbon of CH- groups, since In this

case carbon forms only one C-H bond and three C-C bonds.

Enrichment in the heavy carbon isotope is characteristic af

carbon bonded to oxygen in the carboxyl, carbonyl and «ther

functional groups.

The isotopic composition of gases In different geologic

settings is determined by the isotope separation, processes

predominating under the conditions. Maximum enrichment of
12

methane in C occurs in the upper zone of sedimentary rocfcs

as a result of isotope exchange in biological processes. In

the deeper zones of the sedimentary mantle, where there Is

no microbial activity, the mechanism of Intramolecular iso-

tope fractionation becomes inactive. Here the methane iso-

topic composition is formed in the dissociative processes

occurring in humified organic matter with a complex pslymeric

structure.

Calculations on the basis of ultimate analyses of coals



of different rank performed by Mott(1943), Patteisky 0-952,1964)

and Jüntgen and Karweil(l966) lead to the conclusion that

greater amounts of methane start developing when the stage of

bituminous coals with about 301 volatile matter C<lry and ash-

free) is reached, whereas the gas developing from lignite and

less metamorphosed bituminous coals is mainly carbon dioxide. .

In the early stages of mfttamorphism the organic matter con-

tains a considerable number of CH_-groups. These groups se-
J .

parate first and the methane formed during these early stages

of organic transformation has values of O C = -50%» -As the

organic matter loses hydrogen and the reserve of the CH-
«9

groups becomes exhausted methane begins to fona from separa-

ting CH„-groups. It is isotopically heavier than the earlier

methane. Figure 3, from a paper by Patteisky and TeichmGller

(1960),shows the trend of the H/C ratio against the 0/C ratio

during coalification. The hydrogen content decreases sharply

when the carbon content reaches 87% (corresponding to about

29$ volatile matter) . The formation of methane, which is

supposed to proceed parallel to the decreasing amount off hy-

drogen, becomes very important in the stage of coking coals,

and continues up to the stage of anthracites, where more than

c^e-third of the total amount of methane is formed.

The carbonaceous matter of the late stages of catagenesis

usually contains remaining hydrogen in CfI-.groups and the

methane genetically related to them is considerably enricned

in the heavy carbon isotope. Thus, the isotopic composition

of methane depends on the stage of coalificatiou. of organic

matter. Methane with Q C' valu.es less negative than -35

would derive from carbonaceous matter of the late stages of

catagenesis (Fig.4).
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The Russian authors assumed that a methane with, o C =

-26.4 found in lolotansk area must have formed in the late

stages of coalification. The isotopic composition of this

gas is the same as that of the methane accompanying anthracite

in the Ruhr basin, according to Stahl (1968) and Coloniba et

al.[1968). However, these authors did not find any connection

between the isotopic composition of the Ruhr gases with the

grade of metamorphism of the organic matter. They attributed,

the carbon-13 enrichment of the methane to a complicated

system of various diffusion processes. However, Ga3.imov(197Ua.3,

by detailed investigation of various methods of isotope frac—

tionation, showed that the isotope effects caused oy migration,

(diffusion, solution in water, degassing) were small compared

with isotopic shifts produced by genetic causes. Ke therefore

criticized their interpretation, maintaining that liis theory

on the intramolecular isotopic effects gave a more general

and convincing explanation of the isotopic compositions of

the methane.

If this theory is accepted, the 0 C value of the methane

in Tuscany's geothermal fields indicates that this gas forms

from carbonaceous matter representing the final stages of

coalification. On the other hand, benzene and branched hydro-

carbons present in large amounts and variety in gases from,

the Larderello wells have been interpreted as being mainly

originated from the breakdown of more complex organic sub-

stances (Nehring and Truesdell, 1978).

The study of the subsurface geology of the Larderello-

Travale active geothermal field reveals the following suc-

cession of tectonic units from top to bottom:
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1) the Ligurids; 2) the Tuscan nappe; 3) Paleozoic phyllites

and quartzites with intercalations of various types of crys-

talline carbonate rocks, metajjraywacke, anhydrite and graph-

itic schist (Gianelli & Puxeddu,1978).

The isotopic composition of the carbon-13 in the methane,

the presence of carbonaceous matter representing final stages

of coalification in the zone, the unconformity between the

temperatures calculated with the chemical equilibrium and

those calculated with the isotopic equilibrium, lead us to

conclude that Galimpv's theories are valid and applicable

to the Tuscan geothermal region.

