
scale of cooling. Given comparatively fast 
cooling, one nlay even expect that nlost of 
the elements condense as single oxides and 
that they later react with each other to f i ~ r m  
more conlplex oxides and silicates. Solue of 
the oxide grains may survive. 

Another possibility fur the formation of 
oxide inclusions is grain boundary exsolu- 
tion within cons t i t~~en t s  of CAIs if local 
enrichments of Mg, Ca,  Ti ,  or A1 occurred 
during the crystallization of the host miner- 
als. O n  the basis of textural observations. 
such a process seems unlikely. ( I )  T h e  oxides 
do not exhibit typical exsolution features. In  

, A  

contrast, some inclusions exhibit euhedral 
morphologies, vrihich would be unusual for 
exsolution. (i i)  Within  an  area of 20 nnl by 
50 nm, three different oxides (TiOZ,  CaO,  
and Al,O,) were encountered (Fig. 1C) .  In 
the case of diffi~sion-controlled exsolution, 
the the rmodynan l i~a l l~  stable phases 
CaTiO, (perovskite) and CaA1407 (gros- 
site) vrio~~ld have forrned instead of nure 
oxides. Because exsoll~tion requires the nu- 
cleation of a phase so that the resulting " 
two-phase assemblage is more stable than 
the Darent solid solution, it is unlikely that 
this brocess leads to the formation of ineta- 
stable oxide phases. (iii) T h e  exsolution of 
MgO and Al ,03 fro111 spinel; C a O  from 
spinel, perovskite, and melilite; and T iOz  
from sninels and uerovskites would be a verv 
unusual phenomenon with no terrestrial 
equivalent. T h e  range of oxide phases, and 
in particular the presence of C a O  within 
three different phases, nlakes it im~robable  
that the oxides were fi~rnled by exsolution. 

Excluding exso l~~ t ion  as the formation 
process, we suggest that these inclusions are 
primary condensates that were either en- 
closed within or between the host minerals, 
mostly spinels, and were therefore protected 
from being cons~~nled  by reactions with the 
remaining solar gas. However, because such 
nhases are not  fi~rmed bv eauilibrium con- 
bensation, it will be difficilt to decipher 
their formation in detail. 
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Decline in the Tropospheric Abundance 
of Halogen from Halocarbons: Implications 

for Stratospheric Ozone Depletion 
Stephen A. Montzka," James H. Butler, Richard C. Myers, 

Thayne M. Thompson, Thomas H. Swanson, Andrew D. Clarke, 
Loreen T. Lock, James W. Elkins 

Analyses of air sampled from remote locations across the globe reveal that tropospheric 
chlorine attributable to anthropogenic halocarbons peaked near the beginning of 1994 
and was decreasing at a rate of 25 i 5 parts per trillion per year by mid-1995. Although 
bromine from halons was still increasing in mid-1995, the summed abundance of these 
halogens in the troposphere is decreasing. To assess the effect of this trend on strato- 
spheric ozone, estimates of the future stratospheric abundance of ozone-depleting gases 
were made for mid-latitude and polar regions on the basis of these tropospheric mea- 
surements. These results suggest that the amount of reactive chlorine and bromine will 
reach a maximum in the stratosphere between 1997 and 1999 and will decline thereafter 
if limits outlined in the adjusted and amended Montreal Protocol on Substances That 
Deplete the Ozone Layer are not exceeded in future years. 

T h e  Montreal Protocol on Substances 
T h a t  Deplete the  Ozone Layer was passed, 
adjusted, and amended in light of the  large 
body of evidence implicating anthropo- 
genic chlorine- (C l - )  and bromine- (Br-) 
containing gases in  the  depletion of strato- 
spheric ozone ( 0 , )  (1-5). Human  use of 
halocarbons has led to a steady increase in  
the  anlounts of these co~nuounds  in the  
atmosphere for Inore than  20 years (6-9). 
I n  the  lnodern atmosnhere, re la t~velv  few 
halocarbons emitted from natural process- 
es reach the  stratosphere ( 2 ,  3 ,  5, 10-1 2 ) .  

