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Abstract. Contrary to tropospheric GQOwvhose oxygen iso- 1 Introduction

topic composition follows a standard mass dependent rela-

tionship, i.e.8170~0.58180, stratospheric C®is preferen-  The oxygen isotopic composition of tropospheric £
tially enriched in'70, leading to a strikingly different rela- determined mainly by isotope exchange with water in
tion: §170~1.75180. It has been shown repeatedly that the leaves and soils and to some extent also by exchange
isotope anomaly is inherited froms@ia photolytically pro- ~ With ocean water and by anthropogenic emissions (Ciais
duced Of D) that undergoes isotope exchange with,G@d et al., 1997). On average, measurements of tropospheric
the anomaly may well serve as a tracer of stratospheric chenCO2 show 817Oysmow~21 % and §*80vsmow~41 %o

istry if details of the exchange mechanism are understood(Thiemens et al., 1991) with seasonal and geographical vari-
We have studied the photochemical isotope equilibrium inations in'80 of less than 4%. (Farquhar et al., 1993). Here,
UV-irradiated @-CO, and G-CO, mixtures to quantify the ~ 8’Ovsmow and 8*80vsmow, respectively, denote the rel-
transfer of the anomaly from £to CO, at room tempera- ative differences in thé’0/2%0 and in the'®0/1%0 ratio
ture. By following the time evolution of the oxygen isotopic Of a sample relative to the standard specified in the sub-
compositions of C@ and @ under varying initial isotopic ~ Script, in this case Vienna Standard Mean Ocean Water (VS-
compositions of both, O3 and CQ, the isotope equilibria MOW). Note that our definition of values does not in-
between the two reservoirs were determined. A very Strong/O|V€ a multiplicative factor of 1000, which is in line with
dependence of the isotope equilibrium on thg@D,-ratio using %o as an equivalent expression for the number310
was established. Equilibrium enrichments’é0 and'80  (e.g. Mook, 2001). Tropospheric GGhus follows a stan-

in CO; relative to @ diminish with increasing C@content, ~ dard mass dependent relation with’0~0.55'80. Mea-

and this reduction in the equilibrium enrichments does notsurements of stratospheric and lower mesospheric samples,
follow a standard mass dependent relation. When moleculahowever, revealed a significant deviation from that pattern
oxygen exceeds the amount of €8y a factor of about 20, (Thiemens etal., 1991, 1995ammerzahl et al., 2002; Boer-
170 and!®0 in equilibrated C@ are enriched by (1424)%o ing et al., 2004). § values steadily increase with increas-
and (146:4)%o, respectively, at room temperature and at aing altitude, resulting in peak values &' Oysmow=40.5%o
pressure of 225 hPa, independent of the initial isotopic com-and 8*80vsmow=54.9 %o at the highest altitude (60 km)
positions of C@ and G or Os. From these findings we de- measured so far (Thiemens et al., 1995). Despite some
rive a simple and general relation between the starting isoscatter between the different measurements, all data in-
topic compositions and amounts of @nd CQ and the ob-  dicate an additional enrichment dfO over 80 when
served slope in a three oxygen isotope diagram. Prediction§ompared to tropospheric values. When reported relative
from this relation are compared with published laboratoryto tropospheric C@ the most precise data set of strato-
and atmospheric data. spheric CQ actually suggests a very tight relationship
of §Y"Oyop-c0o,=(1.72+0.03)6'80op-co, (Lammerzanhl

et al., 2002), indicating a very strong preferential enrichment
Correspondence to: R. Shaheen in 70 compared ta®0. In order to account for the ob-
(robina.shaheen@mpi-hd.mpg.de) served oxygen isotope enrichment in stratospheri¢ @@
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following reaction sequence linking G@nd G via O('D) stratospheric slope. Recently, Chakraborty and Bhattacharya
was proposed (Reactions R1-R3, Yung et al., 1991) and latef2003) have reported results that almost reproduce the strato-
extended (Reaction R4, Perri et al., 2003). spherics170/5180 ratio of 1.7 under the experimental con-

dition that no large oxygen reservoir as compared to ozone

1
N O3+ /v — O j_ OCD), 4 <310nm (R1) and carbon dioxide was present. However, it remained un-
O('D) +CO, — CO3 (R2)  clear why their particular experimental results disagree with
COs — OCP) + CO, (R3) the previous laboratory experiments, which do include the

coy — o(D) + CO, (R4) large oxygen reservoir and thus should mimic atmospheric

chemistry better.
The rate ratioy=k4/ k3 between Reactions (R4) and (R3)
is energy dependent (Perri et al.,, 2004) and favors the To shed additional light on the presently conflicting data
quenching channg) <1) for collisional energies up to about base, we have investigated the isotope equilibrium properties
33 kJYmol (Mebel et al., 2004). This scheme provides an of the UV-irradiated @Q-CO, system. The need for quantifi-
isotope transfer from stratospheric ozone into,Cthe for-  cation of the equilibrium isotope compositions has two ma-
mer being highly and anomalously enriched in the heavyjor reasons. Firstly, due to the UV radiation field required to
oxygen isotopes (Mauersberger et al., 2001) with the enrichproduce atmospheric @) in Reaction (R1), stratospheric
ment predominantly residing in the asymmetric isotopomersOs will be in a dynamic equilibrium with @ where produc-
(Janssen, 2005). But it is presently unclear whether andion and decomposition processes both will contribute to the
where additional fractionation effects enter in these reactiongsotopic composition of @ Experiments targeting towards
or whether even another source is required to explain the oxyunderstanding the stratospheric exchange chemistry there-
gen isotope composition of stratosphericdBrenninkmei-  fore must aim at simulating these photochemical equilibrium
jer etal., 2003). conditions. Secondly, as will be shown below, the temporal
Far reaching consequences of this stratospheric exchangevolution of CQ is entirely determined by the initial iso-
mechanism on the isotopic composition of Bave already topic composition of @O3 and CQ and by the photochem-
been demonstrated by Luz et al. (1999). In particular, theical isotope equilibrium of the system. Knowing the latter is
triple isotope composition of 9could be used as a tracer therefore sufficient to determine three-isotope slopes in the
for global biospheric productivity since the anomalous lossreaction systemR1-R4). Moreover, knowledge of the equi-
of heavy oxygen isotopes in the stratosphere competes witlibrium isotope composition and its dependence on reaction
the production of normal mass dependently fractionated O parameters will allow to further restrict the isotope kinetic
from the biosphere on a timescale of millennia. Application details of the elementary reactions involved in the above re-
to data obtained from ice cores provides a history of globalactions. Ideally, the isotope composition of the unstable and
biospheric productivity over the last 60000 years (Blunier extremely reactive OD) should be measured directly to un-
et al., 2002). derstand these details. The experimental difficulties involved
Despite the importance of the above reaction scheme, onlyvith this kind of measurement, however, are tremendous and
three sets of laboratory experiments, that investigate isoit is not foreseeable when or whether accurate measurements
tope exchange between @@nd &, have been published will be possible in the future. Therefore, next to the symme-
to date. The first study usedz@O, mixtures that were try specific measurement of ozone (e.g. Janssen and Tuzson,
irradiated with a Hg lamp (Wen and Thiemens, 1993). In 2006) the equilibrium isotope composition of €3 the only
this study only the @ isotopic composition was measured datum characterizing the exchange kinetics that can be mea-
and the isotopic composition of GQvas inferred from the  sured accurately with methods presently available.
assumption of mass balance. It was confirmed that an iso-
tope exchange via @D) occurs and it was further concluded ~ Another important motive for a systematic study is that
that an anomalous fractionation process is associated witthe mixing ratio of CQ in O is expected to have an impact
the excited CQ@ intermediate, which contributes to the ob- on the isotope composition of GOThe iso-electronic (i.e.,
served enrichments in GO The second set of experiments without change in the electronic configuration of the reac-
by Johnston et al. (2000) started with mixtures of &d  tants) isotope exchange process (R2+R4) could possibly in-
CO,. Hg-pen ray lamp induced photolysis o @as used fluence the isotopic composition of#). When CQ is the
to produce @ which upon photolysis yielded @D) to re- dominant gas, this exchange should be more important than
act with CQ. These measurements revealed the temporalvhen @ is the dominant gas in the mixtures. Existing lab-
evolution and the final isotopic compositions of the photo- oratory data were obtained under very different conditions,
chemically equilibrated C®and Q reservoirs. Although mostly with CQ/O, much higher than in the atmosphere.
these experiments simulate the atmospheric chemistry to th&/hether this implies a bias when comparing the laboratory
extent that @ is recycled through a large oxygen reservoir, data to the atmosphere or how large this bias could possibly
the results showed &70/880 slope of 1, similar to the be is unclear at present, which calls for a more systematic
study of Wen and Thiemens (1993) and different from theinvestigation.