In other words, we believe that the methane at Larderello

and Travale originated principally from carbonaceous matter

and not, as reported recently by some authors, from carbon

dioxide reduction. A contribution from the latter reaction

cannot be eliminated completely, however, since the conditions

of reaction are not xrell known.

Conclusions

.The hydrogen, oxygen and carbon isotopic compositions

..in the gas components appear capable of recording the tem-

peratures experienced by the geothermal fluids in different

parts of the system. Indeed, except for the pair CO_-CH.,the

equilibration temperatures normally exceed the wellhead

temperatures, but the maximum values are only slightly higher

than the maximum temperature recorded in a deep unproductive

well in the area. The problem arises when interpreting the

isotopic temperature values of about 34O0C or more, calcula-

ted by means of the carbon isotopic fractionation between CO7

and CH,. This value can be considered realistic if we assume

that isotopic equilibrium is reached by these two components.
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However, a molecular exchange between CO2 and CH, seems practi-

cally absent in the hydrothermal conditions, and the only way

for equilibration to occur is represented by eq.(13).

As far as the gas phase reduction of carbon dioxide is

concerned there are, as yet, relatively few data from which direct

conclusions about the mechanism can be drawn. For example, no

final unambiguous answer can yet be given to the question of

which intermediate is responsible for this reduction reaction.

However, some speculation on this point can ne made. It is known

that the most important stable intermediate of the oxidation of

methane to carbon dioxide is formaldehyde (Antonova et al.,1955).

Now, it seems reasonable to assume that this compound may be

the intermediate of the reverse reaction at high pressure and

temperature, and thus an approximation of the F.T. reaction

could be written as:

CO,
- H2O

In this case the formation rates of carbon dioxide and

formaldehyde appear to be the regulating factors of the total

reaction.

The above sequence provides sufficient steps for the hydrogen

and oxygen isotopes in the H2-H2O pair (1st step), the hydrogen

isotopes in the H2O-CH. pair (final step) and the carbon isotopes

in the CO2-CH. pair to reach isotopic equilibrium. We have no

reasonable explanation for the absence of any equilibrium con-

ditions between H2-CH. and a possible continuous re-equilibra-

tion of the H2-H2O and H7-CH. systems, while the carbon isotopes

in CO2 and CH, remain unchanged.

These observations lead to the hypothesis that reaction (13)

does not occur at depth, and that a series of individual reac-

tions such as nos.(20),(21) and (22) can be responsible for the
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observed isotopic fractionations or, as we have seen from the

detailed study of Travale, the methane may have originated

from the last -CH groups tied to the carbon present in the

rocks. In the latter case the CH. molecules never have the

opportunity to change their isotopic contents with CO2 and

H9O and the calculated temperatures using these two systems
Lt

are meaningless.

Additional evidence directly supports our hypothesis;

Gunter (1978) studied the cheT-ical composition of the geo-

thermal gases of Yellowstone Park with respect to their C, -C.

hydrocarbon contents, concluding that the "low abundance of

molecular hydrogen, the distribution of alkenes, and the appar-

ent absence of alkynes are taken as additional evidence against

the reaction of carbon dioxide and molecular hydrogen as primary

source of methane".
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FIGURE AND TABLE CAPTIONS

Figure 1 - Histogram showing distribution of the T - T- values

Figure 2 - Geographic distribution of the T -T. values

Table 1 - Oxygen isotopic composition of C0_ and steam samples
and related isotopic temperatures.

Table 2 - Hydrogen isotopic composition,isotopic and measured
temperatures of five different wells in the Larderello
field.

Table 3 - Isotopic compositions of geothermal fluid from Larder-
ello area and evaluated temperatures from three differ-
ent geothermometers.

Detailed study of Trayale geothermal field

Figure 1 - Location of. the Travale-Radicondoli geothermal field

Figure 2 - Ranges of variability of 5 C vs PDB in carbon dioxide
from various sources

Figure 3 - Variation of hydrogen and oxygen contents in coals
during the coalification process. Note that a hydrogen
decrease is particularly strong in coals passing from
87». to 96.5$ carbon (after Patteisky and Teichmüller,
1960).

Figure 4 - o C vs PDB in methane as a function of the stage of
catagenesis of the organic matter from which it originates.

Table 1 - Comparison of wellhead temperatures (tf!™) and calculated
temperatures (tchem) based on equations (14) and (15)
(see text). X^ represents the molar fraction of the species,
also accounting for the gases dissolved in the condensate.

