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Abstract

Ozone exhibits large and mass independent isotopic fractionations (MIF) in oxygen isotope
ratios relative to molecular di-oxygen (O2) from which it is formed. An interpretation of this
effect was proposed based on the behavior of the indistinguishable isotopes 'O in scattering
processes. We report here an experiment aimed at testing one of the predictions of this model.

O3 was formed by high frequency discharge in Og with pressures ranging between 1.6 and
38 Torr. The isotopic evolution of the closed Oy reservoir was monitored during its distillation
taking place during the continuous removal of ozone by condensation. Its composition evolves
from a mass independent to a mass dependent fractionation along with the decrease in pressure.
The 1sotopic pathways defined by this evolution in the 3 isotopes diagram are in quantitative
agreement with the theoretical prediction of the disappearance of MIF with the increase of the

complex lifetime stabilized as ozone.
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Introduction

The discovery of a mass independent oxygen isotope fractionation (MIF) during the synthesis
of ozone was found to contain a considerable potential for applications in Earth and
Atmospheric Sciences(1-3). A comprehensive set of experimental data illustrates this effect(-16),
The origin of this physical phenomenon has been extensively discussed7-29) but is still puzzling.

The isotopic composition of ozone is usually reported in relative variations expressed in per
mil and noted in the ™O units:

om0 = {[("O/*O)o, / ("O/1°O)o,] -1 } 1000 (1)

with m standing for mass 17 or 18. Using these units, the isotopic compositions can be
reported in a 3 isotopes diagram as 6770 = f(540) where quasi-linear correlations are defined
by their slope p. For an infinite reservoir of Oy, the isotopic composition of the reservoir (i.e.

(mO/1%0)o,) remains constant during the synthesis of ozone. In this condition, 8O stands also

for the overall isotopic fractionation factor "abetween O and Os:

dmO = ("a-1) 1000 2)

The variations in the two isotope ratios 7O /160 and '#0O/'°O depend only on the difference
in mass of the isotopes and, in this respect, are assumed to be mass dependent. In other terms, a
change of 1%o in 870 is accompanied by a change of =2%o in 8'80; hence p=0.52(30-32),
Contrary to this theoretical and experimental prediction, the MIF effect observed during the
synthesis of ozone yields p=1.0.

If the 1sotope fractionation results from two processes having a mass dependent and a mass
independent isotopic fractionation factors, "@mus py and 7 respectively, the overall isotopic

fractionation factor "a can be expressed as:

"o = mCZ,WIa.mDe]) .n (3)
with
mCZ, Mass Dep. = ]+€(a) (4_)
and
n=1+¢&n) (5)

At this stage, in order to simplify the notations, we designate '°O, 7O and '®O by 6, 7 and
8, respectively. Using this formalism, the variations of p in the 3-isotope diagram can then be

understood as follows: when ozone is formed by a mass dependent process, (|gn)| << |&@)|)



the 1sotopic compositions of Os are related by p=0.52 and versely, when ozone is formed
purely by a mass independent process ( |&n)| >> |g(a)|) p=1.00.

The question raised by ozone can then be re-formulated such as: what is the physical origin
of &1)(8) ? The solution of this question is complicated by the fact that the formation of ozone
1s a 3-body reaction and thus involves several reactions that yield isotopic selections. A simplified

system describing the main reactions responsible for the formation of ozone is written as:

O+0 > Ogs* (ke*) (6)
Os* >0+ 0Oy (kp) (7)
Os*+M > Os+M (knr) (8)

Reaction (6) describes the formation of the activated complex Os* (also referred to as
metastable ozone) with the rate constant k* (f for formation). Reaction (7) represents the

spontaneous dissociation of the complex where the inverse of the rate constant kp (D for

dissociation) stands for the lifetime of the complex: T = 1/ kp. Reaction (8) corresponds to the
possible stabilization of Os* by a third body M absorbing the proper amount of internal energy
(the density of M 1s noted [M]). M can be a molecule of the gas phase or a solid surface.