S. A Montzka. J H Butler, R C. Myers. T. M. Thomp- 
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Recent reports have h~ghl ighted select- 
ed anthropogenic halocarbons for vrihich 

A - 
grovrith rates and abundance have de- 
creased (6-9), owing to restrictions out- 
lined in  the  Montreal Protocol and its 
subsequent adjustments and amendments 
i the  revlsed Montreal Protocol). Model 
studies have predicted that  tropospheric 
C1 \\rill reach a lnaxinlurn in  the  mid- 1990s 
at -3500 to  4000 pmol molp '  [parts per 
trillion (pp t ) ]  if limits i ~ ~ t l i n e d  in  the  
Copenhagen Alnendments are not  ex- 
ceeded (3 ,  1.3). These studies f ~ ~ r t h e r  sug- 
gest that  a l n i n i m ~ ~ n l  for stratospheric O3 
in  mid-latitudes will occur 3 to 4 years 
after the  peak in tropospheric C1 and that  
0, abundance will begin to  increase as 
s t r a tos~her i c  C1 concentrations decrease 
from their maximum. T h e  atnlospheric 
abundance of Br also must be considered, 
especially because Br is substantially Inore 
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efficient than C1 in destroying strato- 
spheric 0, (2, 3, 13). The abundance of 
Br relative to C1 in the atmosphere is low 
(2, 3, JO), and restrictions have been 
implemented in the production and con- 
sumption of Br-containing halocarbons- 
for example, halons and methyl bromide 
(CH, Br). 

Until now, however, much uncertainty 
has remained regarding the timing and 
magnitude of peak halogen loading for the 
atmosphere. This uncertainty derives from 

the potential for noncompliance in select- 
ed countries, uncertainty in the magnitude 
of chlorofluorocarbon (CFC) and hydro- 
chlorofluorocarbon (HCFC) use in devel- 
oping nations, and evidence suggesting 
significant amounts of illicit trade in CFCs 
( 14). Additional emission of halocarbons 
from these potential sources could enhance 
stratospheric halogen abundance and 0, de- 
struction, thus delaying recovery of strato- 
spheric 0, to preindustrial concentrations. 

We show here how current tropospher- 

ic abundances of the main anthropogenic 
halocarbons are likely to affect future 
halogen concentrations and 0, destruc- 
tion in the lower, . mid-latitude strato- 
sphere and in the polar stratosphere. 

We have determined the abundance 
and growth rates of CFCs, HCFCs, halons, 
chlorinated hydrocarbons, and HFC-134a 
(CF,CH,F) in recent time at selected re- 
mote locations in both the Northern and 
the Southern Hemispheres. The halocar- 
bons considered here represent >95% of 

Fig. 1. Atmospheric, dry mole fractions for selected halocarbons at Northern returned to our Boulder laboratory for subsequent analysis (15). Solid lines 
Hemispheric (red symbols) and Southem Hemispheric (blue symbols) sites represent fits to monthly hemispheric means, which are not shown for clarity. 
since 1991. Samples were collected at the sites displayed in (A) (15). Points Provisions within the adjusted and amended Montreal Protocol currently pro- 
represent monthly means for four or five sampling locations as determined by hibit consumption of molecules displayed in (B) through (H). Units on the 
instruments located at those sites (B through E) or means from flask pairs (F ordinate are parts per trillion; sampling dates appear on the abscissa (tick 
through L) that had been collected at one of the seven sampling locations and marks correspond to 1 January of indicated year). 
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total organic CI and >85% of total organ­
ic Br in the atmosphere in 1995 {3, 10, 
15). Our analysis shows that, despite un­
certainties about the level of emission of 
these compounds, annual increases in 
halocarbons for which consumption in de­
veloped nations is prohibited by the re­
vised Montreal Protocol have declined in 
recent years (Fig. 1; Table 1). Further­
more, the tropospheric abundance of cer­
tain halocarbons actually decreased in 
1995. The decreases we observed for 
methyl chloroform (CH3CC13) and car­
bon tetrachloride (CC14) extend those re­
ported in earlier studies {8, 9). The rate of 
decrease for a halocarbon depends on its 
atmospheric lifetime and on the rapidity 
with which its emissions are curtailed. The 
compound for which the most rapid de­
crease is now being observed is CH3CC13, 
which has the shortest lifetime of the 
halocarbons we consider [T = 4-8 years 
(9)]. 