Table 2 - 5"1C values in CO, and CH. of the wells in the Trarale-
Radicondoli field and temperatures (t-) calculated from
equation (19) (see .text).
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APPENDIX 1:

SAMPLING PROCEDURES AND LABORATORY TREATMENT OF THE FLUIDS

FROM GEOTHERMAL IVELLS FOR ISOTOPIC DETERMINATIONS



- 2 -

Sampling procedures

The research laboratories of ENEL (National Electric Igency)

and C.N.R. (National Research Council) have designed and lasted

several sampling lines for collecting fluids from geothermaL wells.

Some of these lines are described in DVAM)KE and NUTI (1977).

The simplest of these has also proved to be the most practical

when determining the isotopic compositions we are dealing with in

this paper. This line is shown in Fig.l.

Sampling proceeds as follows: the producing and, henoÊ flow-

ing well has a lateral valve at wellhead with a gas outlet- The

latter is connected to a rubber tube (1); the valve is opemd, let-

ting the fluid escape into the air until the tube is hot aid there

are no condensation phenomena inside it.

At this point the line shown in the figure is connects! to the

tube, with all the taps shut off. A vacuum was previously created

inside the line, either in the laboratory or in the field, using

a battery-operated rotary pump. The line must also be clear and dry.

The taps are then opened quickly in the order (A), (B), tten (C) and

(D). Most of the steam solidifies in trap(l), which is at a tem-

perature of -8O0C but, due to the high temperature of the fluid,a

part of the steam escapes with the gas to solidify in trap (2),

even if the flow-rate is low.

The freezing mixture, especially in trap (1), begins Boiling

so that dry ice has to be added continually. Where no dry ice is

available it can be produced on the spot by wrapping a cloth bag
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round the mouth of a cylinder of carbon dioxide and rapidly

opening the cylinder tap. Obviously the latter should not have

a pressure reducer. Carbon dioxide fire-extinguishers are also

ideal for this purpose.

In order to avoid isotopic fractionations it is very an-

portant that all the steam entering from tap (A) condensates

before reaching tap (B); if traces of condensate are noted be-

yond this tap then sampling should be abandoned, a new line set

up and a new sampling undertaken at a lower flow-rate. If, on

the other hand, the gas leaving tap (B) is dry, then it is allow-

ed to flow through the sampler of about 500 ml volume and,through

a vaseline oil bubbler, to escape into the atmosphere. After 10

minutes the taps are turned off rapidly in reverse order, i.e.,

(D),(C),(B) and (A). The line is then detached from the ruther

tube and replaced by a second line to repeat the sampling. At

this point the gas sampler contains a sufficient quantity for

several determinations of the isotopic composition of carbon dio-

xide (13C and 18O).

The gas being dry there is no risk of a low temperature re-

equilibration between the carbon dioxide and water, a phenomenon

which would alter the oxygen isotopic composition of the OD,. The

sample is now ready for laboratory treatment.

The water vapour that solidified in the traps between taps

(A) and (B) is left to dissolve; the water is then run several

times from tap (A) to tap (B) and viceversa to homogenize the sam-

ple, which underwent a strong fractionation during the two partial

condensations. Having re-homogenized the sample, which will be
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proportional in quantity to the flow-rate and inversely pro-

portional to the gas/vapour ratio, a part of it is taken to .

completely fill a 25 ml bottle. The latter is sealed hermeti-

cally. This sample is now sufficient for several determinations

of the isotopic composition of the water (2H and 18O) and ready

for laboratory treatment.

The same line shown in Fig.l is also used for taking methane

and hydrogen samples, but in this case the gas sampler has one

tap only. The sampler is 1/3 filled by an acqueous solution of

301 NaQH and the air, as usual, is removed by a rotary pump.

The gas is made to bubble through the solution. The C(̂  and H2S

react with the NaOH and the empty space in the sampler fills up

with methane and hydrogen as well as nitrogen, noble gases and,

usually , the non-soluble and/or non-reactive gases in the NaOH

solution.

However, as carbon dioxide and hydrogen sulphide together

form more than 901 and often more than 95$ by volume of the dry

gas in the geothermal fluids, this procedure greatly enriches

the residual gases. When the gas stops bubbling the solution is

saturated and the residual volume in the sampler is full of gas.

The tap must then be shut off rapidly and the sampler taken off.