At low pressure (P<1 Torr), kp>> [M].km ), the formation rate of ozone is written as:

k*f . kp [M]

d[O3]/dt =[0].[O2] P

= [0L.[02] (k*f .ky [M].T) )

The isotopic fractionation factor "« is the ratio of the rate constants £%; M.kyrand 7 :

ng =mRr x ™Ry x Ry (10)

with #Rg, Ry and 7Rt standing for the £*; M.ky and 7 ratios involved in the formation of

m66 and 666. Although no scientific consensus exists in the literature on the origin of the MIF

effect(18-23,27,29) it has been proposed®3-34) that ™Rr and ™Ry are mass dependent contrary to

the lifetime ratios ™Rz of the different isotopomers of the complex: the lifetime t would be

different if the complex is formed by distinguishable (such as m+66) or by indistinguishable
isotopes (such as 6+66)33-34). The channels accounting for isotope exchange and non-exchange
between O and Og can be split when isotopes are distinguishable; but, this is not anymore
possible when they are undistinguishable. As a consequence, the relative proportions of
complexes formed by the exchange and non-exchange processes, cannot be calculated similarly
when complexes formed via dis- or indistinguishable isotopes. Their average lifetime t is thus
different. This effect takes place during the scattering of oxygen atoms by Og and is independent

of the interaction potential between O and Oq. In other terms, MIF does not result from an



isotope-exchange reaction, but reflects the isotopic composition of the fraction of the activated

complexes that is sampled through their stabilization as ozone (reaction 8). The lifetime ratio
MRz is ascribed to the mass independent isotopic fractionation factor and is noted "7(19),

mp has been modeled numerically in classical mechanics®3); assuming that the quantum
terms are negligible when rates are averaged in a thermal situation. This assumption has been
numerically verified by®3). Several numerical predictions arising from these calculations are
specific to this theory and can be used for practical purposes. In this paper, we report an
experiment dedicated to test one of these predictions, namely: 77 should vary with the lifetime
of the complex hence with the pressure of the bath.

In the laboratory, ozone (Os) produced in a molecular oxygen plasma by electric or
microwave discharge or by O2 photolysis, 1s condensed on the glass walls of the apparatus at
liquid nitrogen temperature. At Oo pressures <10 Torr, a progressive transition has been
observed(® 9,10, 16) hetween the two regimes of isotopic fractionation i.e. with p varying between
1.0 and 0.52 during the decrease in pressure. In addition, when p=1.0 or p=0.52 ozone is either
enriched or depleted in the heavy isotopes, respectively. This effect was interpreted as the
progressive transition between two distinct processes: a homogeneous (mass independent;
p=1.0) and a heterogeneous (mass dependent; p=0.5) reaction taking place on the walls of the
apparatus (6,9, 10 16),

Bains-Sahota and Thiemens(®) ascribed this low pressure reaction to the formation of Oq
by the recombination of two oxygen atoms while Janssen and Tuzson(!) called upon the fast
isotopic equilibrium between O and Oq:

m + 66 <> 6 + mb6 (11)

Ozone being formed by the reaction between oxygen atoms and O: from the bath, the
1sotopic composition of ozone would reflect the isotopic composition of the oxygen atoms in
(11). Since the equilibrium reaction (11)is much faster that the stabilization rate of the complex,
Janssen and Tuzson(® have proposed that the reverse reaction (7) overcomes the stabilization
reaction (8). However, observations(1® and theoretical considerations clearly indicate that the
complex states reached isotopic equilibrium with the reactants in the gas phase at pressures well
above 10 Torr, 1.e. well above the domain in pressure where the progressive change of p is
observed. Therefore, the theoretical origin of the p variations remains an open question.

We have studied the evolution of p for a finite reservoir of O2 where the isotopic composition

of O changes along with the removal of O3 and with the change in pressure.



Based on these new results and using the theoretical prediction according to which 77 is
pressure dependent, we show that another interpretation is possible to account for the change

of p at low pressure.

1. Experimental methods

Ozone is produced by a high-frequency discharge in natural oxygen (research grade purity)
and 1s continuously removed from the bath through its condensation on the glass walls of the
apparatus at liquid No temperature. The oxygen gas is introduced in the reactor (about 3700
cm?, cylinder-like shape with 5cm radius and 40cm length) through a Pyrex tube (Figure 1).
The 1sotopic composition of Oz is recorded as pressure steps 1.e. when the reaction stops, the
pressure of the remaining Og1s measured and a small aliquot of Oy 1s sampled and isotopically
analyzed. The evolution of pressure i1s monitored by a piezo-sensitive gauge Pfeiffer APR26.

