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We have investigated two previous experimental studies (Clap-
saddle and Lamb, 1989; Conklin et al. 1989) of SO, uptake into
polycrystalline ice the results of which seem to conflict. Both stud-
ies employed porous packed beds prepared by freezing 200-zm-
diameter water drops in liquid nitrogen followed by aging. In the
absence of oxidation, uptake was measured via frontal chromatog-
raphy at various temperatures between —60 and — 1°C, with SO,
mixing ratios between 15 and 100 ppb. The experiments differed
primarily in the ice surface areas and exposure times, yielding pur-
portedly equilibrium surface coverages that differed by more than
a factor of 50. The uptake increased with temperature and with
a less than linear dependence on partial pressure. Our compari-
son shows that a kinetic model is needed for interpretation partly
explaining the apparent discrepancy between the two investigated
uptake experiments. The uptake rates, its amount, and its temper-
ature dependence suggest that SO, dissociates and diffuses into an
internal reservoir for example comprised of veins and nodes, but
not into a surface layer as previously hypothesized. Whereas slow
diffusion may remain undetected during the relatively short time
scales of laboratory experiments, it may dominate trace gas uptake
by natural ice. We suggest that dry deposition schemes of SO, onto
snowpacks in climate models should include the kinetics of uptake
and account for the temperature and pressure dependencies found
in the laboratory studies reviewed here.  ©2001 Academic Press
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1. INTRODUCTION

Despite 150 years of research into the physics of waterice (%r
review see (3-5)) considerable debate still revolves around
nature of the ice surface and its interaction with a gaseous
vironment (6—10). Recent studies (e.g., (11-17)) have variou
invoked surface adsorption, absorption into a surface-melted_or
“quasi-liquid” layer (QLL), bulk diffusion into the ice lattice,
and segregation into inclusions or grain boundaries as poss
uptake mechanisms. Under some circumstances, eSpeC'a”.x hen in contact with highly water-soluble acidic vapors, like
cant melting point depression, to the formation of hydrates, a
to environmentally important chemical reactions (e.g., (18, 19

Natural ice occurs in a wide range of forms and is invari
ably exposed to many different chemical species (see Hobl
1974 (5), Chap. 10, or Petrenko and Whitworth, 1999 (4]
Chap. 12, for overviews). Ice in the atmosphere often form
within clouds as single crystals that aggregate and fall to tt
surface as snow, but polycrystals also arise in clouds during t
freezing of supercooled water drops, leading to graupel and/
hail. Snow and ice on the surface, such as the seasonal snt
pack, glaciers, and lake or seaice, are typically polycrystalline
nature. Polycrystalline ice is characterized by numerous ice—i
boundaries that separate the individual “grains” of monocrys
talline ice from each other. The network of “grain boundaries
(surfaces between two grains), “veins” (the linear intersectior
of grain boundaries), and “nodes” (the junctions of veins) in.
polycrystalline system provides a complex matrix within whick
environmental chemicals may interact (20—-23).

The rates and total amount of the gas taken up by any give
ice sample depend on a number of parameters, most notably
temperature and the partial pressure of the gas, and the surf
state of the ice, as well as its polycrystallinity and bulk morphol
ogy (24, 25). Temperature plays a particularly important role i
controlling the rate of gaseous exchange across the solid—va,
interface, as well as the magnitude of the overall uptake. Tt
temperature dependence of the hypothesized liquid-like prope
ties of the ice surface (26—32), for instance, has been invoked
explain various experimental data and to model environment
effects (1, 6, 17, 33, 34). Because the thickness of the disc
ered surface region of ice increases strongly as the temperat
eoroaches the melting point, one might reasonably expect t
eduilibrium uptake to increase with temperature, in oppositio

n- ; : . .
E? classical adsorption behavior. Such anomalous behavior
C

%arly seen in the packed ice bed experiments of Clapsadt
and Lamb (1) and Conkliet al. (2), but we will see later that

I%irgple interpretations based on absorption into a QLL may n

be fully justified.

rlf;'léil or HNQs, ice may melt even under quite low gas partial
ressures (16, 19, 35). For example, melting is known to o
ur at HCI partial pressures of810-2 Pa near temperatures of
—70°C (34). Such melting can influence both the uptake amoul
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umnw.ethz.ch.
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On the other hand, the low solubility of a gas like SlBads
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order to infer the likely uptake reservoir and to see if a com
mon mechanism of uptake exists. After a brief review of the
C and CL packed-bed experiments and their original finding:
we apply theoretical expressions (derived in the Appendix) fc
time-dependent uptake to the laboratory data. The discussion
S the results leads us to conclude that the common mechani
was likely to have been diffusion into a temperature-depende

AR reservoir, most likely the veins, nodes, or grain boundaries ¢
0% 100 102 100 10°  1o' the polycrystalline ice. Finally, we offer ways to apply this new
Xiiq [Mole%)] model of the uptake process to interactions of trace gases wi
ice in the natural environment.

FIG.1. Phasediagram ofthe $fice system plotted as temperatlineersus
SO, mole fraction expressed as % in the solution, calculated after Gmelin (62).
Solid curves represent the coexistence temperature of the aquegssI8tion 2. METHODS
with ice and with the S@- 6H,0 hydrate, respectively. Dotted lines show the

composition/temperature dependence for constaatri®ing ratios (in ppb=  2.1. The Packed-Bed Experiments Reviewed
1079, %=10"2) at normal pressure. Various symbols indicate measurements ) . ]
of the melting point depression for solutions of different compositions, as given Both C and CL investigated the uptake of gaseous fB@