The resulting sample can be used for several determinations of

the isotopic composition of the hydrogen (%) and methane C2H and

C) and is ready for laboratory treatment.

Laboratory treatment

The simplest preparation is undoubtedly that for carbon di-

oxide samples. As we explained in the preceding section we have
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a dry gas sample in a 500 ml sampler. Using a rubber tube and

glass cone, the sampler is connected to a simple vacuum line

(Fig. 2). A clean, dry sample holder is attached to cone (E)

and a vacuum created throughout the line using a diffusion

pump to obtain a vacuum below at least 10"̂  UHU Hg. Taps (C)

and (D) are closed and tap (A) opened, letting the gas expand

within the volume; taps (A) and (B) are then closed. Dewar (1)

is filled with liquid nitrogen and the carbon dioxide solidifies

in the trap. When the pressure stops lowering on the vacuum

gauge we can assume that, there are no longer any condensable

gases in the line at the liquid nitrogen temperature; usually

10 minutes are required for this condensation phase. At this

point tap (D) is opened, pumping off the uncondensable gases,

i.e., methane, hydrogen, nitrogen and rare gases. Khen the vacuum

gauge again indicates the minimum (i.e., below 10 inn Hg), tap

(D) is closed. Dewar (2) should now be filled with liquid nitro-

gen and dewar (1) replaced by one containing a mixture of alcohol

and dry ice; tap (C) is then opened. The carbon dioxide escapes

from the trap and solidifies in the sample holder, while any

impurities that are condensable at the freezing mixture tempera-

ture are left in the trap. Tap (C) should then be closed and the

sample holder taken from the line. Whenever the sample holder

reaches room temperature the carbon dioxide is ready for mass

spectrometric analysis. This description of the procedure and

the line shown in the figure are, of course, meant only as a

basic outline. Several samples can effectively be handled simul-
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taneously by making the relative, and simple, adjustments.

There are many methods available for measuring the iso-

topic composition of oxygen in water, but that used most

frequently is the water-carbon dioxide equilibration method

proposed by COHN and UREY in 1938 and applied by EPSTEIN and

MAYEDA in 1953; the latter authors were the first to produce

valid and accurate analyses of the oxygen isotopic composition

in natural waters.

We will now describe this method as it is at present ap-

plied in the laboratory of the International Institute for

Geothermal Research.

From two to three cubic centimetres of water are poured

into a small pyrex test-tube which is attached to a vacuum line

by means of a tap-joint (Fig.3).

The water is frozen by a mixture of ethyl alcohol and dry

ice at 8O0C below zero. In these conditions the air in the sys-

tem (test-tube, joint and line) can be pumped off without losing

even a fraction of the water, which would otherwise cause an

isotopic fractionation. The water is now left to melt in order

to release the part of the air trapped in the ice during the

freezing process. The water is again frozen to pump off the air.

At this point pure, dry carbon dioxide is added to the test-tube

until the pressure gauge shows 10 cm of mercury below atmospheric

pressure. The test-tube and joint, with closed tap of course,

are then placed in a thermostatic bath at 250C. The isotopic
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exchange reaction

C 16O2 + H2
 18O ̂ =S C 16O 18O + H2

 16O

here reaches equilibrium for this temperature after a. certain

period (one or more days). The sample must have an acid pH

which can , if necessary, be modified by adding a drop of

H3PO4 that is 100% pure. Should the sample have a low saline

content the equilibrium period may be shortened considerably

by shaking the sample.

Once equilibrium has been reached the tes.t-tube is taken

back to the vacuum line and the carbon dioxide separated from

the water b/ means of traps filled with liquid nitrogen and an

alcohol-dry ice mixture. The carbon dioxide is collected in a

sample holder and is now ready for mass spectrometric analysis.

At the moment the only valid method for determining the

hydrogen isotopic composition in water is to separate the water

in vapour form at 7SO0C on metallic uranium, according to the

reaction:

3 H2O + 2U Jffi"0». 3 H2 + U2O3 (1)

as described by CRAIG (196Ia) and GODFREY (1962). The preparation

line is illustrated schematically in Fig.4. Argon is passed

through a small, dry, clean pyrex finger (A) with cone to expel

the air. Using a capillary pipette we introduce a small drop

(less than 20 micrograms) of water to the finger. It is then joined

to the vacuum line, the water frozen with a liquid nitrogen trap

and the gas pumped off. At this point trap (B) is immersed in
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liquid nitrogen and the finger (A) heated by a gas flame or

alcohol burner, taps (C) and (D) being, of course, open ani

tap (E) closed. This operation should not be done in a huny

as the transfer of water under vacuum conditions is not as

fast as that of carbon dioxide. Having transferred the water-

to (B), tap (D) is closed, trap (F) lowered into liquid ni-

trogen and trap (B) heated. A hair-dryer is very useful when

heating trap (B). The water is thus forced through the quartz

tube (G) , which is filled with natural uranium turnings ana.