Eight sets of experiments are run with initial pressure of 5.39, 10.33, 10.43, 11.45, 18.05,
26.52, 30.16 and 37.56 mbar respectively (see table 1). A radio frequency high voltage discharge
is applied manually with a Tesla coil on one single metallic electrode (inox-made) located at the
center of the Pyrex cylinder tube. A glow discharge is visible at the lowermost part of the
electrode, where small light sparks can be seen. The lower part of the reactor, about 60% in
volume, is immerged in liquid nitrogen (~87 K).

The reaction and the mass spectrometric analyses are made through the following successive
operations (cf. Figure 1): (1) the reactor is outgassed by opening the stopcocks (1) and (3) and
similarly, for the admission of Oz in the reactor, (i1) the stopcock (3) is closed and the upper
volume (20 cm?) limited by the 3 stopcocks is continuously pumped out, (iiil) when the discharge
1s stopped, the stopcock (1) 1s closed and an aliquot of O21s sampled by opening the stopcock (3)
(ozone remaining trapped cryogenically on the reactor walls), (iv) after 30 sec. for pressure
equilibration, the stopcock (3) is closed and an aliquot of Oq1s injected in a Dual-Inlet Isotopic
Ratio Mass-Spectrometer (DI-IRMS; see Figure 1) by opening the stopcock (2). This last
operation yields a decrease of the pressure in the reaction vessel of the order of a few %.

The isotopic composition is measured with a mass spectrometer ThermoFischer Delta V DI-
IR-MS. The analytical precision (1 std. dev.) on isotopic analyses is £0.082 and £0.040 %o, for

370 and 6'80, respectively. The mass resolution of the instrument is =150 (Am/m). The

amount of analyzed gas lies between 10 and 80 pmole STP.

2. Results



Results are reported in Table 1 and 5 experiments out of 8 are reported in Figure 2. O2 was
introduced in the reaction vessel at an initial pressure Pi. In the Janssen and Tuzson
experiment() the amount of synthetized O3 did not cause a noticeable change in the O»
pressure and thus, the isotopic fractionation factor "a was directly accessible by measuring
8170 and 8'80 in Os. In contrast to this, the present experiment lead to a reservoir effect
(hereafter referred to as a “distillation”) where the pressure and the isotopic compositions of Og
diminish along with of the condensation of Os. The duration of the reaction, the initial and final
pressures Pi and Pf are also reported in Table 1 for each step.

The evolution of the §'80 with pressure is reported in the Figure 2. In this figure, the pressure
stands for the average value between Pi and Pf except for the first step where the pressure is the
initial Pi value. The 680 shows first a decrease in the first pressure steps, followed by an increase
for the last fractions of the remaining O reservoir. During the decrease in pressure, the 6180’s
go through minimum values which occur at different pressures among the experiments,
depending on the initial pressure of the Og reservoir. This minimum value corresponds to a 45-
55% decrease in pressure relative to the initial pressure value.

The evolutions of the isotopic compositions of Og caused by the removal of O3 are also
reported as pathways in the 3 isotopes diagram (Figure 3). In several experiments, 870
and 080 show first a decrease along a slope p=1.0 followed by an increase along a
slopel>p>0.5. The correlation slope p varies between =1.0 and ~0.52 1.e. between a pure mass
independent and a pure mass dependent fractionation.

Note that p=0.71 is usually observed when the discharge takes place between two
electrodes(6:10:13-14)  'We have also reproduced experimentally p=0.71 by using an electric
discharge between two electrodes®®). This departure of p from unity would reflect a mass
dependent isotope fractionation occurring either during the dissociation of Oz by electron
impact in the discharge or by a simple thermal dissociation of Os. In these conditions, ozone
results from a two steps process: a formation mechanism along the slope 1.00 and a dissociation
mechanism along the slope 0.52; hence a resulting slope of 0.71. In the course of this study, it
has been verified that the slope p 1s exactly equal to 1.0 for a Oz pressure around 80 Torr and
when using a single electrode to promote the discharge. Therefore, this dissociation mechanism
1s not taking place in the present experiment.