Atmos. Chem. Phys., 7, 495-509, 2007 www.atmos-chem-phys.net/7/495/2007/
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2 Materials and methods ther corroborated by the results presented later in Sect. 3.2,
wheresO (CQ,) does not increase with [CO>] increas-
2.1 Setup and sample treatment ing from ~20 to~120.

Mixtures of either CQ and & or CO, and G were used

as starting materials for the exchange experiments. Ultre2.2 Preparation of enriched GO

high purity CQ and @ (>99.998%, Messer Griesheim)

have been used without further purification. Ozone was pre- _ _

pared by discharging oxygen in a commercial ozonizer (Ored2ifferent CQ, gases have been used to investigate the depen-
V5-0, Osmonic Inc., USA). The £0s mixture thus pro- dence of the photochemical isotope equilibrium on the iso-
duced was passed through a trap at liquigtBmperature, tope composition of the starting material. g€@nriched in
allowing O3 to condense while ©was pumped away. To €ither!’O or 80 was prepared from the combustion of syn-
study the isotope exchange reactions between &@ Q, thetic mixtures of oxygen enriched in the respective heavy
CO, and G (or Oz) were mixed in either a large spherical OXygen isotopes on activated_ (_:harcoal. The enriched oxy-
2.1L or a small cylindrical ®5 L borosilicate reactor con- 9en gas was pr%pared by mixing pur, (>90 atom-%,
taining a Suprasil' finger in the center. In the experiments 'SOtec Inc.) and®0; (>99 atom-%, Isotec Inc.) with nor-
reported here we used a €@ O, ratio of roughly 1:10, mal tank oxygen. Random distribution of heavy isotopes in
since at lower C@ content the C@ isotope determination the 0xygen mixture was achieved by discharging the mix-

becomes increasingly more difficult and fractionation effectstUre for one hour in a stainless steel cylinder. The system to
during extraction and measurement procedures become mofgoduce CQ from O, consisted of a pyrex glass reactor. Ac-
important. Irradiation of the mixtures was achieved through alivatéd charcoal pellets were filled in a platinum mesh cup,

Hg-pen ray lamp (Oriel Instruments, Stratford, Connecticut),";’]hiCh itself ;Nas p(ljaced ihnside alcup madﬁ out of sheathed
placed inside the Suprai finger. The Hg-pen ray lamp has  €fmocouple used as a heater element. The temperature was

primary emission peaks at 184.9 and Z53m and a photon gon:rolled V\t”th an adgltlongbl tggrn:joi:qijp!e Sensor. ;rg;;om—
flux of approximately 1& photons s!. The lamp was op- ustion system was described in detail tiycRmann ( )

erated at a current of 10 mA and dry nitrogen was circulateaB Efl()erebg(')nmbgs;fn;;r;z cavr\l/)r(])gnre;actoer!r\]/vasatswe:;emee_tmteo q Ct:o the
through the Suprasil™ finger to avoid UV absorption taking whi Ing evacu : xygen w '

place outside the reactor. In some of the experiments anothe(:ffv"’mu""t(ad system al6S0'C, it quic kly regcted with carbon
Hg-lamp (Puritech, Radium GmbH) with similar emission to form CQ, that was trapped at liquid nitrogen temperature
characteristics Was’ used at the bottom of the reactor. The conversion oftd CO,

. - was monitored by a pressure gauge. Conversion was com-
The reactor was conditioned by exposing it to ozone for yap gaug

. lete when the pressure in the reactor was less then 1 hPa and
several days. The same treatment was given to the connect-

; . : . did not change any more. This final pressure was higher than
ing tubing but for a shorter time. Teflon stoppers were used mthe pressureg oszrved orior to thepintroduction ofgoxygen

the setup in order to avoid any contamination from reaction . :
of Oz with Viton O-rings. Atthe end of each experiment £0 because CO, which does not condense at 77K, forms during
hcombustlon in trace amounts. After conversion t®@CO;,

was CronemCa”y separated in a glass spiral trap fitted wit the heating was switched off and the reactor was cooled to
a fiber glass thimble. The oxygen was collected on molec-

ular sieve (13X) at 77 K. During extraction small quantities ;oztorgacéttc?rszl\llsgtnt:?olZf/ec)ri?jcttrl]c;nfc?rfn:?o\filcj)lrgagft gg I(;Erﬁ:g the
of ozone were also condensed along with,COhis ozone transfer of CQ to a sample bottle. The Gaproduced was
was destroyed over hot Ni fo{p0+5)°C and CQ was sep- then dried d furth ’ ified i itile f

arated from the product oxygen cryogenically. The effect of en dried over P05 an urther puritied in multiple freeze
the decomposition of ©on a Ni surface was investigated in thaw cycles, i.e. b)_/ pumping away non condensable compo-
detail by Johnston et al. (2000). In their study the authorsnerlts from C@ at liquid N, temperature.

determined a slight enrichment in G&rom the decompo- Altogether, three different C£ gases have been
sition of Oz on Ni, which amounted to 2—-3%. foO and used. Tank C® 7O enriched C® and 80 en-
180. However, in those test experiments the amount of O riched CQ, which were named CgI, CO-Il and
exceeded that of C£ which is due to the high [&)/[CO3] COx-lll, respectively. The oxygen isotopic composition
ratios applied there. We have used lowen]lLO,] ra-  was§1’0=13.0%o, §180=25.1%0 (CO-1), §170=1021%o,
tios. Even for our higHO»]/[CO2]~100 we observed iso- §180=51.6%. (CO,-11) and §170=21.0%0, §180=1723%o
tope material balance withii®.25+0.35)%o. Since Q is iso- (COx-lll) for the experiments starting from Oand CQ,
topically distinct from Q, the good isotope material balance with all values given with respect to VSMOW. For the
implies an [Q]/[O>] ratio of < 0.3%. Thus we expect that 0O3-CO, experiments a slightly different mixture of Gl

the [O3]/[CO-] ratio was about 1 order of magnitude lower (5170=1036 %o, §180=36.3%0) was used. The accuracy of
than in Johnston et al. (2000) and the effect of Ni is mostthes values for the starting COmaterial is 0.6 and 0.2%o for
likely negligible for our experiments. This conclusion is fur- 17O and!®0, respectively.

www.atmos-chem-phys.net/7/495/2007/ Atmos. Chem. Phys., 7, 495-509, 2007
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Frrrrrprrrrprrrrp T T through the sample treatment and recovery are not signifi-
140 o cant.
120 3
I 10E = 3 Results
z soF = o . o N
g c ] The typical time evolution of the isotopic compositions
g 60F ~ . . : .
s E ] of CO, and @ in an isotope exchange experiment is
w 40F E shown in Fig. 1, where a mixture @64+1) umol CG and
20 F - = (800+£10) pmol G, in the small reactor was irradiated with
oFE o o3 a Hg lamp for various time intervals. With increasing reac-
Clov v b b b b a1 tion time CQ gets enriched in the heavy isotopes, whilg O