in (62). packed ice beds by frontal chromatography using practicall
identical experimental setups. In both sets of experiments
to melting point depressions that are negligible at typical atmgaseous mixture of prehumidified air and S@ith a constant
spheric mixing ratios (which range from several pptin rural areagput partial pressurg, was passed through the packed bec
to occasionally over 100 ppb in highly polluted regions (36)f ice held at a chosen temperatdreThe data were presented
Consideration of the bulk S@water phase diagram (Fig. 1)in terms of breakthrough curves, i.e., graphs of measured St
shows that a mixing ratio of 0.1-1% (corresponding to an SQartial pressureu(t) leaving the ice sample at tinteafter
partial pressure of #8-1C° Pa) is necessary to reduce the meltinthe gas inflow began. Each experiment ran for a tiggg(the
point of ice by 0.2C. Given the modest Henry’s law constan50,—ice exposure time), defined roughly as the point at whic
of SO, in water (e.g., (37)), such a partial pressure corresponds(tend = pin Within experimental accuracy. (We will show be-
to an aqueous S{Cconcentration of about 0.1 mol%. The fordow that equilibrium was probably not reached in either the (
mation of other solid phases, such as the S&EH,O hydrate, or CL experiments.) At =tsng~ 1 to 6 h, C assumed that the
becomes possible only once the Sgartial pressures becomeuptake was finished and that the ice was saturated. The upte
greater than about 3 10* Pa. Therefore, SOpartial pressures amount in the experiments of C was determined by chemic
as they occur in the natural environment and as they were usedlysis (ion chromatography) of the melted ice sample. By col
in the laboratory as discussed below lead neither to meltingtodist, the CL experiments had typical $de exposure times
ice nor to the formation of new phases. of 1 to 2 days, and even then it appears that saturation was r
As a consequence of the importance of,®Bemistry in the reached. Therefore, CL (who determined the uptake by su
environment, particular attention has been paid in recent yetnacting the up- and downstream concentrations measured w
to SQ, uptake by water ice. Several laboratory experiments hagdlame-photometric sulfur analyzer) estimated the total uptal
investigated this phenomenon using diverse experimental teblg-extrapolating the breakthrough curves to infinite time unde
nigues over a range of thermodynamic conditions (1, 2, 33, 38te assumption of an exponential approach to saturation. It
43). For example, Mitr&t al. (41) measured uptake onto denimportant to note that no measurable oxidation occurred durir
dritic snowflakes and Valdezt al. (39) investigated uptake into the uptake process in either set of experiments. Ther8i€ing
growing ice, while Conkliret al. (2, 33) and Clapsaddle andratios used by both C and CL ranged between 15 and 100 ppb
Lamb (1) studied the uptake of S@nto packed beds of poly- normal atmospheric pressure. Hence, with temperatures bel
crystalline ice. Both direct comparison of experimental results1°C both experiments are clearly in the stability domain of ice
and identification of the relevant physical/chemical mechanisr{fsg. 1).
are made difficult in the absence of a verifiable process model. The packed beds of ice were prepared by both C and CL |
In this paper we focus attention on the two sets of packed-similar manner. Thus, differences in the morphology of th
bed experiments by Conkliat al. (2) and by Clapsaddle andice samples are expected to be of minor importance. In ea
Lamb (1) (referred to hereafter as C and CL, respectively), bease, droplets of distilled water were allowed to fall into a liquic
cause the preparation of the ice samples, the partial pressunéspgen bath, where they froze to form ice spheres of approx
the temperatures, and the experimental setups were similar arately 200um in diameter. These spheres were packed into &
well controlled. Despite these similarities, the empirical findee-coated glass tube and then allowed to sinter together at a c
ings and conclusions of the authors differed substantially. Thtant temperature (at6°C in the CL experiments, and25°C
goal of this paper is therefore to compare various models of gasC’s experiments) over a period of several days prior to a
uptake with the results obtained from these two experimentsarperimental run. The aging process stabilized the ice sampl
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against significant changes in specific surface area. Thin-sectigiake into account), ardAl%! is the ice surface area effectively
analysis showed that the samples were highly polycrystallingailable for uptakee(is analogous to the “effectiveness factor”
contained many ice—ice (“grain”) boundaries, veins and nodesentioned by Keyser and Leu (24)). Note that 1 if the uptake
and had porosities close to 0.4 (i.e., 40% of the total volume wasservoir covers the entire surface, but 1 if uptake occurs only
open to air) (1). at certain locations, such as grain boundaries, veins, or nod

The main differences between the two setups were the lengttise effective Henry's law constanH* describes the overall
L of the packed ice bed$. (=0.25 min CLl's and. =0.125 m  solubility of SG, inthe packed bed, i.e., in all possible reservoirs
in C's experiment) and, hence the exposed surface areas.sfish as the ice matrix, grain boundaries, or veins. This parame
will be shown later, these differences are responsible to a largeo accounts for both the molecular and ionic components
degree for the differences between the data sets obtained fibie dissolved trace gas, provided that dissociation occurs.
the two sets of experiments. Also, C and CL determined the t®g. [2], Hq is the dimensionless Henry’s law constant describin
tal surface ared\%; differently. Whereas C used stereology, athe solubility of the hydrated but undissociated spedids,the
optical method, CL measured the flow resistance of the packgidsociation constaritg is the Boltzmann constant, aids the
ice bed. It is unfortunately difficult to assess the systematic eéemperature.
rors introduced by either of these different methods of surfaceln Eq. [1] there is only one free parameteH * D¥/2, which
area determination. The specific surface area determined byHiag to be determined from the experiments. In order to dete
flow-resistance method varied between 30-70kgr?, indi- mine the fit fore H* D¥/2 from the breakthrough curves, we usec
cating a factor of 2 variability from sample to sample. In outhe latter part of the signal, where diffusion appears to be tt
analysis we use the average valudg =3.17 nf for the CL  dominantuptake process, excluding the initial, nondiffusive par
data andA% = 1.04 nt for the C data. As we show below, thiswhere nondiffusive processes are still confusing the picture. Th
difference in available surface area contributed substantiallyit) we used all the data in an intervéhi, teng chosen to opti-

the divergence of findings in the C and CL studies. mize the fit between the data and calculations from Eq. [1]. Tt
sensitivity of the best-fit parameters to variationgjf gives an
2.2. Analytical Approach estimate of the uncertainties in these fitted values. We calculat

*DY2 for tmin=1, 3, 5, 7, 10 h. The choice &f;, did not

The nature of the interaction mechanism determines the foﬁJﬁ| D172

of the breakthrough curve and the accumulated uptake. In Or8¥§tematlcally change the value we obtained-dr

to constrain the likely interaction mechanisms, we compared

the observed breakthrough curves with theoretical predictions 3. RESULTS

for different assumed mechanisms. In the Appendix we have

therefore derivedo,(t) for three candidate mechanisms: (aB.1. Fractional Coverage

diffusive uptake of a nondissociating gas (Eq. [A.6], in the Ap- )

pendix), (b) diffusive uptake of a dissociating trace gas (Eg%The results from the C and CL experiments may be express
2

; : ot terms of a fractional coverage of the ice surface by the.SO
A.7]), and (c) adsorptive uptake of a nondissociating trace ) !
EEq.D[A.S]).( ) P P d d e effective coveragé(pin, T, t), defined as the number of

The main kinetic model used in this paper is based on E Oz molecules taken up by the ice dur_ing the time intervat)0
[A.6] and [A.8], which can be used directly for a nondissociatin vided by the number of molecules in a complete monolaye

gas or a dissociating species (only for very short exposure tim Q,t,h? ice surface, is Lelated to the upstlream and downstre;
Eq. [A.7] must be used). For all but the shortest uptake times Raria pressures, and pou(t), respectively) via

have
Fa() t S t/ ,
< Alot D 0(pin, T, 1) = ARt Pin kg—out( ) dt., [3]
pout(t) = p(L, t) = Pin eXp( ——<H" _> [1] ice 70
vVair mt
whereay=10"1° m? is the approximate area occupied by &
and molecule in a surface monolayer.
Figure 2 shows the effective coveradfgin, T, teng) as deter-
. K Hokg T mined by C and CL. The major experimental findings by C an
ot P (21 cL, ilustrated by the data plotted in Fig. 2, are as follows:

e Large SQ coverages were found by CL (about 50 times
Here Vi = F L /visthe volume of the packed bedfilled by &r, more than was found by C);
is the volumetric flow rate of air through the column of lenigth ¢ SO, uptake increased with increasing temperature (over tt
is the flow velocityD (m? s~1) is the diffusion coefficientfor SO range from—60 to —1°C);
intheice reservoitd* is the dimensionless Henry’s law constant ¢ SO, uptake increased less than linearly with increasing mix
(which takes the possibility of dissociation of the species upamg ratio (over the range from 15 to 100 ppb).
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curve shows the best fit to the data assuming purely diffusiv
uptake (Eq. [1]). The dotted curve in Fig. 3 results when simpl
adsorption is assumed to occur without dissociation (Eq. [A.8]
Although only one fitting parameter, namelyH*D/2,
can be used for the diffusive-uptake model, whereas tw
parameterski andky) are adjustable in the adsorption model,
the fit is clearly better for diffusive uptake. In both cases we
assumedou(t — o0) = pin. We performed a similar analysis
on the other 13 experiments performed by CL, thosef6tC,
—-10°C, —15°C, and—30°C over the experimental range of O
partial pressures, and found equally good agreement with tl
diffusive uptake model fot > 1-3 h. The agreement for the
initial period was not particularly good, presumably becaus
other processes, such as wall effects in the gas-flow system &
adsorption, likely dominated.

FIG. 2. Effective coverage of Spderived from the measurements by  Gjyen some confidence that a model based on diffusion Kk

CL (1) and C (2). An effective coverage=1 corresponds to an uptake of
10 molecules of S@ per square meter of ice. Error bars indicate the uncer-

tainties of the data as given by the authors. (Figure taken from (63)).

netics is appropriate, we next seek common ground between t
empirical results of C and CL. The greatest likelihood for succes
exists when the temperatures and imposed partial pressures
the two experiments are similar, as in Fig. 4, where a logarithm

Interpretation of the data in terms of uptake mechanisms mughle was chosen in order to facilitate the comparison. The de
explain these properties of the time-integrated uptake, as welkgsm C (solid dots) were taken at1°C with pi, corresponding
the kinetics of the process (as represented by the breakthrougsg—89 ppb at normal pressure ¥1®a) (curve in Fig. 2a of
curves). The important clues to the uptake mechanism are e As shown in Fig. 4a, we applied Eq. [1] to the experimen
remarkable differences in the amounts szﬁﬁ(en up in the tal results from CL (Crosses) fq];in Corresponding to 90 ppb

two experiments and the observed anomalous temperature gléhormal pressure ari= —5°C for their experimental setup:
pendence found in both experiments.

3.2. Time Dependence of Uptake

L =0.25m,F =830 cnt min~%, andAl% = 3.17 n?. The solid
curve is based on the best-fit valueedf* D2 = 2.7 x 104 m

s71/2. The dotted line is the breakthrough curve calculated fc

Comparisons of time-resolved data with calculations frofi€ conditions used by Q.(=0.125 m, F =600 cnt min~,

various kinetic models serve to identify possible mechanismsee = 1-04 nf) with the same value for the fitting parameter.
of uptake. Figure 3 shows a typical breakthrough curve. TiY§hereas the model does not yield complete agreement with t
crosses represent data from CL fag corresponding to 25 ppb Preakthrough curves of C, some improvement has been achiey
at normal pressure (2®a) andlT = —15°C, whereas the solid PY taking account of the different experimental setups within th

framework of the kinetic model.
Figure 4b shows the integrated effective cover@g@0 ppb,

1.0 —5°C, t) calculated from Eq. [3] for the same measurements ¢
CL (as shown by the crosses in Fig. 4a). The horizontal arro
0.8l in Fig. 4b shows the equilibrium coverage estimated by CL o
[ the basis of their exponential extrapolation. The diffusive mode
c o suggests that uptake should continue well above this limit, pre
o} 0-6_ vided the diffusion depthy( Dt) remains smaller than the radii
\5 [ of the ice grains in the packed bed (i.e., provided that the rese
S 04 voir does not saturate). The asymptote (straight line in Fig. 4b
[ as derived from Eqgs. [1] and [3], is given by
0.2 |25 ppb -15°C | ] seucH*py, /B
L € in
0.0k, . . . . ot > to) > T \/; [4]

5 10 15 20 25
t [h]

where the threshold timg = (L ASTH* /(vVair))?D /7 (to &~ 1 h

ice
for the CL andp ~ 15 min for the C experiments). If diffusion of

FIG. 3. A typical SO breakthrough curve by CL. Crosses: Breakthrougs% . L . .
data as measured by Clapsaddle and Lamb (1) for the case of 25 ppb ©; into a large reservoir is indeed the main uptake mechanisr

—15°C. Solid line: fit to Eq. [1]. Dotted line: fit to Eq. [A.8]. (Figure taken from the effective coverage should be expected to increase, along
(63)). asymptote, in proportion tQ/t.
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= 90F " {I T ] same time) may be caused by experimental uncertainties, s
Q | A face uptake, different ice packing densities, or slightly differer
& 70!t ! | sintering parameters. As noticed by C, their value (open dc
-2 is not entirely consistent with their breakthrough curve (soli
o 50} £ | dots in Fig. 4a). Such a discrepancy might arise from a drift i
g’ the SQ gas analyzer, as mentioned by C, and could patrtiall
= i K explain the relatively poor comparison of their data with the
£ 307 iy, 1 diffusive model. In addition, nondiffusive processes might b
" S more important during the shorter duration of C’s experiment
D 10 (@) compared to those of CL. We note also that CL's breakthrouc

102 1(').1 1 161 1(')2 10° curves deviate from the diffusive kinetics during the first 1-3 |

as discussed above (cf. Fig. 4b).

t[h]

4. DISCUSSION

10"
% The results of this study offer new insights into the behavic
© of SO, in contact with polycrystalline ice. The kinetic model is
9 102F 3 able to explain the time dependence of the CL laboratory da
8 very well, at least beyond the first 1-3 h of contact. Moreove
® the integrated amounts of uptake measured by the two sej
-E 1072 - rate laboratories (C and CL) are seen to be consistent with eg
8 other within the context of our diffusive uptake model. The ki-
“qz, (b) netics of the observed uptake suggest a slow diffusive proce:
104157 ) , ) although the uptake reservoir has yet to be established. As
102 107 1 10" 102 10° way of constraining the possible uptake mechanisms further, \
t[h] have compared the major features of the observed uptake w