As shown in this Figure, 870 and 8'%0O in the remaining O2 becomes progressively depleted
in 7180 when the pressure diminishes indicating that ozone is enriched in 7180 and lies on a

slope »#=1.0. The shift of slopes at low pressures from p =1.0 to p =0.52 1s associated with an
pe p P p Y4 Y4



increase in 870 and 6'%0 in the remaining Os (p = 0.5; Sample #1), indicating that ozone is
now depleted in '7-180 in a mass dependent manner. Such a behavior is usually referred to as a
cross-over in the 1sotopic fractionation factor.

This cross over is qualitatively in agreement with previous observations(®:14). It was
interpreted() as an evolution in the relative contributions of
(i) ozone formed in the gas phase reaction with p=0.71 corresponding to the maximum 67O

and 8'%0 values in Os equal to +110%o and +140%o, respectively and of
(ii) ozone formed on the glass walls by the reaction (11) with p=0.52 (580 values in O3 around

—35%o).

In other terms, the change in the ozone isotopic composition would result from the evolution
of the relative proportions of ozone formed by two types of chemical reactions. However, in
Figure 3, it can be observed that the linear relations of the isotopic evolutions toward
positive 6170 and 6'80 values do not converge toward a unique composition that would stand
for the component (i1).

As a summary, these new results are difficult to reconcile with a two end-member mixing
model. They are compared in the next session with the predicted theoretical relation between
mg and the lifetime of the complex

3. Interpretation

The present interpretation is based on the formalism developed by Reinhardt et Robert(33:34).
Our purpose here is not to perform a complete physical treatment of oxygen chemistry in the
plasma. Numerical simplifications can be made in the calculation of the isotopic fractionation
me if one considers only the ratio of isotopically substituted reaction rate constants®®2). Indeed,
in most cases, the interaction potentials are not affected by the isotopic substitution and such
ratios (as ™Ry or ™Ry in (10)) can be supposed to be mass dependent. This assumption is still
theoretically investigated in great details7>38),

In@®4), a simple model for the stabilization of the complex has been assumed: ozone would
be stabilized above the minimum lifetime value Zisin. Below Zsin, the complex spontaneously
dissociates and Oq returns to the gas phase via reaction (7). The relation between the weighted
average lifetime T and Zuin has been computed and is reported in Figure 4 (see®4) for details).
In this Figure, the difference between /7T and 74T being negligible, m has been omitted in T for
simplicity. In the rest of the paper we will use T in place of Ty, T being an intensive parameter

of the reaction forming ozone.



Considering only the natural isotopic abundances of oxygen (i.e. 8/6=2x10-3 and 7/6=4x10-
4, the 3 isotopomers 666 and m66 are the most abundant species. The 4 atom-molecule

reactions producing the scrambled products "O!°O50O* are restricted to:

m + 66 > mb66* (12)
6 +mb6 — 6m6* (13)
6+ 6m — 66m* (14)

In italic, the knock-on atom of the molecule O2. Reaction (12) stands for the two reactions
between m and 6. Note that reactions (12) and (14) correspond to the forward and backward
reaction (11) for isotope exchange. The atom-molecule reactions producing '°O16OQ10* is:

6+ 66 - 666* (15)

The lifetime for the reaction (15) is noted 7; with the subscript I for indistinguishable.

We define the lifetime ratio as the mass independent isotopic fractionation factor 7:

nT)=1/7T (16)

Experimental data and numerical simulations(13:39:40) reveal that both mass dependent and
mass independent isotopic mass fractionation takes place in the stabilization rate of Os* at the
low pressure regime. For example, the average lifetime of the 666 complex is shorter than the
lifetime of 688 but longer than the lifetime of 86639). This mass dependent effect is theoretically
well understood and involves the quantum mechanical differences in the vibrational zero-point
energies (AZPE) between entrance and exit channels in the O+Og reaction(13,39:40),