The tropospheric abundance of other 
halocarbons continues to increase (Fig. 1). 
Mixing ratios for CFC-12 (CC12F2), the 
longest lived halocarbon considered here, 
were increasing at approximately one-
third the rate observed in the late 1980s 
(Table 1). The atmospheric abundances of 
halons 1211 and 1301 (CBrClF2 and 
CBrF3, respectively) continue to increase, 
although at slower rates than in earlier 

years {16, 17), despite a ban on produc­
tion since 1994 {18). Also increasing over 
this period is the atmospheric abundance 
of certain HCFCs and hydrofluorocarbons 
(HFCs) (Fig. 1; Table 1) (19, 20). Al­
though both of these classes of compounds 
are substitutes for CFCs and chlorinated 
hydrocarbons, the HCFCs contain CI and 
have a small potential to deplete 0 3 . Ac­
cordingly, use of HCFCs is allowed only 
temporarily (until 2040) under the revised 
Montreal Protocol. 

To discern how this changing mix of 
trace gases will affect 0 3 in the strato­
sphere, we first calculate how the tropo­
spheric burden of CI has changed in recent 
time (3, 13). We find that the mean, 
global, tropospheric abundance of CI con­
tained within the major CFCs, chlorinat­
ed hydrocarbons, HCFCs, and halons 
peaked in early 1994 at —3025 ppt and 
was decreasing in mid-1995 at 25 ± 5 ppt 
year - 1 (Fig. 2; Table 1). This decline is a 
dramatic change from increases of 110 ppt 
year - 1 observed in 1989 and 60 ppt year - 1 

recorded during 1990-1992 {2, 3). The 
current decrease in the CI burden and the 
rate of decline reported for each com­
pound are reasonably independent of the 
estimation method and the analytical 
technique {15) (Table 1). Moreover, be­
cause trends observed in the Northern 
Hemisphere are most sensitive to changes 

in emissions {21), they essentially define 
future accumulation rates in the Southern 
Hemisphere and in the global mean. In 
mid-1995, tropospheric CI was decreasing 
in the Northern Hemisphere at 30 ppt 
year -1 , more rapidly than the global 
mean, and had dropped approximately 50 
ppt from the observed maximum. After 
accounting for CI contributed by methyl 
chloride (CH3C1), other chlorinated hy­
drocarbons, and less abundant CFCs (3, 
10, 11, 22), we estimate that the mean 
global CI loading of the troposphere 
peaked in 1994 at -3700 ppt. 

Stratospheric 0 3 depletion is catalyzed 
by reactive, inorganic forms of CI and Br. 
Accordingly, 0 3 depletion is less related 
to the total burden of halocarbon than it is 
to the amount of halogen released as halo­
carbon source gases decompose in the 
stratosphere. Halogen release rates vary 
over altitude and latitude, however, as 
does the efficiency for Br, as compared to 
CI, to catalyze the destruction of strato­
spheric 0 3 (the "alpha" factor). Whereas 
Br is estimated to be about 40 times more 
efficient than CI for destroying strato­
spheric 0 3 in the polar vortex {2, 3, 13, 
23-26), it may be as much as 100 times 
more efficient in the lower, mid-latitude 
stratosphere {3, 24, 26). As halocarbons 
are transported from the tropical tropo-
pause to the polar stratosphere, they be-

Table 1 . Recent global tropospheric trends for selected halocarbons from the 
National Oceanic and Atmospheric Administration Climate Monitoring and 

Diagnostics Laboratory air monitoring program. All values in parentheses refer 
to 1 SD of the estimate; n.d., not determined. 