=3 =
(3]
wn
(=]
(=]

500 1000 1500 2000 gets depleted. Following an exponential time dependence,
time (min) the isotope compositions approach their plateau values:

3(t) = Beq — (8eq - 8[) exp(—1/7) . (1)

Fig. 1. Oxygen isotope changes ip,Qsquares) and CEXcircles)  paras. ands,, are the initial and equilibriurd values. is

as a function of time at a constant ratio of JJCO2] ~12+1. . T e I
Open and solid symbols refer {0 and 80, respectively. The the irradiation time and the e-folding time of the equilibra

lines indicate exponential fits according to Eq. (1) to the data-CO tion process, i.e., the time after which the differentg {-:)

and G with 8170y spmow=13.6% ands 180y spow=26.2% were is reduced to 1/e of its initiallvalue. . -
used. No measurable change in GQsotopic composition is

observed when the mixture is exposed to irradiation times

longer than about 2-5 days, somewhat depending on the
2.3 Mass spectrometric analysis lamp performance. Isotope enrichment in £8accompa-

nied by a corresponding depletion i, OOwing to mass

A dual inlet isotope ratio mass spectrometer (Thermo Finni-Conservation, the depletion in the large @servoir is about

gan, Delta PIt&-) with multiple cup detectors was used to 12 times smaller than the enrichment in £0f plotted on
determine the isotopic composition of g@nd @. The 2 conventional three-isotope plot, the data of Riglefine

170 content of CQ was measured using the Ce@x- arrays wiFh a slope of .01+0.02 for the heavy isotope en-
change method (Assonov and Brenninkmeijer, 2001). Thdichmentin CQ.

method involves measurement of the £®otopic compo-
sition twice, i.e. before and after equilibration of the car-
bon dioxide with the oxygen adsorbed on Ge®2~650°C | order to further establish the concept of photochemical
for 35min. The accuracy of the method was verified usingjsoiope equilibrium and to investigate its dependence on the
CQ, of various isotopic compositions: GO-lIl and CQ; jpitial isotopic composition of CQ the three C@ gases (I—
enriched in boti’0 and*®0. Reproducible results were ob- |1y with greatly differing isotopic compositions have been
tained with all different types of Cf A typical scatter in | jjized. Experiments with @ CO, mixtures were conducted
8170 of 0.6 %0 (20) was observed during all exchange ex- yith CO, in the range from 0.04 to 0.06 mmol and @ary-

3.1 Photochemical isotope equilibrium

periments, which is taken as the analytical error. ing from 0.5 to 1mmol. The corresponding molar ratios
_ 0=[02]/[CO,] were kept at values between 12 and 17 and
2.4 Blank experiments the mixtures were irradiated for up te6 days. The results

of these measurements are summarized in Table 1.
To test the possibility of fractionation induced from pro-  To investigate the isotope equilibrium between £&hd
cesses other than photochemically induced isotope exchandg®, it is useful to report the isotopic composition of O
(e.g. fractionation during sample extraction, impurities or directly with reference to the £at the same time during
wall effects), two types of blank experiments were per-the experiment, rather than versus the international standard
formed. (i) Pure CQ@(~100 umol) was kept in the reactor for VSMOW. For reasons of completeness we also report val-
30 min and extracted back afterwards. The results indicatedies with reference to VSMOW in Table 1. However, we
negligible fractionation from sample handling. (i) Mixtures mostly uses'’Oq,(CO;) and §1800,(C0O,) from here on
of CO, and @ were kept in the reactor for long times (ap- and we note that this is an uncommon usage ofstheta-
proximately 64 h) without operating the lamp. Data indi- tion, since it implies that the "reference ratio” in the defi-
cated a negligible fractionation for oxygest (O=—0.06%o, nition of the § value is not a fixed ratio but changes itself.
8180=0.03%o). Also for CQ the observed isotope change of Nevertheless, those units help us to elucidate the exchange
(8170=0.4%0, 5180=0.2%o0) is of the same magnitude as the process since they show the evolution of the isotopic com-
measurement accuracy (Sect. 2.3) and thus errors introducgabsition of the reactants relative to each other, not relative

Atmos. Chem. Phys., 7, 495-509, 2007 www.atmos-chem-phys.net/7/495/2007/
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Table 1. Oxygen isotope composition using different initial €@ases (I-111) and molecular oxygen or ozorevalues are given on the
common VSMOW scale. Cf&values are also given with£as the reference gas.

0,/03 CO;  §0ysmow(O2) (%o) 3Ovsmow(COy) (%o) 800, (COy) (%o)

Type 179 180 179 18 179 18
(07} COo-l 136 26.2 13.0 251 -0.6 -1.0
11.6 24.3 27.8 39.4 16.0 14.7
10.1 23.0 37.8 50.3 27.3 26.8
8.6 215 56.9 69.2 47.9 46.7
0.9 14.2 127.2 138.7 126.1 122.7
13 14.8 131.6 141.2 130.1 124.6
0.4 13.7 136.0 146.7 135.5 131.2
0.5 13.7 139.0 148.7 138.5 133.2
COo-ll 3.8 7.4 102.1 51.6 98.0 44.0
-05 14 138.9 134.8 139.4 133.2
COo-lll 3.8 7.3 211 174.3 17.2 165.7
-5.9 8.4 1175 147.8 124.1 138.2
—-7.4 7.4 130.6 141.8 139.0 133.4
O3 CO-l 713 94.7 13.0 251 —545 —-635
711 94.0 25.4 39.0 —42.7 -50.2
69.4 92.1 26.9 40.1 —-39.8 476
75.7 98.8 27.9 40.8 —44.4 -52.8
75.4 98.2 29.4 43.7 —42.8 —49.6
68.9 91.7 54.4 68.7 —-136 -21.1
59.6 82.5 155.0 172.4 90.1 83.1
60.7 83.4 179.2 198.1 111.7 105.9
COp-ll 77.7 101.8 103.1 35.7 23.6 —-59.9
57.3 73.5 190.3 203.5 125.8 121.1
59.8 77.2 200.7 210.0 132.9 123.3
COo-lll 79.8 101.6 21.0 173.8 —-54.4 65.5
78.1 99.7 38.2 172.7 -37.0 66.4
60.6 88.5 185.6 2214 117.9 122.1
62.9 90.5 193.8 227.5 123.2 125.7

to an international scale. These enrichments ob @@h ated with the Oriel Hg-pen ray lamp between 20 min and
respect to @ are shown in Fig. 2a, where the data are dis-5days. The enrichments in GQafter reaction with @
played in a three-isotope plot. The exponential time evolu-are shown in a three-isotope plot (Fig. 2b). Again, lin-
tion of an individual mixture, such as the one shownin Fig. 1,ear arrays that evolve towards a common point are ob-
traces out a linear array on the three-isotope plot. Regardlesserved. For these specific experimental conditions, equili-
of the initial CQ, isotopic composition, C®approaches a brated CQ is enriched by817Ooz(COZ):(134i6) %o and
common isotopic composition with ongoing irradiation. At 818002(C02):(12&t4)%o with respect to the final oxygen,
this point, the entire chemical systemy@lectronically ex-  again irrespective of the initial GOisotopic composition.
cited oxygen @A), O3, OCP), OD) and CQ) is in a  These equilibrium values are also derived from the intersec-
kinetically driven, dynamic isotope equilibrium. A simulta- tion of the fit lines.

neous least square fit on all data reveals that @Opho-

tochemical isotope equilibrium is almost equally enriched3.2 Dependence on [P[CO,]

in both heavy isotopes. With respect t@ @e values are

8700, (CO2)=(13%£1) %0 ands*®0o, (CO2)=(134:1)%o. Several series of experiments were conducted at a fixed pres-