those predictable from a set of conceivable processes. The cc

FIG. 4. (a) Breakthrough curves as measured by CL$6rC and 90 ppb  patibility of each process with the available data is presented
SO, (crosses) and by C for1°C and 69-89 ppb SQ(solid dots). Error bars Table 1, parts of which are detailed in this section. The mai
for C are inferred from graphical reading from Fig. 2a in C. Solid line: ﬁbbservations to be explained are the pressure and temperal
of the data of CL to Eq. [1] yielding H*DY2 = 2.7 x 1074 m s %2 with d denci fth take. the ob d Kineti dthe ra
(A}Qé =3.17 n?, F = 830 cn? min~1). Dotted line: calculated breakthrough epen . encies o . e ,UD axe, e'o Serveadkinetcs, an era
curve usinge HD2 as determined from CL's data and the experimental con@/g€ size of the implied reservoir.
ditions of C’s experimentAi‘gé = 1.04 n?, corresponding to a tube length of
0.125 m,F =600 cn? min~1.) (b) Effective coverage corresponding to the twa4.1. Bulk Reservoirs: Liquid Water, Ice Matrix
cases in (a). Crosses and solid curve: integrated results for CL calculated from
Eq. [3]. Dotted curve: calculated coverage in C’s experiment ushig'/2 as de- The magnitude of the fitting parameterH*D'/?) used in

rived from CL's experiment. Dots: coverage as determined by C via liquid-phafee kinetic model reveals information about the asymptotic be
analysi_s. (Solid dot-1°C; open dot—-8°C.) The straight line is the asymptote havior of uptake (via Eq. [4]), as well as about the nature c
gﬁ:mdmg Eq.'[4]. The hon;ontal arrow shows the coverage determined frqwe gas—ice interaction in general. To see how important the i
s exponential extrapolation. (Figure taken from (63)). I . . ? .
lattice itself might be in taking up SQwe estimated the appar-
ent ice—water partition coefficient for S@defined as the ratio
The dots in Fig. 4b show the corresponding effective covesf overall solubilities in ice and liquidks = Hg/H,). The

age from the C experiments based on their liquid-phase analysiparent Henry's law constant in a single crystalj was es-
of the melted ice at the conclusion of the experimentf8fC timated from the diffusivity of trace gases in single crystalg
(open dot) and-1°C (solid dot). The largest part of the apparand the packed-bed results under the assumptior thdt for
ent discrepancy (more than a factor of 70) between this valu&°C, we findHg, = (H*DY?)eyp/ Dat? ~ 3 x 10*. This value
(approximately 8< 10~4) and that (horizontal arrow, 8 1072)  is approximately equal tbl,, yielding an inferred partition co-
obtained by CL is due to the different tube lengths (and toedficient of K = Hgo/Hji, ~ 1, which would imply equal solu-
smaller extent different volumetric flow rates)—i.e., to differertilities of the trace gas in water and the ice crystal. By contras
values ofty for the two experiments and the exponential extrapreasured values of the partition coefficient for ionic species a
olation used by CL (horizontal arrow in Fig. 4b). In effect, theypically well below 102 (44). Thus, the large observed uptake
exposure time required to reach apparent saturation of the aafl-SO, cannot be accounted for by diffusion into the crysta
umn in the CL experiment is 4 times longer than that in the [&ttice.
experiment. The remaining discrepancy of less than a factor ofThe amount of S@taken up in the packed-bed experiment:
3 between the two data sets (open dot in Fig. 4b vs cross at thdarge, as is most easily seen by calculating the fraction
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TABLE 1
Comparison of Different Uptake Processes and Their Compatibility with the C and CL Ice Packed Bed Experiments?
Magnitude of uptake Pressure dependence Temperature dependence Kinetics
Ice lattice ) () (-) +)
Observed uptake too Expestp'/2, but if T | < 6 1, contrary to Dsc < 10716 m2 st
large defects are involved observation
then expect- p!/3
Bulk water ) (+) =) =)
Observed uptake too ~ pl/z, Expect dissociation T | < 6 1, contrary to Diiq > Dmax. but observed
large observation kinetics shows no saturation
Adsorption @) (&) (=) (=)
6 ~103-10*are Unknown T | < 6 1, contrary to Breakthrough curve contrary
acceptable values observation to observation; see Fig. 3
Veins &) (+) (+) (+)
Wall effects may enhance ~ p%2, Expect dissociation ~(T = To)~ 11, H*DY2(T); Proximity of walls may
uptake see text decrease diffusivity
Grain boundaries %) (&) (&) +)
Wall effects may enhance Expect dissociation; wall Unknown Proximity of walls may
uptake effects may be important decrease diffusivity
QLL =) () (=) ()
Observed uptake too large Expect dissociation; wall ~(T — To)~Y3; temperature QLL expected to saturate
(see Table 2); interface effects may be important dependence weaker than quickly
may enhanceid, | observed

a(+) indicates the data are compatible with the model predictions for this reservdiindicates the data are incompatible with the model predictions fo
this reservoir. £) indicates compatibility cannot be determined. For description see text. Diffusivity in single criggtais the liquid phaseDjiq, maximum
diffusivity without saturation within the experimental time scales of the CL experibgnk. “Wall effects” refers to the possibility of enhanced integration of
solute molecules into the transition region between the crystalline ice matrix and the liquid phase in veins, grain boundaries, or QLL, dueifio tisgeeaf
matter in these small reservoirs.

water in the ice sample that would be in a liquid state were tlegror bars show the variation in the fitte¢h* D/? values due
uptake reservoir to be bulk water in equilibrium with the giveto the choice of different fitting intervals from the different CL
gas-phase partial pressure. This fraction is shown in the thitdta sets.) The solid lines are fits to the data-80°C and
column of Table 2, where the effective Henry’s law constants15°C, yielding pressure dependenciesedf* D2 pi;°'45
for SO, in supercooled water have been estimated for the indinde H*D/? pigo"‘s, respectively. As showninthe Appendix,
cated temperatures (37). The last column of Table 2 expresaesd by Eq. [2], a species that dissociates upon dissolving in w
this liquid fraction as an equivalent thickness of a liquid shefér exhibits a pressure dependendé ~ p~Y/2, Even though
that would coat the surface of ice spheres 100 in radius. In the calculated exponents for higher temperature CL data shc
the experimental case at5°C and 90 ppb S@ for instance, much greater scatter, they too suggest that\&®y likely disso-
more than half of the sample would have been liquid, forntiates during the uptake into polycrystallineice. This conclusior
ing a wet mush. Such a sample state was not observed, arghised on an analysis of the uptake kinetics, corroborates the
would moreover be inconsistent with the ice—SfDase diagram terpretation given by CL (based on their total uptake analysis
(Fig. 1). The partial pressures of $0sed by C and CL were A piln/2 dependence of was also found by other authors (39,
far too small to cause the ice to melt. The calculated fractioAd), giving further indication for the involvement of a liquid or
and depths of liquid, especially at the higher temperatures, dirpiid-like reservoir in the uptake process.
physically unreasonable and suggest that a reservoir other thamhe temperature dependence of the measuredup@ke in
bulk liquid was active. the ice beds is quite distinctive and provides an important clt
The empirical dependencedfl * D2 on pi, does, neverthe- for identifying the uptake process. In Fig. 6 we show the value
less, reveal behavior similar to that of trace gas interactions withi *D¥/2 as derived from the CL data normalized to the value
liquid water. (Any dependence of the effective Henry’s law corat —5°C as a function of inverse temperature. The data hav
stant H*) on solute concentrations and hence on the trace daeen divided into three ranges in order to account for the pre
pressure will be reflected directly throughl*D*/2, sinceDY/?  sure dependence of the uptake: range 1, 1-23 ppb; range |1, 4
is not expected to depend on concentration or pressure.) Figui5ppb; range Ill, 90 ppb. The solid line in Fig. 6 shows the
shows the variation of theH * D/ values derived from the CL temperature dependence of the Henry’s law coefficient of SC
ice-bed experiments with the applied Sgartial pressure. (The in bulk water, as calculated from the Henry's law coefficient o
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TABLE 2 Temperature [°C]
0 -10 -20 -30 -40

