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Atmospheric Lifetime of CHF,Br, a Proposed

Substitute for Halons

R. TALUKDAR, A. MELLOUKI, T. GIERCZAK,* J. B. BURKHOLDER,
S. A. McKEEN, A. R. RAVISHANKARAT

The rate coefficients, k,, for the reaction of OH with CHF,Br have been measured
using pulsed photolysis and discharge flow techniques at temperatures (T') between
233 and 432 K to be k; = (7.4 = 1.6) x 1073 exp[—(1300 *= 100)/T] cubic
centimeters per molecule per second. The ultraviolet absorption cross sections, o, of
this molecule between 190 and 280 nanometers were measured at 296 K. The &k, and
o values were used in a one-dimensional model to obtain an atmospheric lifetime of
approximately 7 years for CHF,Br. This lifetime is shorter by approximately factors of
10 and 2 than those for CF;Br and CF,CIBr, respectively. The ozone depletion
potentials of the three compounds will reflect these lifetimes.

INCE THE SIGNING OF THE MONTRE-
al protocol (1) curtailing, and eventu-
ally banning, the production of chem-
icals that can destroy stratospheric ozone,
many new compounds have been proposed
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as substitutes for the regulated compounds.
Bromocarbons (Halons), for example,
CF;Br, and CF,CIBr, which are used as
fire-extinguishing agents, are major anthro-
pogenic sources of stratospheric Br and will
have to be replaced (7). One proposed sub-
stitute, CHF,Br (2), has good fire-suppres-
sion characteristics (3). This molecule, be-
cause of the presence of an H atom, reacts
with OH free radicals in the troposphere; as
a result, the quantity of this molecule trans-
ported to the stratosphere is reduced. To
judge the acceptability of this replacement, it
is necessary to know the fraction of CHF,Br
released at the earth’s surface that will reach
the stratosphere. A measure of this quantity

is the tropospheric lifetime of the com-
pound. Two processes that can destroy this
molecule in the troposphere and thus reduce
its transport to the stratosphere are (i) the
reaction with the OH free radical

OH + CHF;,Br — CF;Br + H,O; k;

(L
and (ii) photolysis. The latter process is
quantified by measurement of the absorp-
tion cross section, o, in the ultraviolet (UV)
region. We have measured the rates of these
two processes and calculated the tropo-
spheric lifetime.

We measured the rate coefficient, k,, us-
ing two complimentary techniques: (i) dis-
charge flow with laser magnetic resonance
detection (DF-LMR) of OH and (ii) pulsed
laser photolysis with laser-induced fluores-
cence detection (PP-LIF) of OH [see (4,
5)]. The experimental conditions used to
measure k, are listed in Table 1. In the
pulsed photolysis experiments, HONO was
used as the OH precursor. Because CHF,Br
is nearly transparent at 355 nm (o < 107*
cm?), the wavelength at which HONO was
photolyzed, secondary reactions of CHF,Br
photofragments were minimized. The mass
flow rates of all compounds flowing through
the reactor were measured with calibrated
mass flowmeters, and the flow rates were
then used to determine the concentration of
CHF,Br. The sample of CHF,Br had an
analyzed purity of 98.8%; CF,CIBr (1%) and
CF,HCI (0.2%) were the main impurities.
We also analyzed the sample for the possible
presence of Br, and HBr, which react very
rapidly with OH, using UV and infrared (IR)
spectral measurements and found them to be
less than 1 ppm by volume each.

Secondary reactions of OH were negligi-
ble, as reported in earlier papers dealing
with the OH reaction rate coefficient mea-
surements (4, 5), under our experimental
conditions (see Table 1). There was good
agreement between data obtained by two
independent methods. We are confident that
our measurements do not have any large
systematic errors. In the DF-LMR study, we
could not measure k; below 268 K because
CHE,Br sticks on the walls of the reactor.