In the second set of experiments, where mixtures ofsure (22510 hPa) and different £CO; ratios (o) varying
ozone and carbon dioxide were utilized, the amount ofin the range from 0.2 to 117 to investigate the dependence
CO, ranged from 0.06 to 0.07 mmol andz@expressed in  of the equilibrium enrichments on. The experiments were
terms of Q@ equivalents) varied in the range between 0.7 conducted in a small reactor at ambient temperature using a
and 1.1 mmol, with corresponding molar ratipsin the Puritech lamp for photolysis. In these experiments, the time
range from 8 to 12. The C£0O3; mixtures were irradi- evolution of the oxygen isotopic composition of génd G

www.atmos-chem-phys.net/7/495/2007/ Atmos. Chem. Phys., 7, 495-509, 2007
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N 1 150 ]
C a) ] - b .
150 J C .
© Z 7 100 ]
S C ] n .
100 - - C ]
S - ] - 7
S F comn ] 0 .
=L . r .
’.Zo 50 = 7 C COZ—H ]
© C ’ 0F .
oF COI © ] u @/{ .
__ ------- [J COZ_I _ _50 | C02—I COZ—III —
B L1 | I | | L1 11 | | I | | L1l I_ B 1 | 1111 | I | | 1111 | L1111 | ]
0 50 100 150 50 0 50 100 150

5 %0,,(CO,) (%0) 5 %04,(CO,) (%)

Fig. 2. (a)Three-isotope evolution arrays for the three differenb@® mixtures. Open squares, triangles and circles represent experiments
with different initial CO, (I-IIl). The solid circle marks the common point of isotope equilibration, that is inferred from a simultaneous least
square fit to the data (represented by the three solid lines). The slopes of the fit lines are included in Table 2. Dotted lii€s=0efine
Evolution arrays for the C&03 mixtures. The same symbols as in (a) are used. All axes are to the same schlabhred are given with
reference to the instantaneous isotope composition of molcular oxygen in the mixture.

L L LR LLL IR AL L) L The figure shows that the magnitude of enrichment in CO

to a possible second plateau belpw0.1. For the highest
relative content of C@that we have measure@£0.20),

O , @ this work, p ~ 225 hPa
E_|

60 [435hPa 7 133BPal A © 4 \en & Thiemens (1993)

L 0O , W Johnston et al. (2000)

140 - - does indeed depend strongly pn A marked transition be-

C . tween the CQ (p<1) and the @ (p>1) dominated region
120 - is observed. In the high Oregime, plateaus of the GO
S C ] enrichments are clearly established, witfOp,(CO,) and
3 100 - = 81800, (CO2)~140. . . 145%o. From this plateau of high en-
=2 381 hPa ] richments atp>20, the enrichment decreases by roughly
go 80 |- - 40%o for 170 and80 until p=1 and continues to decrease

FA 8170 ands'®0 are already diminished by about 60%o with
T T T respect to the high ©plateaus, respectively. Introducing
o1 | 10 100 the symbolX for the equilibriums valuess'’Og,(CO,) and
0 818002(C02), we can describe the dependencywoas
i - i 17 1 0
Fig. 3. Dependence on the mixing ratig=[05]/[COz]. /O X(p) = X P/ p X, )

and 180 containing CQ is represented by open and solid sym-
bols, respectively. Data are at constant presgur@25 hPa (see

Table 2) and error bars denote 2incertainties. Comparison with X, and X, denote the C@ equilibrium compositions in
data from the literature is indicated and the particular pressure con-. h q P

ditions of these measurements are noted. Solid lines describe thg‘e low and h'Qh Q regimes, reSpeCt'Velyj with the low
weighted average of two a-priori unknown isotopic sources with O2 Plateaus being less accurately determined by our mea-

relative weights 1(1+p/pg) and(p/po)/(1+p/pg), according to ~ SUrements.pg characterizes the transition between the two
Eg. (2). regimes and denotes the ratio where the enrichment takes

the average value of; andX;,. A fit to the data returns the
following numbers (errors given on a 95% confidence level):
X;=(58+11)%0, X,=(142+4% and pp=1.38+0.71
under varying G/CO; ratios was followed and exponential for 17O and X;=(64t11)%., X,=(146+4)%. and
fits according to Eq. (1) were applied to the data series. Thero=1.23+0.65 for 180. Within error limits, the transi-
results obtained are summarized in Table 2 and displayed ition between the two regimes occurs for equal amounts of
Fig. 3. 0Oy and CQ.

l
1+ p/p0 1+p/po
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Table 2. Effect of [0;]J/[CO3] (=p) on the CQ equilibrium isotopic composition. Equilibriudp, (CO,) values are denoted by. X and

the e-folding time constant for equilibration have been derived from fits using Eq. (1). Errors are given on the 95 % confidence level. Note
that the time constants are about 2 to 3 times larger than the one of the experiment displayed in Fig. 1. This is due to the use of a different
photolysis lamp.

Experiment  Pressure ) 170 180
No (hPa) X (%o) T (min) X (%o) T (min)
143-SR 22410 11 97+3 1430t120 105:3 14306t130
144-SR 23&10 18 13%4 16306t150 144+4  168G+140
145-SR 22812 51 1384 100Gt170 143t4 109G+130
146-SR 22812 117 13%4 111G:200 142+4  112G+200
147-SR 230+£10 11 1344 - 1384 -
148-SR 2204+10 020 T2+4 - 7944 -
149-SR 220+£10 048 T4+4 — 814+4 —