Amount of Melt Water in the Ice (if SO, Reservoir Is Liquid n -
Water) That Was Necessary To Account for the CL Experimentally o F i
Measured Uptake? R |
€1.0F E
T-To Pso, Liquid Equivalent layer g
°C) (ppb) fraction thicknesgu(m) o L ]
-5 59 0.42 17 % 01f .
90 0.53 22 §|||I|||I|||l ]
-10 29 0.23 8.4 3.6 3.8 4.0 4.2
62 0.32 12 1000/T [K]
90 0.29 11
_15 25 0.11 3.8 FIG. 6. Dependence on temperatufef the packed ice bed results com-
60 0.10 3.3 pared with various gquantities, normalized to the value-&tC. Solid line:
90 0.11 3.7 solubility of SG in water. Dashed lineH*DY¥2 for SO, in water. Dash-
30 15 0.012 051 dotted line:H*DY2dg . for uptake into a quasi-liquid layer (QLL), assum-
1 0.015 051 ing doL o (T — To)~Y3. Dotted line:H*DY?r2 for uptake into veins. CL-
' ' data: squares, 15 ppb; diamonds, 21-29 ppb; star, 47 ppb; triangles, 50-73 |
47 0.013 0.44
73 0013 045 crosses, 90 ppb Tq accqunt for the pressure dependence of uptake, the CL{
93 0018 0.60 have been divided into bins (15 ppb, 1-29 ppb/47-73 ppb/90 ppb). These b

have been normalized internally-al 0°C, since only two data sets are available

2 Third column: amount of melted water expressed as fraction of total Wateétr_5 C. (Figure taken from (63)).

in the packed bed. Fourth column: amount of melted water expressed as liquid
layer thickness on surface of 10@n ice sphere. These unphysically large liquid

fractions suggest that the $@servoir is not bulk liquid water or a quasi-liquid HNOs; into supercooled water, shows them to exhibit a norme
layer. . L
temperature correlation, similar to that shown by the dashe
curve in Fig. 6 and in clear conflict with the ice bed data. Simpl
SO, in water. Whereas the uptake of a gas by bulk liquid waliffusion of SQ into either bulk water or bulk ice is therefore
ter normally decreases with increasing temperature becaus@effviable as the uptake mechanism.
reduced solubility at higher temperatures, the packed-bed ex-
periments are very consistent in showing the opposite behavid?. External Interfacial Reservoirs: QLL and Surface Layer
Even after accounting for a reasonable temperature dependen
for the diffusion coefficient, we still find inadequate agreeme
with the data (see dashed curve in Fig. 6).
For the ice lattice, the temperature dependence of the quan
eH*DY2 can only be estimated, as there are neither solubili

nor diffusivity _data fqr SQ mteractmg with single ice crystals. temperaturd approaches the ice melting temperattigeshow
But a comparison with similar systems, such as HNPtake . . . .

into single ice crystals by Thibert and Dorail6) or uptake of widely varying results, with reported QLL thicknesses-& C

' Ingle y y thi iL6) or up ranging from less than 0.1 to 80 nm (26, 28, 30-32, 4547
Nevertheless, any increase in layer thickness with an increa
in temperature would serve to counter the normal tendency

Fthe uptake reservoir were a surface-melted layer (or QLL
%tt the air-ice interface, then the volume of the uptake reserwvc
nlgght well increase with increasing temperature and offer &

lanation for the observed temperature dependence of upta
xperiments attempting to measure the thickness increase as

-3
10 2 30°C - ' gas solubility to be lower at higher temperatures. Indeed, su
‘;jg‘;g = 1 an argument has been used to explain data by a number of ot
A 5C O\IL% ] authors (e.g., (17, 34)). From a theoretical point of view (se
(3) for a review), we note that if the thickness of the layer

eH D"2[m s12]
)
E-s

- z .
3 j\f\} doLL (T), were independent of the chemical composition or othe
[ electrostatic effects (48) and if van der Waals forces were
I dominate the overall behavior of the layer, we would expect

5 . temperature dependendg | o (T — To)~Y/2. We thus obtain
10 10 100 a normalized uptakeH{* D¥/2dq ) as given by the dash-dotted
S0, mixing ratio [ppb] curve in Fig. 6, a trend with temperature that is too weak at lo
temperatures and too strong at high temperatures for agreem

FIG.5. Bestfit values for H*D/2 determined from Eq. [1] for the mea- with the data.

surements of Clapsaddle and Lamb (1) as a function of 8iXing ratio. . . . .
The solid lines are fits to the data subsets-&0°C and —15°C showing We furthermore emphasize that neither the holding capaci