The measured values of k; (Table 1 and Fig.
1) can be expressed in the Arrhenius form as

ky=(74%16)x 10713

exp[—(1300 = 100)/T] cm? molecule™* s™*
(2)

for temperatures (T°) between 233 and 352
K. Even though k, was measured up to 432
K, data at T"> 352 K are not included in the
fit because of the slight curvature in the
Arrhenius plot at the higher temperatures
and because we use measurements made at
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atmospheric temperatures for lifetime calcu-
lations. The contributions of the reactions of
OH with the known impurities, CF,CIBr
and CHF,Cl, to the measured value of k,
are negligible (<1%), on the basis of known
rate coefficients for these reactions (5, 6).
We believe, on the basis of the linear Arrhe-
nius plot of k; at the lower temperatures and
the chemical analyses of the CHF,Br sam-
ple, that contributions to the measured value
of k, from impurity reactions are negligible.

We measured the UV absorption cross
sections of CHEF,Br at 296 K using a D,
lamp-diode array spectrometer (7). The
measured ¢ values were corrected for the
contribution from CF,CIBr impurity (1%)
in our sample. The obtained UV absorption
spectrum is displayed in Fig. 2. The uncer-
tainty in the o value at 280 nm is ~40%,
and it increases rapidly at longer wavelengths.

10718

10714

k; (cm3 molecule™ s™)

10-15
2 3 4 5

1000/T (K)

Fig. 1. Plot of k, (on a logarithmic scale) against
the reciprocal of temperature. The closed circles
are data obtained with the DF-LMR apparatus;
the open circles are from the PP-LIF system. The
line is a fit of the data obtained between 233 and
352 K to an Arrhenius relation; the parameters
are given in Eq. 2.

This effect is attributed to the uncertainty
in subtracting the contribution of the
CF,CIBr impurity. Therefore, we have not
reported o above 280 nm. We assume that

368 0 7T

Wavelength (nm)

220

Fig. 2. UV absorption cross section o (on a
logarithmic scale) plotted against wavelength \
for CHF,Br at 296 K. The curve for A >280 nm
(dashed line) was obtained by an extrapolation of
the data measured between 260 and 280 nm and
an assumption of an exponential decrease in o
with A.

60 T

40p Photolysis
(no extrapolation)

Height (km)

20

d FRETIY
1079 107 10-8

Annually averaged loss rate (s™)

10-1

Fig. 3. Plot of the annually averaged loss rate of
CHF,Br due to reaction with OH, O('D), pho-
tolysis, and the sum of the three (dashed lines) as
a function of altitude. “Photolysis (no extrapola-
tion)” refers to the use of cross section with A
<280 nm. “Photolysis (with extrapolation)” re-
fers to the case when \ up to 360 nm is used (see
text). The downward-pointing arrow indicates a
lifetime of 1 year.

Table 1. Summary of experimental conditions and the measured values of k, as a function of
temperature. DF-LMR: The source of OH was the reaction of H with NO,. PP-LIF: The source of

OH was the 355-nm laser photolysis of HONO.

estimated systematic errors.

Quoted error bars are 20 and do not include

Tem- [OH], [CHE,Br] . Buffer gas, —14 .3
perature  Method (1010 range (1015 Flow vcl_olc1ty prcsstigrc kll<1Ol m
(K) cm3) cm™3) (ems™%) (torr) molecule™ s77)
233 PP-LIF 42 to 84 37 to 314 He,100 0.29 = 0.01
253 PP-LIF 94 55 to 325 He,100 0.41 + 0.01
268 DF-LMR 0.7t0 88 1.03to 7.74 850 He,2 0.64 = 0.05
273 PP-LIF 105 42 to 300 He,100 0.61 + 0.01
297 PP-LIF 70 46 to 452 He,100 0.91 = 0.01
298 DF-LMR 24t013.8 0.6to845 900to 1200 He,l to 3 1.06 = 0.08
333 PP-LIF 84 27 to 255 He,100 1.45 = 0.04
352 DF-LMR 4.1 0.62 to 32.9 1050 He,2 2.03 £0.12
373 DF-LMR 5.45 0.52 to 3.47 1500 He,2 2.62 = 0.08
405 DF-LMR 4.24 0.87 to 3.08 1700 He,2 3.52 +0.23
432 DF-LMR 3.83 0.43 to 2.98 1800 He,2 4.65 = 0.17
694

light absorption by CHF,Br leads to disso-
ciation.