heated to 75O0C. Reaction (1) then takes place. Any traces <D£

water passing through the uranium burner are later blocked in

trap (F); by cooling trap (B) and heating (F) any non-reactive

water is forced back in the other direction. At this point tthe

sample has had a complete reaction and the line between taps

(D) and (H) contains the hydrogen produced by the reaction.

With taps (M) and (N) closed we now open taps (H), (I) and J]L)

and let the hydrogen expand. The quartz finger (O) contains one

gram of uranium turnings heated to a temperature ranging between

60° and 9O0C. The hydrogen, at this temperature, is absorbed by

the uranium to form UH3. Once all the hydrogen has been absorbed,

checking with the vacuum gauge, we close tap (I), open tap (N)

and heat the quartz finger to 75O0C. At this temperature tke

UHj decomposes and the hydrogen expands, filling the sample

holder (P). The latter is thus closed and passed to the mass spec-

trometer for isotopic analysis.
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The most complicated preparation is that of the methaie

and hydrogen samples which, as we have seen in the section

on sampling procedures, are kept in a gas sampler with 30%NaOH

at a pressure very near atmospheric.

Figure S is a sketch of the line used to treat this saple.

The gas is allowed to expand from the sampler into a volume of

60 ml. Using a Toepler pump this gas is transferred to a faced

volume mercury manometer where it is measured. UMIe it is Being

transferred, the trap immediately before the Toepler pump iae

immersed in liquid nitrogen so that the traces of water cosing

from the sodic solution, along with the excess of (X̂ jÎ S aid

other gases condensable at liquid nitrogen temperature, are thus

blocked. Using the Toepler pump again, and with the taps in

the correct position, the gas is now made to flow through tie

copper oxide at a temperature of 35O0C. Part of the hydrogai

reacts to form water, which is held in the traps placed after

the burner and immersed in liquid nitrogen.

The uriburnt part of the hydrogen, as well as the resifiial

gases, continue to flow through the Toepler, copper oxideHurner

and liquid nitrogen traps. The tap between the Toepler and

burner is closed every now and then and the quantity of gas

measured.

When two consecutive measurements are equal we can assume

that the hydrogen has completed the reaction; the remainin» gas

is left in the manometer, the tap prior to the traps is closed

and the residual gas pumped off. Heating tMs gas and immecsing
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the sampler in liquid nitrogen we then transfer the water

obtained from the reaction into the sampler. We have already
described in this section how a water sample is prepared for
analysis of the hydrogen isotopic composition. The sampler used
to condensate the water replaces the pyrex finger (A) in Fig.4.
Once we have replaced the used sampler the gas kept in the
manometer is made to circulate again; by this time it consists
almost entirely of a methane-nitrogen mixture with some rare
gases. However, in this case the temperature of the copper
oxide is increased to 6SO0C.The methane reacts with the copper
oxide at this temperature to produce water and carbon dioxide.
The water is kept in the first trap beyond the burner which,
this time, is immersed in an alcohol-dry ice mixture; the car-
bon dioxide is blocked in a second trap immersed in liquid nitro-
gen. As in the case of the hydrogen.we now await proof that the
reaction has ended before pumping off the residual gas (nitrogen
and rare gases); using the same techniques the carbon dioxide
and water are then transferred to the samplers. The water is
treated in the same way as that produced by hydrogen combustion
whereas the carbon dioxide is ready for mass spectrometric ana-
lysis. The diagram on the next page shows how all the samples
were converted to- carbon dioxide and/or hydrogen and kept in
special sample tubes for transfer to the mass spectrometer.

-̂-
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Figure captions

Fig.l - Sampling line for isotopic analysis of the water and
gas from a geothermal well.

Fig.2 - Line for separating and purifying the (X̂  collected with
other gases.

Fig.3 - Preparation line for water samples for determining the
oxygen-18.

Fig.4 - Preparation line for water samples for determining
deuterium.

Fig.5 - }>fethane and hydrogen combustion line for isotopic
measurements.