This vibrational contribution (noted V) is related to the difference in the AZPE between the
reactants (O+0O2) and the products (O3) and has been experimentally measured by(13) for several
isotopomers of ozone. In the case of the natural abundances of 17O and 80O, each reaction (12),
(13) and (14) contributes for 1/; in the overall isotopic fractionation factor(®3). This gives the
mass independent isotopic fractionation factor #7(T) (i.e. the overall lifetime ratio)®4):

T =Y [nT). " viz] Y [nE). " vis] + Y5 [1T). " Vi) (17)
with the subscripts standing for the reactions (12), (13) and (14). The computed numerical
vvalues are(34):

7v19=0.867; 7v13=1.000 (AZPE=0); 7v14=1.133 (18)

18y19=0.746; 4v13 = 1.000 (AZPE=0); ¥wv14 = 1.254 (19)

Note that the masses of the isotopes for the translation and rotation movements were also

considered in the calculations of 7(T)33); these mass corrections are negligible and are not

mentioned here for simplicity. Numerical results for 777(T) and /97(T) as a function of T are



reported in Figure 5. They exhibit a maximum around T = 30 ps which is in agreement with
the maximum isotopic fractionation experimentally observed in ozone and in agreement with
experimental determinations for T#2). This gives at T = 30 ps, /n(T) = 1.114 and *n(T) = 1.116,
giving p=1 in the three isotopes diagram.

In the gas phase, T is constant and leads to the third order reaction (9). As a consequence,
the ratio 8'70/58'80 exhibits a plateau at pressure Ps100 Torr. However, if ozone is produced
on the walls of the apparatus, the reaction should not depend anymore on the density of the
third body [M] and the reaction (9) becomes second order. This situation 1s achieved if one
supposes that T varies as P! on the walls.

Looking now at Figure 3, it can be noted that 77(T) varies rapidly with 7. As shown in Figure
5, )= = 1 when T — o0. T can be related inversely to the pressure, as the occurrence of the
two possible reactions (Os* with the wall at an average time constant and Os* in the gas
stabilized by the encounter with M) tend to favor the reaction with the walls when the pressure
diminishes. The average lifetime before a stabilizing collision will thus be shorter at high
pressure than at low pressure (and, of course shorter than for a case without walls). Therefore,
we assume that T is inversely proportional to pressure.

T « P! (20)

This hypothesis has two consequences: when the pressure diminishes (i) the reactions (9)
should becomes progressively second order and (it) since 7T) = = 1, the mass independent
effect should disappear. This 1s in qualitative agreement with several observations reported in
the literature(®:%:1%:14) where the decrease in 6!70-3'%0 was observed below <30 Torr and
ascribed to wall effects. Ascribing this effect to a change in the lifetime of the complex stabilized
as ozone, the observed pathways in the 8!70-8'0 diagram can be simulated numerically.

We define ™/ as the isotope exchange equilibrium constant of the reactions (12) and (14)
(m+66 and 6+6m):

nf = (mO/1O)o / (mO/1°0)o, (21)

The term ™f'was not considered in our previous theoretical approach®4) that was focused on
the numerical evaluation - and origin - of the mass independent fractionation factor 777(7). In
the present experiment where all isotopomers are scrambled, the overall isotopic fractionation

factor ™a(T) becomes:

"e(T) =" (T (22)
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Note that /<1 while "7(T) >1 i.e. are of opposite signs in & units. Consequently, when the
mass independent isotopic effect becomes negligible (1.e. "77(T) =1), ozone should be depleted in
17,180 relative to Og with p=0.5 while, when "7(T) > ™/, ozone should be enriched in 78O
relative to Og with p=1 In the following calculations, we use the measured® (and calculated®3))
values for £ 18/=0.965 (i.e. 3'8O= -35%0) and '7/=0.982 (i.e. 6'7O= -18%o).

The isotopic fractionation of oxygen isotopes during the distillation of Oz via the
condensation of O3 can be written as:

d[m0] /d['°0] =maf(/e0)) . {["0]/[150]} (23)

with "a(/1°0]) being a function of the overall pressure:

"a([w0) & mae~) x "a(T)) (24)

When ™a1s constant, equation (23) yields the so-called Rayleigh equation. Using the
variations "¢(T) reported in the Figure 5, the equation (23) has been solved numerically by
adjusting =30 ps for P =30 Torr. Results for 67O and 6'80 are reported in Figure 6. They
reproduce the data with no additional free parameter. For the sake of clarity, the present
calculation is still a first order approximation since the measured isotopic values stand for the
function (23) integrated between the initial and final pressure of each step. We neglect this
refinement.