Atmospheric lifetimes are usually calculat-
ed by two-dimensional (2-D) models (8, 9)
or 3-D models (10). Our interest here is to
calculate the lifetime of CHF,Br relative to
those of existing Halons within a consistent
modeling framework. To gauge the relative
impact of two compounds on the atmo-
sphere, at least to a first approximation, 1-D
calculations are adequate. Therefore, we car-
ried out 1-D calculations to measure the
impact of substituting CHF,Br for CF,CIBr
and CF;Br. The OH rate constant and the
UV absorption data were incorporated in a
1-D photochemical model to estimate the
lifetimes of CHF,Br in the troposphere and
the atmosphere (5, 7). Such a model has
produced atmospheric lifetimes for chloro-
fluorocarbon replacements (7) that agree
with 2-D models. A value of 1.0 x 107'°
cm?® molecule ™" s~ for the rate constant for
the reaction of O(*D) with CHF,Br was
used. The contributions of the various pro-
cesses to the rate of destruction of CHF,Br
as a function of altitude are given in Fig. 3.
The O(*D) reaction contributes negligibly
to the loss of CHF,Br in the stratosphere
and hence can easily be neglected. On the
other hand, the contribution of photolysis
to the calculated lifetimes is not negligible.
Absorptions up to 360 nm contribute to this
removal process. Even though the o values
were not measured up to 360 nm, we esti-
mate them by extrapolation of the measured
shorter wavelength data between 260 and
280 nm. This extrapolation yields higher o
values than that obtained by extrapolating
the o values measured below 260 nm. We
used the extrapolation made from 260 to
280 nm to ascertain the shortest possible
lifetime. The calculated tropospheric and
atmospheric lifetimes are 6.7 and 6.4 years,
respectively. The tropospheric lifetime is 8
years if photolysis at a wavelength () of
>280 nm is neglected. Inclusion of longer
wavelength (280 < A < 360 nm) photolysis
makes the most difference between 8 and 20
km. Above 20 km, short-wavelength (A
<280 nm) photolysis is the dominant loss
process and inclusion of absorptions from
280 to 360 nm has minimal effect (Fig. 3).
Photolysis (including contributions up to
360 nm) contributes at most 20% to the
tropospheric lifetime. The UV cross sections
in the tails of the absorption bands decrease
with decreasing temperature (5). The same
should be true for CHF,Br. If the temper-
ature dependence of ¢ is included, the life-
time will increase. Therefore, we believe that
the tropospheric lifetime of CHF,Br is be-
tween 6.7 years (obtained for temperature-
independent cross sections up to a A of 360
nm) and 8 years (obtained by neglecting
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photolysis) while the atmospheric lifetime is
approximately 7 years. The 7-year atmo-
spheric lifetime of CHF,Br is shorter than
the 12- to 18-year lifetime for CF,CIBr (7,
11) and the 65- to 8l-year lifetime for
CF;Br (7, 11). On a molecule per molecule
basis, the improvement obtained by substi-
tuting CHFE,Br for CF;Br is large. The same
is not true for replacing CF,CIBr. In the
troposphere, CHF,Br is lost by reaction
with OH, unlike CF,CIBr which is photo-
lyzed. Determinations of lifetimes for spe-
cies removed by OH reaction are reasonably
well established, but tropospheric photolysis
loss rates are not as well quantified.
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Partial Melting of the Allende (CV3) Meteorite:
Implications for Origins of Basaltic Meteorites

A. J. G. Jurewicz, D. W. MITTLEFEHLDT, J. H. JONES

Eucrites and angrites are distinct types of basaltic meteorites whose origins are poorly
known. Experiments in which samples of the Allende (CV3) carbonaceous chondrite
were partially melted indicate that partial melts can resemble either eucrites or
angrites, depending only on the oxygen fugacity (fo,). Melts are eucritic if the fo, is
below that of the iron-wiistite buffer or angritic if above the fi,, of that buffer. With
changing pressure, the graphite-oxygen redox reaction can produce oxygen fugacities
that are above or below those of the iron-wiistite buffer. Therefore, a single,
homogeneous, carbonaceous planetoid >110 kilometers in radius could produce melts
of drastically different composition, depending on the depth of melting.