¢ H*DY2 « p~1/2. (See text for explanation of error bars. Figure taken fror@f any realistic QLL nor the kir_letics of Upt.ake into such an in
(63)). terfacial layer are able to explain the experimental data. We ha
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already seen that the amounts of S@ken up by the packed fusivities of impurities in these reservoirs relative to those ir
beds would require unrealistically thick layers, short of invokbulk liquid water. The diffusivity in veins and grain boundaries
ing some unknown surface interaction. Transport of the solugunknown, but it is likely to be intermediate between that ir
throughout the QLL by diffusion, too, gives untenable resultge and that in supercooled water (29, 52).
For instance, measurements of the self-diffusion coefficient forThe vein cross sections, and hence reservoir volumes in pol
the QLL (29) yield the relationshiijq > Do ~ 10°* m?  crystalline ice, should be particularly responsive to temper:
S 1 > Dmax~ 3 x 1072 m? s71, whereDjjq is the liquid-phase ture changes. Although we have shown that the bulk meltin
diffusivity. From the time scale of CL's experiments (up to 4§oint is not depressed significantly at the Sfartial pressures
h) and the size of the ice spheres (100 radius) saturation ef- used in the C and CL experiments, interfacial effects within th
fects must occur for diffusivities higher théh,.«. Even though veins can depress the melting point substantially. In particule
diffusion within a QLL is much slower than diffusion in a lig- Colbeck (20) has found that the melting point is locally de-
uid, the reservoir would easily saturate within the time frame pfessed as a result of the curvature of the grains along tl
a typical experimental run. The QLL is not likely to be the upveins and necks between adjacent ice grains, an interfacial pt
take reservoir sought for consistency with the,§@cked-bed nomenon that does not show up in traditional bulk-phase di
findings. grams (e.g., Fig. 1). The magnitude of the melting point depre:
sion in veins and nodes has been treated theoretically by N
(21), who extended the work of Colbeck (20) by considering
solute effects as well. The objective of the Nye studies, as we
as those of experiments performed by Mader (22, 23), was
Of all the reservoirs into which SCcan be stored follow- examine heat and solute flow during warming and cooling ¢
ing uptake, only the class of ice—ice boundaries remains viabp@lycrystalline ice. The theoretical dependence of the radius
Unlike the air—ice interface, the grain boundaries, veins, andrvature of ice in contact with vein fluid on the deviation of
nodes so characteristic of polycrystalline ice offer significatihe temperature away from the melting poistwas found to
volumes and surface areas within a polycrystalline bed for hdxer,(T) o (To — T)~%5%(21), a result corroborated by Mader’s
boring small molecular species like $@nd its dissociation observations (22, 23). The equilibrium concentration of an im
products (e.g., HSD). Past studies have shown the imporpurity in the veins and the vein radii are determined by the ten
tance of grain boundaries and especially veins for accumulatipgrature and the interfacial energies of the liquid/solid bounc
species like HSO, and HCI (12, 49) as well as the existencaries (21). These impurities are all nonvolatile species expelle
of ions in the veins (50) and therefore the liquid-like charactéom the ice matrix during the freezing process into the vein
of veins. Thus it is reasonable to consider ice—ice boundariesaasl grain boundaries (typically sulfates and salts) and in adc
solute reservoirs in the SOice system as well. tion the dissolved gaseous &®Ve cannot treat the influence of
Grain boundaries are conceivably important because of ttie nonvolatile impurities explicitly here, because amount an
large interfacial area (and consequently new volume) potespecies are unknown for both experiments.
tially available to solute within the ice matrix itself. If the tem- The observed temperature trend of Siptake is consistent
perature dependence of the grain boundary width is similarwgth Nye's theory of solute in veins and nodes. Under the as
that for the thickness of the QLL and if the local roughnessumption that the solute solubility and diffusivity in a vein have
of the grain boundary walls is unimportant in determining thihe same temperature dependencies as in bulk liquid water, t
interfacial melting (51), then the same fundamental paramepeedicted uptake varies abl * D2, withe = Aiecfg o 12 o
(H*DY2dqgL.) used to estimate the action of the QLL also refTo — T)~ 1. The resulting temperature dependence is shown
flects the temperature dependence of a diffusion process itite dotted curve in Fig. 6, revealing relatively good agreemelt
grain boundaries. We are again left with the dash-dotted limgth the data obtained by CL. In effect, the expansion of thi
in Fig. 6 and see that grain boundaries, too, give a temperatuein cross section with increasing temperature opens up ne
trend that is inconsistent with that of the observations. opportunities for S@to enter the ice sample, resulting in larger
Veins and nodes, however, offer a significantly different opeservoir volumes and transport channels and thus greater apy
portunity for solute storage. For one thing, the network of veiret magnitudes of uptake. The temperature dependence of t
inside a polycrystalline sample can be extensive: an order-gblume effect more than compensates for the decreaseingas:
magnitude calculation suggests lengt#30 m cnt2 (based on ubility (H*) at higher temperature (reflected in the solid curve ir
a cubic grain size of 10@m). A proper determination of the Fig. 6). The nodes in the ice bed exhibit their own temperatur
total reservoir volume due to veins and nodes in the packed be@pendence, which is proportionalitp oc (To — T)~1%5, in-
used by C and CL would have required a microscopic investigaeducing an effect that would lower the dotted curve somewh:
tion of the ice samples, a procedure not performed at that tinaad lead to still better agreement with the observations.
Nevertheless, we would not expect such a reservoir to saturaté is important to note, however, that the case at hand diffel
readily, especially because viscosity effects associated with fh@m these other studies in the following ways: (a) the ice grain
close proximity of the ice walls would tend to decrease the diind the veins in the experiments of Mader and considered

4.3. Internal Interfacial Reservoirs: Veins, Nodes,
and Grain Boundaries
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the theory of Nye were substantially larger than those in tlage long enough to observe reservoir saturation and the diffusi
packed-bed experiments of C and CL and (b) the temperatukésetics are parameterized in an appropriate manner. If, as t
examined in the Mader experiments were at most a few tenthgpoésent analysis implies, veins and nodes govern the uptake
a degree below the triple point. Over such a small temperatdrace gases, then the ice morphology (i.e., the ice grain si
range, curvature effects on the depression of the melting poamtd vein density) must be considered. Otherwise, the results
tend to be smaller than solute effects. However, this is not tttee uptake experiments on laboratory ice may not be direct
case for the temperatures of the packed-bed experiments, wregrglicable to natural ice.
the temperature effect should theoretically dominate. In the atmosphere, uptake of $0n cloud ice is likely to
Of the diverse options considered, the uptake kinetics of S®e accompanied by oxidation, so the CL experiments (and o
into polycrystalline ice seem most likely to be governed by veiranalysis of them) do not represent the full range of process
and nodes. Whereas the veins and nodes themselves may bepleeative in nature. On intermediate time scales, the uptake
main reservoir for the trace gas uptake, we must acknowledgeshly fallen snow may well be similar in several respects t
the possibility that the veins also serve as the transport chanrtbks laboratory observations, in which case the observed pre
of the dissolved gas into some larger reservoirs. We note, teoye and the temperature dependence of the uptake develo
that prior to attainment of equilibrium, the rate-limiting procesiere could be translated into parameterizations for atmosphe
determines the nature of the uptake kinetics and masks possihledels. More generally, however, the absolute magnitude of tl
equilibrium properties, such as those arising from adsorptionuptake of sulfur species found in the laboratory will be less tha
electrical effects at the vein solution—ice interface. For many exould be found in the atmosphere due to oxidative processes
perimental and environmental applications, diffusion of®®  An interesting parallel can be drawn between our interpret:
its dissociation products through the veins appears to determiioa of the laboratory results and the dry deposition of a trac
the overall kinetics of uptake. gas to surface ice. In order to resolve the different componer
of the overall uptake process, a surface resistance concept n
be used as in conventional dry deposition schemes. Followi
the definitions of Voldneet al. (55), one calculates the depo-
Uptake of SQ by ice in the environment modifies the atmosition velocityvy (With, vg = jne€™2, Wherejnetis flux andc is
spheric chemical composition, as well as the chemical charadtee ambient concentration of gas) as the inverse of the over
of precipitation, snowpacks, and glacier ice. Acidic precipitaesistance; = 1/vg4, Which in turn is the sum of the resistances
tion, for instance, has long been a major topic of environmentaithe individual uptake processes=r, + rp + rs, wherer, is
research, with anthropogenic sulfur dioxide and nitrogen oxiddse aerodynamic resistance due to turbulent transfer in the &
identified as the main gaseous precursors of liquid-phase adiglés the resistance due to molecular diffusion across the lar
(see Lelieveld (36) for an overview). In addition, the sulfate cofirar sublayer, ands is the resistance due to pollutant—surface
centrationsin ice cores reveal information about the atmosphdriteractions.
sulfur load in the distant past (53). Diffusion of the solutes in Our interpretation of the packed-bed experiments sugge:
grain boundaries and veins might have important consequentted in the absence of oxidative processes the surface resista
for the interpretation of the ice core results. Therefore, it is of SO, on fresh snow should follow the proportionality relation
particular interest to understand the mechanism of uptake of
sulfur dioxide by environmental ice.