Compound 

CFC-11 
CFC-12 
CFC-113 
CH3CCI3 
CCI4 

Halon 1211 
Halon 1301 

HCFC-22 
HCFC-142b 
HCFC-141b 
HFC-134a 

Sum 

Global mean 
tropospheric 
mixing ratio 
at 1995.5 

(ppt year1) 

272 
532 

84 
109 
103 

3.4 
2.3 

117 
7.2 
3.5 
1.6 

Atmospheric 
lifetime (3) 

(years) 

50 
102 
85 

5 
42 
20 
65 

13 
20 

9 
14 

Fit to summed data (Figs. 2 through 4)# 
Average 

Annual growth (ppt year 

A+ -mncz c Estimate from At 1995.5 , j lag+ 

1) 

Before 
Montreal 
Protocol 

(2,3) 

CFCs, halons, and chlorinated hydrocarbons 
-0.6 (0.6)* -1.5 (1.4) 

5.9 (0.6)* 6.7 (0.2) 
-0.7 (0.1 )t -0.2 (0.6) 

-14.7 (1.4)* -13.0 (0.2) 
-0.8 (0.1)* -0.9 (0.1) 

0.11 (0.01)t 0.12(0.04) 
0.07 (0.07)t 0.02 (0.07) 

9.3-10.1 
16.9-18.2 
5.4-6.2 
4.8-5.1 

1-1.5 
0.2-0.4 
0.4-0.7 

Contribution to 
annual CI growth 

at 1995.5§ 
(ppt year-1) 

-1.9 
11.9 
-2.2 

-44.1 
-3.1 

0.11 
0.0 

Substitutes for CFCs and chlorinated hydrocarbons 
5.6 (0.1)t 5.2 (1.0) 
1.6 (0.02)f 1.5 (0.2) 
1.9 (0.03)t 1.6 (0.2) 
1.2 (0.1 )t n.d. 

-0.4 (1.7) -0.5 (1.8) 

5-6 
n.d. 
n.d. 
n.d. 

43-48 

5.6 
1.6 
3.8 
0.0 

-28 
-22 
-25 

(1.8) 
(1.2) 
(0.3) 
(4.3) 
(0.3) 
(0.01) 

(0.1) 
(0.02) 
(0.1) 

(5) 
(2) 
(5) 

Contribution to growth at 
1995.5 in 

(ppt 

EECISI 

-1.5 (1.4) 
5.7 (0.6) 

-1.3 (0.2) 
-38.1 (3.8) 

-2.6 (0.3) 
9.9 (1.0) 
4.7 (4.6) 

1.6 (0.03) 
0.5 (0.01) 
2.2 (0.04) 
0.0 

-19 (6) 
-23 (6) 
-21 (8) 

troposphere 
year-1) 

ECI 

-1.9 (1.8) 
11.9 (1.2) 
-2.2 (0.3) 

-44.1 (4.3) 
-3.1 (0.3) 

4.5 (0.5) 
2.9 (2.9) 

5.6 (0.1) 
1.6 (0.02) 
3.8 (0.1) 
0.00 

-21 (6) 
-15 (4) 
-18 (7) 

*Growth at 1995.5 estimated from data obtained with instruments located at remote 
sampling locations and the GC analysis of air sampled in flasks by both electron 
capture (GC-ECD) and mass spectrometric detection (GC-MS) (75). tGrowth at 
1995.5 estimated from flask samples only. Flask air analysis performed either by 
GC-MS or GC-ECD. Reported mean rate and standard deviation for each compound 
are from fits to data binned by monthly, bimonthly, odd-month, and even-month 
periods, and by station. ^Annual growth rate estimated for the period since Jan­
uary 1994 from the difference between global monthly means 12 months apart (for 

example, December 1995-December 1994; no fitting involved). Reported values are 
means and standard deviations for differences calculated for all months in 
1995. ^Calculated for each compound from growth estimate reported under * or t 
only. Walogen release rates [23, 24) were multiplied by 0.8 to account for the 
fractional release of CFC-11 in a single pass through the stratosphere. ^Reported 
mean rate and standard deviation are from fits to summed data binned by monthly, 
bimonthly, odd-month, and even-month periods, although fits displayed in Figs. 2 
through 4 are to monthly means only. 
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come degraded through photolysis and 
chemical oxidation reactions. Most halo- 
carbons have undergone extensive photol- 
ysis by the  time they descend into the  
springtime polar vortex, so that a n  upper 
limit to the  stratosnheric abundance of 
0,-depleting gases can he estimated from 
the  total burden of organic C1 and Br tha t  " 