a: equilibrium values derived from an individual long time run

4 Discussion ferences in the observed equilibrium enrichment values are
likely due to the slight differences in total pressure and in the
The results from our isotope triangulation experiments©O2/CO2 mixing ratio, as discussed below. We conclude that
clearly indicate that when a mixture ob@s and CQ is ir- _thg CQ isotopic composition at photoc.hem|c_al equmbn_um
radiated with UV light, the system will evolve towards an iso- 1S independent of the initial £and CQ isotopic composi-
tope equilibrium, in which @and CQ have a fixed isotopic 0N
relation. The exchange mechanism can at least qualitatively Note that this only holds for isotope mixtures of low
be explained by Reactions (R1-R4). Atisotope equilibrium, heavy isotope abundance (which includes near-natural iso-
the CQ before and after isotope exchange with® does  tope abundances and the normal or anomalous enrichments
no longer differ in isotopic composition. of the order of few hundred %o as used in our experi-
In the three-isotope plots of Fig. 2, strikingly different ments). The limit to the statement is that the isotope chem-
slope values are observed between thea@d the Q ex- istry should be determined by singly substituted species only,
periments for mixtures starting with almost the same ini- e.g.280('D) should only be produced by singly substituted
tial CO,. This is due to initial @ and G having com-  Os. In strongly enriched mixtures, a departure from this
pletely different isotopic compositions in the two sets of behavior is expected. For example, in 50:50 mixtures of
experiments. In the set | experiments, the initigd @ 160 and!®0, heteronuclear heavy isotopoméf¥),80 and
mass dependently fractionates {Oysmow=(3.7£0.3)%  160'80,, are similarly enriched by about 10% with respect to
and 580ysmow=(7.3£0.1)%0), and @ formation starts O,. Homonucleat%0s and'®0s, however, do not show such
from a normal oxygen reservoir. This is similar to at- an isotope effectMlauersberger et al., 1993; Janssen et al.,
mospheric conditions. In the set Il experiments we 2003). For illustrative purposes we assume that they are not
have anomalously fractionated oxygen available for sec{ractionated at all. As a first approximation we now consider
ondary Q@ formation ¢1’Ovsmow(03)=(78+3)% and  only isotope effects due to the abundance gfrblecules.
8180ysmow(03)=(10143)%o0). Note that in our experiments Then,1603 and'®03 produce!®*0(*D) and80(1D) at equal
almost all of the initial Q in set Il is converted to @after  amounts, a$%0,180 and1®0180, do also. Therefore, the
~3min of photolysis ¢ (03)~10"2s1). This leads to dif- expected80(1D)/*®0(1D) ratio is exactly 1 and80(1D)
ferent positions of the various G@ases relative to §nthe  will not be enriched. This is strikingly different from natural
three-isotope plots. For example, the slope fonL,@@riched  oxygen mixtures, wherffO(1D) comes from80,180 only.
in 180 (COp-lll) is —3.8 in Fig. 2a and+2.9 in Fig. 2b, be-  Since that is strongly enricheé0(*D) will be too. In ad-
cause in the @CO, experiments the initiad1®0 of COp- dition — though likely smaller in magnitude — there are even
11l is higher than at photochemical equilibrium, whereas in more factors that could cause a dependence on the initial iso-
the &;-CO, experiment the initiad 180 of (CO-1l1) is lower topic composition when changing the isotope composition
than at photochemical isotope equilibrium. Nevertheless, thef the reactants from slightly to heavily enriched: isotope
photochemical equilibrium between G@nd G appears to  dependent quenching efficiencies of'D) and CQ ozone
be almost the same in the two sets of experiments. The equisotopomer dependent photolysis rates and mass dependent
librated CQ in the G;-CO, experiment is~5%o less en-  rates of the @'D) + CO, reaction, which would include re-
riched compared to the BCO, experiment. Such slight dif-  actions with G80,, for example.
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4.1 Dependence on fP[CO2] ing from high to low GQ content, isotope effects in Reac-
tions (R3) and (R4) could very well lead to an additional
Our experiments with varying the ILO; ratio at constant  variation between high and low,Qegimes.
pressure show that tHé0 and*®0 equilibrium enrichments A very interesting result of the-dependence study is that
in CO, decrease when the G@ontent exceeds 5% his  the equilibrium enrichments fot’O and 180 decrease to-
may imply that the presence of G@tself has an effect on  wards lower values gb in a 1:1 fashion. This decrease can-
the final equilibrium. On the one hand, it is possible that not be attributed to isotope changes ip, @hus we observe
the higher stabilization efficiency of GOorompared to @  an anomalous fractionation signal that must have another ori-
or Ny in the formation of @ (~2.7 Guenther et al., 2000) gin. Therefore, this observation is experimental evidence for
leads to a 2.7 times larger effective pressure (610=80 in- an anomalous fractionation step in the processes that are re-
stead of 225 hPa). Analysing available (Morton et al., 1990;sponsible for the decrease from the higiplateau.
Thiemens and Jackson, 1990) and new data on the effect of
pressure on the isotope effects in ozone formation, this wouldt.2  Isotope equilibrium and three-isotope correlations
correspond to a reduction of the equilibrium values by 17%o
and 22%. for'’0 and'80, respectively (Tuzson and Janssen, Our experiments clearly show that it is not sufficient to ex-
2007, see also Eq. 11). No direct experimental data on ozonglusively discuss slopes in three-isotope plots for charac-
isotope enrichments in a GCbath are available and data terization of the @-CO, exchange. Obviously, the slopes
on isotopomer specific rate coefficients in ozone formationdepend strongly on the isotopic composition of the start-
(Guenther et al., 2000) do neither support nor disprove thidng gases, as already indicated for £y Chakraborty and
hypothesis. While such an effect would qualitatively agreeBhattacharya (2003). This must be kept in mind when com-
with the observations, it is not sufficient to quantitatively ex- Paring slope data from different experimental series. The ex-
plain the strong dependency pn periments with artificially enriched gases (gé&nd Q) pre-
Another mechanism through which G@ould directly af- sented here demonstrate that in fact the photochemical equi-
fect the isotope equilibrium is the non-quenching exchangdiPrium pointis an inherent property of the exchange process
channel between COand QD). If sufficient (D) is ex- which provides the underlying information to obtain three-

changed with C@ via this channel (i.e. at high GQabun-  iSotope slopes. Here we show how three-isotope slopes de-
dance), CQ itself provides an isotopic source of(d)  Pend on the equilibrium point and the initial @@nd G
and can alter the isotopic composition of thé¢'@ reac-  SOtopic compositions.

tant. Thus, our findings may provide evidence for isotope Ve use the isotope equilibrium point from the £0; ex-
exchange between GCand QD) on a singlet surface as change experiments and denote the equilibrium composition
observed during recent cross molecular beam experiment@f CO2 by *’X=5700,(C0,), 1% =§'%00, (CO,). To keep
(Perri et al., 2003). Note, however, that £ never a direct the notation short and simple, superscripts to denote isotopes
source of @'D). Therefore, even in COdominated mix- - O or *°0 are omitted wherever possible. We thus write
tures where C@is the primary reaction partner of @), the ¢ instead 0f8170_ or §180, and likewise X to denote both,
branching ratio between Reactions (R4) and (R3) determines X and*®. Indicesi and / denote initial and final, equili-

the maximum fraction of D) that originates from C@ brated compo_sitions, re.spectively. We start with .the standard
Because of its energy dependence (Perri et al., 2004; Mebéicale conversion equation that expreskggCQ) in terms
etal., 2004) and because of the unknown energy distributior?f 8 vsmow(02) andsysmow(COy).

of _O(lD) under our gxperimental condit_ions, the .branching _ Susmow(CO2) —Svsmow(O2)

ratio between Reactions (R4) and (R3) is uncertaigpfio-  80,(CO2)= 145 0

tolysis at 254 nm provides hot@D) with roughly 54 kJmol +dvsmow(Oz)
kinetic energy, which in N or O, is only partly thermal- ~ With the above definition ok, this can be rearranged to re-
ized before electronic quenching occurs (Takahashi et al.late final @ to CO; andX, with § values of both compounds
2002). From the Monte-Carlo simulations of Takahashi et al.defined on the VSMOW scale:
(2002), we_estimate a typicalgélD)—COz collisional energy _Susmow(COy, 1) —X
of 8 kJ/mol in O, dominated mixtures. Even though thermal- dvsmow(O2, £)=
isation in reactive C@collisions is very efficient because a

large fraction ¢60%) of the available energy is deposited in For the remainder of this Sect. 4.2 we can drop the sub-
CO, (Perri et al., 2003), GD) is likely to be hotter in CQ@ script on the$ values, because we are concerned with a single
dominated mixtures, because of thd1/4 higher quench- standard, VSMOW in our case. Nevertheless, the derivation
ing efficiency of CQ compared to @ (Sander et al., 2003). holds for any standard substance, such as for air oxygen, for
Hence, the effective collisional energy could be as much aexample.

20kJmol, leading to relatively high values gf~25% as Using square brackets to denote molecular number den-
compared to a lower value of only 5% in the oxygen bathsities and assuming that ozone levels are small enough
(Mebel et al., 2004). With changing branching ratios go-to be neglected, conservation of mass requires that

®)

4

1+X
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AS(CO) [CO2] +A8(02) [O2] =0, where A§ denotes the In the absence of pressure dependent data, we assume that
change in theS value during an experiment. Equivalently, the pressure dependenceXfis solely caused by changing
when relative amounts=[0,]/[CO2] are introduced, mass the pressure conditions of ozone formation. New pressure
conservation implies the following relation between initial dependent measurements and already published data (Mor-

(i) and final (f) delta values: ton et al., 1990; Thiemens and Jackson, 1990) on ozone iso-
_ tope enrichments at room temperature have been combined
8(CO2,1) + p 8(02,)=8(COz ) + £ 8(Oz2 ). (®)  and simultaneously analyzed (Tuzson and Janssen, 2007).