The concentrations of grain boundaries, veins, and nodes /D
L .. . . . D 1 1
within atmospheric ice have not been characterized in detail, — =¢(T) x o« X ,
and they are expected to depend on the mechanism of ice for- s Vrt (To—-T)+ /Pt

mation (54). Comparisons of uptake measurements oftI§0
atmospheric ice and by laboratory ice samples are problem-
atic because the percentages of ice—ice boundaries in the twith p the gas partial pressurg; the melting point of ice, and
regimes may differ considerably. As yet, there exists no recipél )H*+/D derived from the experimental data. This approac
for making “atmospheric ice” in the laboratory. Still, laboratoryonsiders only the gas—ice interaction, as it ignores the res
experiments, in which the ice preparation is carefully controlleadnce due to gaseous diffusion within the snow pack. Betlak
and the history of uptake can be followed in time, are useful f@6), on the other hand, considered the gas-phase diffusion ir
deciphering mechanisms and for empirically relating the cothke snow pack as the limiting transport process and assum
centration of a precursor in the gas phase to that in the ice. an instantaneous equilibrium at the ice surface. The physic
Since diffusive processes may govern the long-term uptagenditions of a given snow pack may well determine whethe
of trace gases by environmental ice and considerably enhages-phase or condensed-phase diffusion limits the uptake, |
the short-term uptake, care must be taken both when makings interesting that the time-dependent uptake law derived t
measurements and when applying atmospheric models. The tB@leset al. (56) has the same form as Eq. [5]. Hence, the e
uptake can be used directly only if the experimental time scaliestive surface resistance in the absence of chemical reactic

4.4. Applications to Ice in the Environment

(5]
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is [H™]ianice are the proton concentrations in the veins and th
ice lattice respectively. The protons in the ice will be concen
ro— 1 4 1 St [6] trated in regions around the veins, of thickness given by th

s e(T)H*V/D H*\/ﬁg ’ appropriate Debye length. Thereforef[Heins Will be less than

[HSO3 Jveins We thus expect the effective Henry’s law con-
whereDy is the gas-phase diffusivity through the air in the snowstant to be enhanced, possibly substantially, by the fafgtor
pack. This time-dependent formulation might find use in modH* ~ (K Hoks T/ fsp)¥/?, whereK is the equilibrium constant
eling studies on a local scale for estimating the, 8@position of dissociation andHy the molecular Henry’s law coefficient.
onto fresh snow, at least when oxidative processes can be neeffect, the ice matrix acts as a strong sink for protons due 1
glected. Ganzeveldt al. (57) used an exponential function totheir relatively high mobility in ice. This loss of protons from
parameterize the temperature dependence of the dry depositighvein fluid increases the local pH and shifts the equilibriur
of SO, but noted that their model yields too much Si@ the in favor of dissolved S@ The asymmetric distribution of ions
northern hemisphere during winter, which might be due to am the ice operates in the correct sense needed to explain |
underestimation of the dry deposition of 8@nto snow and ice large magnitudes of SQaken up by polycrystalline ice, but a
surfaces. We suggestthat parameterizations for theiftake in quantitative assessment of the effect is beyond the scope of t
local and global-scale models should reflect the partial pressuterk and remains the subject for a future study.
and temperature dependence given by Eqg. [5]. Use of this newNo sulfate was found in the ice by CL after the experiment
temperature dependence would lessen the fall-off of uptakeexcluding oxidation to influence the uptake in their experiments
lower temperatures and might lead to an improved calculatibiowever, we must acknowledge the possibility that nonvolatil
of SO, dry deposition rates. impurities, which may accumulate in the veins and grain bounc
aries during the freezing of the ice, might alter and possibly er
hance the S@solubility in the veins above the solubility in pure
water. Such processes cannot be quantified lacking knowled
about species and magnitude of such nonvolatile substances

This analysis of the C and CL studies (as summarized InWe have presented a framework for the systematic analysis
Table 1) suggests that the likely mechanism for the uptaketf take of at f laboratory data involvi I .
SO, into polycrystalline ice is slow diffusion into an internal € uptake ofalrace gasirom laboratory datanvolving polycry:
reservoir, such as veins and nodes, possibly also within gré?llllme ice. The interpretation of existing dqtalgadstothe hyp_o_tr

Is that solute transport through the veins is the rate-limitin

boundaries. To a significant extent, the apparent dlscrepanc‘? S and that the fluid in confined reservoirs (grain boundarie

between the measu_rgd up_takes in the C and CL studies are veins, and/or nodes) constitutes an important uptake reserv:
resolved. The remaining differences may be due to the dlﬁer% SOy, This finding is consistent with the work of Mulvaney

experimental procedures used in the two studies, such as
ferent SQ detection techniques, different methods of surfaceé al (49) a_nd Wolﬂ and Mulvaney (12), who sugges_ted t_hat th
ccumulation sites for }$0, and HCl are at the ice triple junc-

area determination, or different ice-packing and sintering prﬁ- ns. Similarly, incorporation of both HCl and HNG! defect

cedures that might affect the specific surface area and morph?zés and the impuritv transport alona one dimensional defec
ogy of the samples. Although the precise magnitude of upt purity P 9

must depend on the detailed polycrystalline character of the i %Sotr)aetirr] ptrggtzsggSbyc-r:hr']beg;gg;oﬁambf%:ﬁ sbug?nees;S
as determined by the ice preparation, the general form of y Y yp Y y

INg uptake into ice of varying degrees of polycrystallinity anc
r% p ying deg polycry y

5. SUMMARY AND CONCLUSIONS

breakthrough curves and the temperature dependence of theau ) vzing the liauid in the interstices of the ice followind Uo-
take are expected to be relatively insensitive to differences |rl( yzing qu . . 9 up

. take. In general, interpretation of laboratory studies on uptak
experimental procedures.