Note that f values vary with the temperature of the bath. This temperature is difficult to
estimate since there is a strong temperature gradient between the center of the plasma and the
walls at Liq. No temperature. However, as long as (1- 77f).1000 = 0.52 (1- /%£).1000 (i.e. /7f mass
dependently related to /%), the numerical simulation is (almost) insensitive to f values for
0.94<18<(.98.

In experimental literature(® 9 14 the Oq reservoir is infinite i.e. O is continuously renewed
in the reaction chamber. In such condition the mixing ratio between ozone formed in the gas
phase and on the walls cannot be constrained by a distillation model but by the reaction rate
ratio between ozone formed on the walls and formed in the gas. As shown by Morton et al.(®),
the evolution of 8'70/680 with the pressure depends also on the size of the reservoir,
demonstrating the role of the walls in the overall production rate of ozone. In agreement with
the present results, Morton et al.(® reported, for a volume of reaction (volume 35 mL, r=5cm)
similar to the present experiment, a change in p beginning around 30 Torr.

However, in conditions of an infinite reservoir, the evolution of ozone with pressure defines
straight lines in the 8!'70/8'%0O diagram compatible with a two end-member mixing model i.e.

with ozone formed on the walls (p=0.52) resulting from a different reaction than ozone formed

11



in the gas (p=1.0). This property of the evolution of the ozone 8'70O/3'80 has been observed in
all previously reported experiments(® % 14), The change in 7 with the lifetime of the complex as
reported in Figure 5, should also define a straight line in the 8'8%0O-3'70O diagram. Therefore, for
experiments performed with an infinite reservoir of Oy, it is impossible to decide if the evolution
of the isotopic composition of ozone in the 6'20-3!70O diagram should be ascribed to 7 or to
the evolution of the mixing ratio of ozone produced by two different reactions (in the gas and
on the walls).

As mentioned previously, a cross over in the 870-6!80 distillation pathway can also be
predicted by previous experimental results®!%). We have therefore performed a similar
distillation calculation with constant isotopic fractionation factors (i.e ™o T) and ”f). Contrary to
the assumption where ™o T) changes with the lifetime of the complex, these conditions do not
reproduce the pathways defined by the present data.

The present observations confirm that glass walls trigger the stabilization of the complex but
the numerical treatment of the distillation does not call upon other formation reactions than
those involved in the gas phase (eq. 9). In other terms, the change in sign in the 6!70/3'%0O
values is not caused by the evolution of the mixing ratio between two ozone species but by the
evolution of the overall isotopic fractionation factor. The stabilization on the walls yields a
selection in the lifetime distribution of the complex.

This interpretation raised one issue: the transition between the two regimes of stabilization
of the complex [O3]* should theoretically occur around 102 Torr and not around 10 Torr as
postulated here. This argument is also reinforced experimentally: in an afterglow of pulsed
discharges(*®), it has been shown that the Os surface production rate depends on the density of
adsorbed O and Oz on solid surfaces and consequently, that ozone produced on the walls in the
range 1-5 Torr should not contribute significantly to its overall production. This point remains

an open issue.

Conclusions

The isotopic variations in 8'70/3'80 observed experimentally during the condensation of
ozone in a close reservoir of Oq, are in agreement with variations with pressure of the mass
independent isotopic fractionation factor 734). The cross over in the isotopic evolution of the
remaining reservoir would not be caused by an additional reaction forming ozone but would be

intrinsic to the overall isotopic fractionation factor.