It is interesting to note that this leads to identical three- They obey the following empirical pressure dependence be-
isotope slopes for both, the;@nd the CQ evolution arrays, tween 7 and 20 000 hPa:

because for changesin §170 ands*®0 we find 500,(03)(p) = A + B /m ©)
2 )

17 17
A5 0(C0) _ A8 0(02), (6) whereA is a pressure independent offsét,is the change
AS180(COz)  AS18O(0) in the fractionation going from high to low pressures and
Upon combining Egs. (4) and (5), the isotopic compositionis pressure at which the transition occurs. Allowing for dif-
of equilibrated CQ on the VSMOW scale can entirely be ferent offset valuest for the different data sets that might
determined in terms of the initial composition of the mixture be due to slight temperature differences and different frac-
(p,8(CO2;), 8(02,;)) andX: tionation effects in photolytic ozone decomposition, the fol-
lowing set of parameters reproduce the data withi®f6o
5(COp =X + ) 18(CO) +p5©2)=X} ;) (10=36%): B=1133% and po=1230hPa forl’O and
g 1+ X +p B=137.8%0 andpp=1150 hPa fot80. This pressure depen-
For the slope of 8(COp) in the three-isotope plot, dency describes the isotopic composition of ozone formed in
n— {178(C02’f)—175(C02,,-)} / {185(CQ’f)_188(C02’i)} the gas phqse. At Iowlpressures, ozone fprmatlon at wall sur-
we finally obtain faces contributes (Bains-Sahota and Thiemens, 1987; Mor-
ton et al., 1990; Tuzson and Janssen, 2006) and leads to neg-
185(02,)—185(COy,;) + 18 {1+ 185(0,,)} ative deviations from Eq. (9). Those deviations are normal
m= 17§(02,1)—178(COp,) + 17X {14 178(Oz )} mass dgpendent an_d become significant at pressures around
1+ p 418 10hPain a 5| reaction volume (Morton et al., 1990) and at
x——2 - (8) higher pressures in smaller reactors.
1+p+1% Because of strong experimental evidence that all pres-
This expresses: in terms of the reactants and the equi- sure induced variability in ozone enrichments is due to
librium fractionation values between G@nd &, 1’X and the asymmetric ozone species alone (Tuzson and Janssen,
18y, provided the ozone concentration is small enough t02007), QD) enrichments will show pressure variations
be neglected in the total mass balance. We notehat that are 3/2 times the effects in ozone itself. Given that
Eq. (8) becomes dependent prthrough the mass balance 80o,(0('D))(p)=Y (p) is known for some pressure,, we
relation (5) and through the dependenceXobn p. The di-  can predict the pressure dependence of the equilibrium com-
rect dependence omin the second factor of Eq. (8), how- position on the basis of the ozone isotope effect alone

ever, will be weak under experimental conditions, because
17x and 18 are not only significantly smaller than 1, but Y(p) = Y (pa) + _ 3B 1— 1+p/po . (10)
also similar in value, such that this factor remains close to 1 21+ p/po 1+ pa/po

for all values ofp.

The second term on the left hand side describes the pressure
dependency of the @D) isotopic composition, which will
determine the equilibrium isotope composition of £Ohe

It is expected that bothi’X and!8X, also show a pressure Same pressure dependency is thus expected for theqQ®d-

and temperature dependency. At least, isotope fractionatiofiPrium composition

in ozone formation does so and'D), being a photo-product

of Og, is likely to reflect this. These dependencies shouldx (p) = X (p,) + 3—3 1— M , (11)
therefore be investigated for a complete description of the 21+ p/po \ 1+ pa/po

isotope equilibrium. For comparison with previous labora- but the above mentioned limitations due to ozone wall for-
tory results, however, only the pressure _d.epen.dency nee%ation must be kept in mind.

to be known, because temperature conditions in the exper-

iments were always at room temperature or slightly higher4.4 Comparison with laboratory data

perhaps. Some temperature rise above ambient is likely due

to heating by the photolysis light sources used in all the ex-Equation (8) relates three-isotope slopes directly to the pho-
periments. tochemical equilibrium point, provided that the isotopic

4.3 Dependency on [£}[CO;]-ratio and pressure
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composition of the initial reactants is known. We can now ap-ever, the mass balance relation (Eq. 5) between &@ G

ply this equation and the hypothesized pressure dependendsg violated in this experiment (see Table 1 in Johnston et al.,
of X (Eq. 11) to our triangulation experiments that were car-2000). When we correct the,@ata to satisfy isotope mass
ried out at lower pressures as well as to previous measuredalance, the corrected values bring this particular point al-
ments reported in the literature. Since the isotope equilib-most in agreement with our prediction, including the three-
rium point is a general property of the isotope exchange sysisotope slope. Mass balance is also violated for the 133 hPa
tem, any laboratory or atmospheric exchange process shouldata point (see Table 1 in Johnston et al., 2000), but here the
evolve towards this equilibrium point. If other conditions discrepancy cannot be solved by attributing the mass balance
(i.e. temperature, photolysis wavelengths) are similar, we exerror to Q. The discrepancy is also reflected in different
pect that our formalism can reproduce the experimental rethree-isotope slopes for theo,@nd CQ evolution arrays.
sults. Conversely, if experimental results deviate from ourWhile CO, has a slope-1, the slope for @ is 0.94. Yet,
prediction, this is a clear indication of either experimen- mass balance between @nd CQ (Eq. 5) implies identical

tal problems or fundamentally different experimental condi- slopes. We note that for the 435 hPa data point, the observed

tions. three-isotope slopes ofand CQ agree prefectly with each
other and with the calculated slope. The ten oxygen data in-
4.4.1 Low pressure experiments dicate a slope of 0.89 with a scatter less than 0.01, whereas

the individual CQ data show a larger scatter around the same
First, we compare our low pressure triangulation experi-average value.
ments (-9 hPa) to thep dependence study at 225hPa. Ta- Johnston et al. (2000) also perform&tO(CO,) mea-
ble 3 shows that even when the difference in pressure is acsurements at very high (between 720 and 950) for 100, 400
counted for according to Eq. (11), the predicted enrichmentsaand 800 hPa. The value 6?8002(C02):113%o at 100 hPa
are~25%o higher for'®0 and~10%. for 7O than the mea- s already significantly lower than our high oxygen plateau
sured ones. Those differences are robust, since they are sinat 225hPa. One has to keep in mind, however, that mea-
ilar for the CQ-0O2 and CQ-O3 experiments, which were surements at low COcontent become challenging due to
performed at almost the same pressure. This is a clear insmall sample sizes. Johnston et al. (2000) reported substan-
dication that additional factors contribute in the low pres- tial amounts (up to 20%) of “excess” GGn the samples.
sure experiments. Interestingly, the differences behave immhe origin of this excess CQOemains unexplained. Thus, a
an almost standard mass dependent way. As discussed tuantitative correction is impossible, but any contamination
Sect. 4.3, a mass dependent depletion relative to the calcifrom ambient C@ would lead to diminished80(CO,) val-
lation points towards the influence of wall effects in ozone ues. The higher pressusevalues of Johnston et al. (2000)
formation. Thus, we attribute the differences to wall effects, qualitatively show the predicted behavior, i.e. decreasing en-
which are indeed expected to become important at these lowichments with increasing pressures. Nevertheless, since all
pressures, even in the 21 spherical reactors employed (sefose highp data appear to suffer from contamination we
discussion above). cannot use them for quantitative comparison.