Because uptake into major reservoirs (i.e., bulk liquid, bu ould be aided by independent studies relating the morpholog

ice, and the ice-vapor interface) appears unlikely, the large m:g ice samples to the preparation method, focusing on the gra

nitude of the observed uptake implies that the concentration© undary/vein/node system.
SO, in the confined reservoirs may exceed the gas—liquid equi-
librium value. We propose the following possible mechanism
for enhancing the gas solubility in veins and grain boundaries.\y,e assume the flow to be isothermal and characterized |
Whereas the negative solute ions (HJCre probably con- \4niq |ateral diffusion, so the trace gas (S@artial pressure
f|ne'd.to the veins for. steric, elegtncal, or ene'rgetlc. reasons, IBSQ t) depends on a single spatial coordinatethe distance
positive hydronium ions resulting from $Qlissociation are yownstream from the tube inlet) and on tirheThen, if we

relatively free to diffuse throughout the ice sample (58)1df jgnore diffusion along the flow) direction, the mass continuity
represents the fraction of the total sample volume access'bl‘?é%tionship is

solute, then charge conservation requires-(1s)[H ™ ]jatice +

fs[H+]veins= [HSO:;], [H +]veins= fs[HSO:;]- Here [HSQ] is ap ap

the total ion concentration in the solute, and*[kkins and ot Tk T POCD =L 1), (A1)

APPENDIX: THE FLOW TUBE EQUATIONS
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whereP andL are the production and loss terms, respectivelp/z(t) > |dp/dt|. The validity of this approximation must be

and v is the mean velocity of the air through the tube. Theeconsidered once the sink rate is determined.

SO, partial pressure satisfies the upstream boundary conditionThe observed uptake of a trace gas by an ice sample is t

p(0,t) = pin forallt > 0, and the initial conditionp(x, 0) = 0 composite result of several processes operating simultaneou:

forall x > 0. Here, we consider mainly adsorption onto the surface and d
The production and loss terms can be combined and writtkrsive transport into grains, grain boundaries, veins, and node

in terms of the net flux of molecules toward the ice surfac&herefore, we expect the breakthrough curve to have atleastt

j(x,t)(m2 s, regimes: an initial segment, governed primarily by surface prc
KT cesses, and a second segment dominated by the slower diffus
P(x,t) — L(x,t)= —j(x, 1) iecfé B , [A.2] processes. Together, the surface and bulk transport processes

Vair termine the shape of the breakthrough cupyg(t) = p(L, t).

whereks is the Boltzmann constant/u; = FL/v is the void N the following, we compute the uptake fljxand the charac-
volume (i.e., that portion of the packed bed filled by air), ankgristic tlme_zr as functions of time and s_olve_ the resulting flow
Act is the ice surface area that is effectively available for uptakiio€ equation for each uptake mechanism in order to assess
The effective areafc) is equal to the total ice surface ara’ relative importance of gdsorptlve uptake and diffusive uptake |
only if the uptake reservoir covers the entire surface, but mdf€ packed-bed experiments.
typically e = AT/ A%t < 1 because uptake tends to be activg
only at certain locations, such as grain boundaries, veins, an
nodes. We assume the net production may also be written in théf the ice sample does not become saturated during tt
form experiments, the ice grains in the packed bed can be &
proximated by semi-infinite reservoirs with planar surfaces
P(x.1) — L(x.t) = —p(x, t)/z(t), [A3] In this case we solve the one-dimensional diffusion equ

. a2 A . )
wherer (t)~! represents the first-order rate coefficient for loss t;uon dn/at = Da"n/3z", wheren is the concentration of SO

an as-yet unspecified process. The functi¢t) is independent %olec_ules (or assoqated lons) n the bulk sa}mples the .
. o coordinate perpendicular to the ice surface (i.e., depth in
of x andp and represents the properties of the empirical syst . e . .
) e sample), and is the bulk diffusion coefficient. This
we seek to infer from the data. We show below that the uptake™ ~ .~ " ; -
uation is solved subject to the boundary and initial cond

Ecr)c:]%?t?sﬁ; of interest here can be cast into this form under cerﬁaﬁp}sn(x’ 220, 1) = H*p(x, t)/(ks T), andn(x, z, 0) = Ofor all

X,z > 0. Here,H* is the dimensionless form of the effective

Solution of Eq. [A.1] with Eq. [A.3] used for the net produc- , -
tion can be achieved readily with the help of a simple transfo'F'—enry s law constant, a measure of the overall solubility 05 SO

mation of coordinates fromx( t) to (x — vt, t). The solution is mice (af‘d’or In its grain boundgrles/velns). The magnitude
therefore H* and its dependence on partial pressure depend on whet

or not the trace gas dissociates into ions in the ice sample.
toodr Nondissociating speciesFor a nondissociating specids;

ftx/v r(t’))’ [A4] is a function of temperature but not of the gas partis

pressure. From the net diffusive flux density of molecule
where®(&) = 0for < 0ande(&) = 1fore > 0. Thenominal to the surface,j = —Dan/dz= (H*p/keT)(D/mt)"? (59,
transit time of gas molecules in the packed ice bety;, is 60), we derive the characteristic timgt) from Eq. [A.2]:
of the order of seconds, while the uptake extends over houfé) = Vair/(ASLH*)(rt/D)Y/2. This result satisfies the condi-
Hencet > x/v over most of an experimental run, meaning thdton thatz(t) is independent ok and p and is thus consistent
7(t) is approximately constant over the period of integration ifith Eq. [A.3].

& Diffusion Kinetics

b0, ) = pr@(t — X/v) exp(—

Eq. [A.4]. We thus have We thus obtain, from Eg. [A.5], the time-dependent partis
pressure at the exit of the flow tube
X
P(X. 1) ~ Pin exp(——m(t)) [A-5] Poult) = P(L. 1) = pnexp(— (to/)¥?),  [A6]

Note that the time scale(t) measures the exponential time rewhereto = (L ASTH* /(vVair))*D /7. The parametet is a mea-
sponse of the sink at any point along the packed ice bed,safe of the time response of the exit pressure in the gas that |
least when the local SOpartial pressure is relatively fixed in Passed overthe entire ice bed. A similar equation, withl, was
value. To find the characteristic time for the net sini), we Used by Hanson and Ravishankara (61) for interpreting trace-¢
assume the surface of the sink to be in instantaneous equilibriygiake on liquids.

with the local value ofp(x, t). That is, the temporal change of Dissociating species.If SO, dissociates during uptake, the
the partial pressure at a fixed locatinrand timet is taken to Henry’s law constant becomes pressure dependent and the
be small compared to the net loss into the condensed-phaa&e kinetics change. For instance, the dissolution of B
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stant, andHg is the molecular Henry’s law constant. In bulk lig-
uid, when SQ dissociates and controls the solution pig; =
H*p o pY2. If we assume the diffusivity to be independent of
the pressure, we find*DY? o p~%2. Hence, for a dissociat-
ing species (t) isafunction op. Equation [A.4] does not strictly
apply in this case, but direct integration of Eq. [A.1] yields

w

2
L A [KHoDkgT
t) = pin|1l— — =€ A.7
Pout(t) pm( v Vo " [A.7] .
This equation is valid fop/z(t) > |ap/dt|. Since pin/ Pout >
0.6 for all but the shortest times, Egs. [A.6] and [A.7] coincide;’
within a few percent for H* = (K HoksT/pin)*/?. Hence,

of this work have been performed at the Max-Planck-Institute for Chemistry
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