was originally present (22 ,  27).  I n  con-  
trast, less of each halocarbon has decom- 
posed in  the  lower, mid-latitudinal strato- 
sphere; estimates for halogen release rates 
in  this region are hased o n  measurements 
of C1- and Br-containing gases in  the  
stratosphere ( 2 ,  25,  24).  By weighting tro- 
pospheric mixlng ratios according to  rela- 
tive decomnosition rates for individual 
compounds within different regions of t h e  
stratosphere, we can use tropospheric ob- 
servations to predict how concentrations 
of stratospheric inorganic halogen are 
likely to  change in future years ( 3 ,  24) .  I n  
the  following anal~lsis, we estimate the  

u 

f i~ture  ahundances of reactive halogen 
cornpounds for the  lower, mid-latitudinal 
stratosphere [effective equivalent chlorine 
(EECl)] and for the  springtime polar 
stratosphere [equivalent chlorine (ECL)] 
with halogen release rates and alpha fac- 
tors appropriate for each region (28) .  

T h e  current mix and abundance of 
halocarbons within the  tronosnhere ulti- 
mately will release fewer halogen atoms to 
the  lower, mid-latitudinal stratosphere 
than in earlier years (Fig. 3 ) .  T h e  mean 
global tropospheric burden of halogen that 
will heco~ne inorganic halogen in the strato- 
sphere reached a maximum in early 1994 
and was declining in mid-1995 at 21 i- 8 ppt 
EECl (Table 1) .  W e  calculate similar 

rates of decrease for EECl in mid-1995, re- 
gardless of the estimation method used (Ta- 
ble 1) .  In  the Northern Hemisphere in mid- 
1995, the EECl content of the air was 
changing at -35 ppt and had 
dropped -40 ppt below the peak maximum. 

T h e  actual rate of change for EECl in  
mid-1995 lnav be somewhat lower if t he  
atinospheric a'bundance of CH,Br has in- 
creased since 1992. W e  have not  explicitly 
included CH,Br in  our analysis because we 
were no t  able to accurately estimate atmo- 
spheric growth rates for CH,Br from air 
samples that  had been stored in  flasks 
(29) .  Increases in the  atmospheric abun- 
dance of CH3Br can influence the  rate of 
change and the  time for the  peak maxi- 
mum we estimate for EEC1. However, lim- 
its to  nroduction outlined in  the  Conen-  
hagen Alnendrnents and production fig- 
ures from the  major glohal producers for 
1991 and 1992 suggest that  anthropogenic 
CH3Br  e~nissions may have stabilized in 
the  early 1990s. W e  consider it unlikely 
that  a n  increase in CH3Br over this period 
~vould have been large enough to  offset 
the  decrease we report here for EECl (29) .  

For a mean transport time between the  
troposphere and lower, mid-latitude 
stratosphere of 3 to  4 years ( 3 ,  23 ,  24 ,  30 )  
and a n  equivalent contribution of north- 
ern  and southern tropospheric air to  the  
stratosphere, maximum concentrations of 
inorganic halogen are expected in  the  
lower, mid-latitudinal stratosphere be- 
tween 1997 and 1998. h/l/lodcleling studies 
suggest tha t  when stratospheric mixing ra- 
tios of reactive halogenated compounds 
begin declining, column O 3  ahundances a t  
mid-latitudes will begin to recover (5 ) .  

However, hecause stratospheric 0, is in- 
fluenced by other  variahles such as aerosol 
loading and temperature, the  exact timing 
will also depend o n  how these variables 
change over this period. 