Since the absolute equilibrium enrichments are large com-

pared to the mismatch between computation and measuret.4.3 Wen and Thiemens (1993) experiments
ment, the predictions for the slope still reflect the general
trend of the observations. The values of the Qfiree-  Only one data point of Wen and Thiemens (1993, Table 1)
isotope slopes strongly vary with the initial isotope compo- is included in Fig. 3, because the remaining measurements in
sition of O, and CQ, between-3.8 and+2.9 in our exper-  their Table 1 (covering a range pfirom 0.065 to 8.5) appear
iments. The predicted slopes get highly uncertain when théo not have reached isotope equilibrium. The data all lie be-
values of the numerator or denominator of the first term inlow our measurements and get closer with increasing irradia-
Eq. @) are close to 0. An error of just 0.0005 (correspondingtion times. The equilibrium data point of Wen and Thiemens
to measurement uncertainties of less thas%@) in the ini- (1993) can be reproduced within 14%.. Given the large un-
tial or final isotope compositions leads to the error estimatescertainty of our prediction for small values of (11%o0 at
given in Table 3. On the other hand, small errors for the cal-the 95% level of confidence), this is almost satisfactory as
culated CQ slopes indicate little sensitivity to measurement is the agreement between measured and calculated slopes.

uncertainties (i.e. initial or final isotope compositions). Nevertheless, we cannot exclude that the slight discrepancy
may have an experimental origin. Wen and Thiemens (1993)
4.4.2 Johnston et al. (2000) experiments placed the light source outside the reactor, whereas we de-

termined the equilibrium point used for the calculation with
Turning to previously published data, we find that the a light source in the reactor. This likely causes tempera-
435 hPa data point of Johnston et al. (2000) agrees very weliure differences between the experimental setups. Ozone
with our prediction. The 381 hPa data point does not fit intoisotopomer enrichments increase with temperature (Morton
this scheme because it is more enriched than our data. Howet al., 1990; Janssen et al., 2003) and a 10%. difference in
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Table 3. Comparison of C@ equilibrium predictions with previously observed data obtained from experiments employing Hg lamp O
photolysis. If not noted otherwisé,values are given with reference to VSMOW and the slope of the §i@hatures is calculated using

values on the VSMOW scale. Most experiments in the literature don't provide information on the equilibrium, but on the slope of the CO
evolution array. Error estimates for observed and calculated slopes are given in parentheses. When available, observed error estimates a
given as & values resulting from linear fits to the data and uncertainties for calculated values derive from an uncertainty of 0.0005 in both,
the numerator and denominator of the first term given in Eq. (8).

Ref. P, initial COy (%)  initial O2/O3 (%) 81700, (COy) (%) 8800, (COy) (%) CO, slope
(hPa) s70 §180 570 sl80 obs. calc. obs. calc. obs. calc.
a 86 15 130 251 37 73 139 148 134 157 03(1) 1.00(8)
a 86 15 1020 516 37 73 139 148 134 157 85(2) 0.44(8)
a 86 15 212 1740 37 73 139 148 134 157 —-38(1) —14(13
b 10 10 10 251 77 99 134 145 128 154 994 0.91(3)
b 10 10 1040 363 77 102 134 145 128 154  8B(1) 0.55(3)
b 10 10 211 1740 80 103 134 145 128 154  .@2) 2.2(1)
c,d 133 0369 57 110 83 160 712 81 715 90 105(7) 0.88(1)
c,e 381  (B58 57 110 83 160 735 73 728 68 Q92(7) 0.90(1)
c 435 0254 57 110 83 160 593 61 651 65 Q89(4) 0.90(1)
f 873 0065 13 53 231 447 416 36 487 35 Q72 075(1)
f.,g 457 013 13 53 231 447 - 54 - 58 o73 076(1)
f,g 175 Q44 13 53 231 447 - 81 - 89 or7 078(1)
f,g 113 Q89 13 53 231 447 - 97 - 107 B4 080(1)
fg 69 33 13 53 231 447 - 127 - 136 ®2 083(2)
f,g 57 85 13 53 231 447 - 140 - 148 ®5 084(3)
h 3 80 204 393 1059 1249 - 143 - 153 B 0.95(2)
h 3 80 22 41 1059 1249 - 143 - 153 3 0.90(2)
h 3 80 -56 —109 1059 1249 - 143 - 153 B 0.88(2)

a: this work, set | experiments starting with &@.

b: this work, set Il experiments starting with G@s3.

c¢: Johnston et al. (2000), experiments started withp 5.

d: Mass balance fof80 is violated in this particular data set.

e: Final @ values corrected assuming mass balance. Uncorrected valuegiexg, (CO,) =80.9%0 ands180g, (CO2)=93.0%o.

f: Wen and Thiemens (1993), experiments started with@3Q, slope determined frod (O,), initial §O(COy) is suspect, because
8170+£0.525180. We assumél’0(C0,)=2.8%o, corresponding to a working standard of 19.7 instead 3%

g: equilibrium was not reached, but change$({@,) exceeded 10%o.

h: Chakraborty and Bhattacharya (2003), start withy&®, equilibrium not reached.

180 requires a temperature difference of only 20K. This On the experimental side, it should be noted that the ob-
is not unrealistic given the different experimental configu- served slope values become more uncertain with decreasing
rations and the variations we have observed when differenpressures due to the experimental method employed. With
lamps were employed. Exploring the role of temperature inincreasing oxygen content of the mixture, changes in the iso-
determining the isotope equilibrium is one of the most press-topic composition of @ become smaller and the relative er-
ing tasks for future investigation. rors of the measurements that determine the accuracy of the
For the experiments of Wen and Thiemens (1993) thatthree-isotope slope increase. For the 57 hPa measurement of
did not reach isotope equilibrium, we can nevertheless comWen and Thiemens (1993) an error of only 1%4® would
pare the three-isotope slopes. Table 3 contains the data théad to an error of 0.1 in the GQhree-isotope slope and thus
showed robust changes in the isotope composition.0byYD  would suffice to explain the discrepancy between observed
more than 10%o. for both’O and'®0. The measurements and calculated values.
show a much stronger trend in three-isotope slopes than our
calculations. This mismatch is most likely due to the above4.4.4 Chakraborty and Bhattacharya (2003) experiments
mentioned uncertainties in the low pressure extrapolation.
Because of the very small reactor dimensions (78)cmall The data discussed so far are at least reasonably consis-
effects should be very pronounced here. Note, that an adtent with our photochemical equilibrium calculations. This
ditional standard mass dependent depletion in ozone wouldloes not hold for the data of Chakraborty and Bhattacharya
lead to an increase in slope values, as observed. (2003), which cannot at all be explained by our calculations
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(see Table 3). Such a strong discrepancy indicates funda- Thirdly, in the kinetic experiments by Chakraborty and
mental differences in the experimental conditions, and sevBhattacharya (2003), thesOsotopic composition is almost

eral factors may contribute. entirely determined by the formation procesgim) derived
First, the Q used for these experiments was producedtherefrom will acquire the isotopic composition of (asym-
differently (photolysis and condensation at liquid ¥em- metric) ozoneplusthe effect in the photodecomposition pro-