UCRITES AND ANGRITES ARE DIS-
Etinct classes of basaltic meteorites.

The initial Sr isotopic ratios from
both groups, which are indistinguishable,
indicate great age (1, 2). Similarly, their O
isotopic compositions suggest derivation
from the same isotopic reservoir (3), such as
planetoids derived from adjacent regions of
the solar nebula. Yet there are also radical
differences between eucrites and angrites, as
indicated by their respective mineralogies.
Eucrites are composed mainly of Ca-poor
clinopyroxene, anorthitic plagioclase, and
tridymite (4), whereas angrites contain Ca-,
Al-, and Ti-rich clinopyroxene, Ca-rich oliv-
ine, and anorthite (5-7) (Fig. 1). This dif-
ference in mineralogy is a reflection of dif-
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ferent bulk compositions. For example,
eucrites are silica-saturated, whereas angrites
are critically silica-undersaturated. Because
of the large difference in the degree of silica
saturation between eucrites and angrites,
they may be profitably thought of as analogs
of terrestrial tholeiites and alkali basalts,
respectively. Additionally, the Ca/Al ratios
of the most primitive eucrites are close to
those of chondritic meteorites, whereas the
Ca/Al ratios of angrites are significantly
higher (8). Eucrites are also thought to have
formed under lower ambient oxygen fugac-
ities (fo,) than did the angrites (9-11).
Accordingly, explanations for the origins of
these meteorites must take into account
their basaltic textures, distinctive bulk com-
positions and mineralogies, similar Srand O
isotopic ratios, and different intrinsic fo,.
The origins of eucrites and angrites have
been topics of considerable debate. The foci
of these debates center around whether
these meteorites are evolved melts, produced

by complex fractional crystallization pro-
cesses, or whether they are direct melts from
undifferentiated nebular accretions, such as
chondritic meteorites. For example, Mason
(12), and more recently Hewins and New-
som (13), viewed eucrites as evolved basaltic
liquids. If this hypothesis is correct, an
initial, primitive liquid crystallized pyroxene
and possibly minor olivine. The evolved,
derivative liquid then separated from the
accumulation of crystals and was quenched
to form eucrites. In contrast, Stolper (9)
provided evidence that at least some eucrites
represent primary, undifferentiated liquids
formed by direct melting. Stolper noted that
eucrite compositions cluster about a low-
pressure peritectic (reaction point) when
plotted on a pseudo-ternary olivine-plagio-
clase-silica (OL-PL-SI) diagram. The com-
positions of chondritic meteorites can be
approximated by this system, and the phase
relations imply that peritectic melts of chon-
drites should be eucritic in composition.
Debate over the merits of these end-member
models continues. '

The origin of angrites is even more ob-
scure. Both complex and simple petrogene-
ses for angrites have been proposed [for
example, (8) and references therein]. One
suggestion is that angrites may be nebular
condensates or slightly modified conden-
sates (14). Such diversity of views reflects
the strangeness of angrite mineralogies, as
contrasted to the mineralogies of other ig-
neous meteorites.

To gain insight into the petrogenesis of
eucrites and angrites, we determined exper-
imentally the compositions of low-pressure
partial melts of the Allende (CV3) carbo-
naceous chondrite (15) and evaluated the
effect of fo, on melt composition. This
meteorite was chosen for pragmatic reasons:
representative samples are easily obtained,
and the meteorite has been well character-
ized. Although Allende is not necessarily the
best choice for specifically creating melts of
either eucritic or angritic bulk composition,
its composition (Table 1) was deemed rea-
sonable for an initial assessment of direct
melting models (8).

Experimental conditions were chosen to
reflect inferred conditions of eucrite and
angrite genesis. The temperature, 1200°C,
was close to both the peritectic temperature
of Stolper (9) and the liquidus temperature
of the angrite LEW86010 (16). The f, was
varied so that the most reducing fo,, was
close to that inferred for eucrite genesis (9),
whereas the higher fi,, values were close to
those calculated for LEW86010 (11) and
measured for Angra dos Reis (10). The fo,
values of our experiments bracketed the
Fe-FeO (iron-wiistite) O buffer (IW): from
one log unit below it (IW—1) to about two
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