T o  estimate the  stratospheric abun- 
dance of 0,-depleting gases in  the  spring- 
time polar vortex, we calculate ECl o n  the  
basis of our tropospheric ineasurernents. 
T h e  current mix and growth rates of these 
gases in the  troposphere will result in  low- 
er EC1 in  the  polar stratosphere in  the  
f ~ ~ t u r e .  I n  mid-1995, ECl was decreasing a t  
18 i 7 ppt (Table 1; Fig. 4 ) .  It is 
unlikely tha t  a n  increase in  atinospheric 
CH,Br in recent time would have heen 
large enough to offset this decrease (29) .  
Because transport of air from the  lower 
troposphere to the  polar stratosphere be- 
low -25 km occurs in 3 to 5 years ( 3 ,  13 ,  
25 ,  30 ) ,  or  over a slightly longer period 
than  transport of air to  the  lower, mid- 
latitude stratosphere, we expect tha t  EC1 
will reach a maximum in  the  polar strato- 
sphere hetween 1997 and 1999 and will 
decline thereafter as long as current 
growth rates for halons and CFC-12 and 
the  abundances of other CFCs and halo- 
carhons continue to  decline. 

Although the  abundance of reactive 
halogen in the  polar stratosphere above 
Antarctica will decline ~ v l ~ e n  air currently 
within the  troposphere reaches this re- 
gion, the  total coluinn O3 concentrations 
in  springtitne will not increase there im- 
mediately. Ozone has been nearly com- 
pletely destroyed in  the  lower stratosphere 
above the Antarctic continent in  springtime 
for the past 8 years ( 2 ,  3) .  T h e  total column 
0, abundance within this region will begin 
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Fig. 2. Tropospheric C abundance estimated 
on a monthly bass for the Northern Hemisphere 
(open diamonds), the Southern Hemisphere 
(open squares), and the global mean (filled cir- 
cles) from the halocarbons shown In Fig. 1. Each 
point is determined from the sum of monthly 
hemispheric means for Individual halocarbons 
after accounting for the number of C atoms per 
halocarbon. Sold lines represent fits to monthly 
means 
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Fig. 3. Amount of CI and Br (as effective equiva- 
lent chlorine or EECI) in the troposphere that is 
predicted to be released as inorganic halogen in 
the lower, mid-latitude stratosphere at some fu- 
ture time from the halocarbons shown in Fig. 1 .  
Symbols and n e s  are as described in Flg. 2. Time 
on the x axis corresponds to when samples were 
acquired at Earth's surface. These times are ex- 
pected to be relevant for the lower, mid-atltudinal 
stratosphere only after adding -3 to 4 years (see 
text). 

1992 1993 1994 1995 1996 

Sampling date 

Fig. 4. Amount of CI and Br (as equivalent chlo- 
rlne or ECI) in the troposphere that is predcted 
to be released as inorganic halogen In the 
springtime, polar stratospheric voriex at some 
future time from the halocarbons shown in Fig. 1 .  
Symbols and Ilnes are as described In Figs. 2 
and 3. Tme on the x axis corresponds to when 
samples were acquired at Earth's surface. 
These tlmes are expected to be relevant for the 
polar stratospheric vortex only after addng -3 
to 5 years (see text). 
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to recover onlv when the concentratiot-is of 
reactive halogenated compounds drop below 
those present in the late 1980s (3, 13). 

Despite concern that halocarbon pro- 
duction might exceed limits ou t l~ned  in 
the revised Montreal Protocol, the current 
tropospheric lnix of halocarhons will 
eventually release fewer halogen atoms to 
the stratosphere than in previous years. If 
current trends c o n t i ~ i ~ ~ e ,  vve expect strato- 
spheric 0, lnixing ratios to reach a mini- 
m ~ u n  in the near future and in the lower, 
mid-latitilde stratosphere to begin recov- 
ering by the turn of the century. However, 
~vithout \videspread adherence to restric- 
tions outlined in the revised lvlontreal 
Protocol, additional elnissiotls of C1- and 
Br-containing c o m p o ~ ~ n d s  could poten- 
tially slon. or reverse the trends reported 
here and delay recovery of stratospheric 

0 3 .  
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