perature). Isotope fractionation durings @ormation is  cess. In equilibrium experiments (Wen and Thiemens, 1993;
strongly temperature dependent (Morton et al., 1990; Janssedohnston et al., 2000, this work), howeveg Will acquire
et al., 2003). However, this alone cannot explain the largeits isotopic composition from both processes, formation and
difference, since the isotopic composition reported in photolytic decomposition. In this casgD) essentially car-
Chakraborty and Bhattacharya (2003) was not very muckries the isotopic composition of (asymmetric) ozone in the
different from ours. Moreover, the effect of having differ- formation processvithout any contribution from an isotope
ent initial isotope compositions should have no effect wheneffect in the photodissociation of ozone, because the latter
the system is driven into equilibrium, because initial isotopic effect cancels identically. If, contrary to earlier evidence
compositions are fully taken into account by usthgalues  (Brenninkmeijer et al., 2003), isotope effects in the photo-
relative to Q. chemical decomposition of£are large (Miller et al., 2005),
Secondly, Chakraborty and Bhattacharya (2003) did notalso large differences between kinetic and equilibrium effects
use a large reservoir of Obut started their experiments are expected. More experimental data on ozone photodecom-
with O3. This is similar to the set-1l experiments discussed position and detailed kinetic modeling is required to establish
above, but also in those experiments we got results consigthis assertion.
tent with our other findings. However, in our experimental ~We close our discussion of previous laboratory data with
setup the initial @ was converted to @within three min-  the remark that experiments in the past either appear to suffer
utes. Slower @ conversion was reported in the experiments from experimental deficiencies at high/QO; ratios or have
of Chakraborty and Bhattacharya (2003). § © present at  been performed at small values @f Our experiments show
high concentrations during the short-duration experiments, ithat in this case the results are effected by the high levels of
is the dominant buffer gas, because it reacts faster witbO  CO, not present in the atmosphere. Moreover, in low pres-
than CQ (2.4 vs. 11x10%cm3s~2, Sander et al., 2003). sure experiments, including our own triangulation measure-
This could affect the isotopic composition and kinetic energy ments, heterogeneous ozone formation at surface appears to
distribution of 'D)and via the energy dependent branch- contribute, so that the results cannot be directly transferred
ing ratio between Reactions (R3) and (R4) on the isotopicto the atmospheric situation.
composition of @'D) and thus C@. High ozone concen-
trations can also affect the isotope photochemistry throught.5 Atmospheric implications
absorption. If only 50% of the initial ozone was decom-
posed, radiation at 253.7 nm would be effectively shielded.We can apply Eq. (8) in combination with Eq. (11) to strato-
Under the experimental conditions of Chakraborty and Bhat-spheric conditions, using the isotopic compositions of tro-
tacharya (2003) the penetration depth is just 2 cm, about tepospheric CQ and G as the initial values. We infer a
times smaller than the diameter of the reactor. Using typi-810/880 slope of 10 for stratospheric CO- independent
cal intensities for Hg-discharge lamps (Reader et al., 19960f pressure in the range between 5 and 100 hPa. Thus, ap-
Mentges, 2006) and the wavelength dependence of the phglication of the photochemical equilibrium equation to the
tolysis cross section in the Hartley band of ozone (Sandematmosphere does not reproduce the stratosph&i@/s180
etal., 2003; Miller et al., 2005) we estimate that photolysis atslope of 1.7 (see Fig. 4). This indicates that in order to un-
184.9 nm becomes dominant after about 8.3 cm of pen-  derstand the atmospheric data as well as to get complete in-
etration, the lower value at the beginning of the experiment,sight into the exchange mechanism, other parameters such as
the higher when half of the initial ozone has been decom-wavelength dependent photolysis of ozone as well as temper-
posed. To some extent(0%) photolysis at 312.5/313.1 nm ature need to be addressed. The temperature dependence of
may also contribute. In particular around 310 nm, extraordi-the isotope effect in ozone formation (Morton et al., 1990)
narily large isotope effects in ozone photodissociation havecould possibly account for some of the differences. With
been predicted (200%. foOs Miller et al., 2005), which ~ decreasing temperatures and decreasinglues, the ratio
is much larger than the typically inferred value @20%  §70/880 in ozone increases. Assuming everything else re-
for photodecomposition df0 containing ozone at 258nm maining unchanged, this will lead to an isotopic composition
(Brenninkmeijer et al., 2003). Presently, the role of UV of O('D) that s situated above the line between the origin and
photodecomposition on the isotopic composition of ozoneroom temperature @D) in a three-isotope diagram. Thus,
has not been investigated thoroughly in experiments. How+the slope for the C@array should indeed increase with de-
ever, a strong wavelength dependence as suggested by Millereasing temperature.
et al. (2005) could explain why the equilibrium and non- In the absence of experimental evidence on the effects
equilibrium experiments show strikingly different results.  of temperature on the exchange process, we suggest an
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additional or alternative explanation for the discrepancy. The 160 ——r——T—T———T T T
isotopic composition of @in the atmosphere is affected by r §
both, formation and photodecomposition. Measurements, 40— ¥ I:gg: 8(23 7
however, show that the isotopic composition in the lower ool & strat co, 7]
and middle stratosphere can be explained by the isotope | © 'egbm.CO," ]
effect in the formation process only (Mauersberger et al., 3100 - ’ _
2001; Liang et al., 2006). This leaves little room for large % - ; 4
fractionation effects in ozone decomposition in the lower 2 80 —

stratosphere and indeed, laboratory experiments indicate that o i T
broadband ozone photolysis in the visible region (Chappuis % 60 B N
band) should cause only small isotope effects (e.g. Bren- 40 TF line _
ninkmeijer et al., 2003). Recent remote sensing measure- L N
ments (Haverd et al., 2005) suggest that large photolytic iso- 20 —
tope effects may be effective at higher altitudgs3% km) T
where UV photolysis of ozone is important. If this is true, 00 40 80 120 160

O(D), which is produced via UV photolysis, may effec-
tively deviate from the isotopic composition of (asymmetric)
ozone, which itself is not affected much at lower altitudes due
to th_e much more efficient ph.OtOIYSIS n the ChappUI§ b.and'Fig. 4. Comparison between predicted (dotted line) and observed
As dlscusseq above, such a situation may in fact be m|m|cke(iiopen triangles/slash-dotted line) stratospheric,@@ays. Trop.

by the experiments of Chakraborty and Bhattacharya (2003),502 (Thiemens et al., 1991), strat. GQLammerzahl et al., 2002).

where ozone was produced under conditions where UV de_Based on the discrepancy an additional isotope effect (arrow) is as-
composition can be neglected and where ozone photolysisumed that leads to a shifted equilibrium position.

to produce @'D) was likely not quantitative to change the
isotope composition of ozone significantly. However, this
is certainly different to our experimental conditions where sional frequency effects cancel almost completely. The same
ozone photodissociation and production off® occur at  argument applies to the atmosphere, wher@®is con-
the same wavelength and where UV photolytic isotope frac-trolled by quenching with Nand G.
tionation will have an influence on the isotope composition of  Comparing our laboratory based results to the atmospheric
ozone. Note that this explanation requires small isotope efthree-isotope slope of GQwe can estimate the magnitude of
fects in the photodecomposition of ozone at wavelengths thathe hypothesized fractionation process, provided that it fol-
do not produce OD) and a comparatively large fractionation lows a standard mass dependency. Our formalism predicts
in the photolysis step that produces isotopically lighttiD an equilibrium isotopic composition of stratospheric £
while heavy isotopes would be enriched in ozone. Qualita-s17Oyspyow=142%0 ands180ysmow=146%. at 50 hPa. In
tively this requirement is in agreement with the calculationsorder to recover the atmospheric slope of 1.7, the equilibrated
of Miller et al. (2005). stratospheric C@must be shifted roughly by50%. along a

In order to explain their observations, Chakraborty andslope 0.52 line in the three isotope plot. This is the magnitude
Bhattacharya (2003) also discussed additional isotope efef the fractionation process that is missing in our experiments
fects, which would lead to an GCequilibrium point that  and it agrees with the number inferred by Chakraborty and
deviates from asymmetric ozone. They proposed that theBhattacharya (2003). The fractionation can tentatively be
O(D) + CO; reaction could introduce a large isotope effect attributed to preferential UV photodecomposition of heavy
(~—50%o for180) by considering hard sphere collisional fre- ozone, but we note that other effects have been neglected.
guencies for that reaction. While our experiments actually in-Firstly, part of the observed discrepancy between asymmet-
dicate that large isotope effects are indeed associated with théc ozone and equilibrium Cg&can likely be attributed to the
O('D) + CO, reaction, these effects are most likely too com- temperature dependence of the isotope effects in ozone for-
plex to be accounted for in a simple hard sphere collisionalmation. Secondly, a possible fractionation from photolysis
model, not alone given the energy dependent branching ratiin the Chappuis band may have to be included. Finally, the
between iso-electronic exchange and quenching. Model calpresence of N in the atmosphere could make some differ-
culations have already demonstrated (Johnston et al., 200@nce, because it is less efficient in quenchirgd®than G.
that consistent use of collisional frequency factors will lead
to very small net effects in C(~1%. for 180), because a
similar isotope effect occurs in the competing reactions thats Conclusions
lead to the removal of @D). Thus %0(D) is removed
preferentially, increasing the steady state concentration ofMe have shown that the isotope composition of;@Dpho-
180(ID) available for reaction with C® This way colli- tochemical isotope equilibrium with oxygen and ozone is

6180 VSMOW (%°)
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