12



In this model, the “anomalous” isotopic effect is not restricted to the formation of ozone nor to
oxygen isotopes. If correct, this opens a wide range of possible applications to experimental or

natural systems for other chemical elements.
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Figure 1: Oxygen discharge experiment. After condensation of ozone
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in 8O units (data in Table 1). They define distillation pathways caused by the
continuous removal of Oj by its condensation at liquid nitrogen temperature on
the walls of the vessel. The evolution of these pathways depends on the initial
pressure of O,. The mass dependent (p=0.52) and mass independent (p=1)
fractionation lines are shown for references. Note that the pathways do not define
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Figure 4: The relation between the weighted average lifetime T

and the minimum lifetime 7;,;,. The difference between /T and
9T being negligible at this scale, has been omitted.
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6m, 6-m-6 and m-66.
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Figure 6. The computed isotopic compositions of O, in a distillation model
are reported in the 3 oxygen isotopes diagram. The mass dependent (MDYF) and
mass independent fractionation (MIF) lines are shown as references. For
comparison with experimental data, the dot symbols are used for calculated
values while larger symbols are used for experimental data.
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Sample Duration ~ APressure 3170(%o) 3180(%o)
(min) (Torr)

#1,0 0 5.39 -0.08 = 0.08 -0.14 £ 0.02
#1,1 15 5.39, n.m. 2.73 £0.11 6.48 £ 0.05
#1,2 30 3.22,1.80 10.20 £ 0.21 21.89 £ 0.05
#2,0 0 10.43 -0.08 = 0.08 -0.14 £ 0.02
#2,1 24 10.43, 6.5 -2.32 £ 0.05 2.25+£0.04
#2,2 37 4.13,2.58 -1.29 £ 0.16 4.43 £0.09
#3,0 0 10.33 -0.08 = 0.08 -0.14 £ 0.02
#3,1 22 10.33, 5.83 -4.79 £ 0.07 -0.64 = 0.04
#3,2 37 4.9, 2.56 -1.48 £ 0.14 8.17 £ 0.05
#3,3 48 2.06, 1.65 3.72 £ 0.09 18.41 £ 0.09
#4,0 0 11.45 -0.08 £ 0.10 -0.12 £ 0.02
#4,1 24 11.45, 6.30 -5.28 £ 0.08 -2.08 £ 0.03
#4,2 47 5.05,3.75 -3.00 = 0.06 4.68 £ 0.04
#5,0 0 18.05 -0.03 £ 0.05 -0.04 £ 0.03
#5,1 22 18.05, 12.52 -7.96 £ 0.05 -6.79 = 0.01
#5,2 35 11.26,9.21 -9.51 £ 0.04 -6.81 £ 0.03
#5,3 51 8.50, 5.83 -9.83 = 0.06 -4.32 £ 0.03
#6,0 0 n.m. -0.02 £ 0.08 -0.11 £0.30
#6,1 19 26.52, 20.60 -8.51 £ 0.08 -8.27 £0.03
#6,2 44 19.1, 11.99 -16.44 £0.03  -13.69 £ 0.03
#6,3 68 10-79, 7.94 -15.59 £0.08  -10.13 £ 0.04
#6,4 80 6.77, 4.97 -13.88 £0.13  -5.76 £ 0.03
#6,5 97 4.14, 3.26 -7.57 £0.07 5.90 £ 0.04
#7,0 0 n.m. -0.02 £ 0.09 -0.09 £ 0.03
#7,1 19 30.16, 23.03 -8.93 = 0.06 -8.76 = 0.04
#7,2 44 21.49, 14.85 -18.80 £0.06  -16.77 £ 0.02
#7,3 70 13.60, 9.01 -24.45£0.04 -19.51 £0.03
#7,4 80 8.18,7.13 -24.60 £0.10  -18.28 £ 0.02
#7,5 87 6.36, 6.12 -24.41 £0.07  -16.37 £ 0.02
#7,6 95 5.51,5.20 -25.19£0.07  -15.35£0.01
#7,7 117 4.36, 2.46 -21.49£0.02  -5.42+£0.03
#8,0 0 37.56 -0.07 £ 0.05 -0.10 £ 0.01
#8,1 28 37.56, 26.29 -11.85£0.10  -11.68 £0.04
#8,2 37 23.92,16.72 -21.56 £0.06  -19.63 £ 0.04
#8,3 73 15.03, 11.05 -26.67 £0.15  -22.69 £ 0.03

Table 1: In the successive columns, are reported: The samples in their
chronological sampling order, the duration of the discharge, the pressure
variation of the Os reservoir and the isotopic compositions of the remaining O»

expressed in 8™O (%o) units. (n.m. for not measured).
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