11226 J. Phys. Chem. B002,106,11226-11232
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We report the study of a liquidlike phase that is found in dilute NaCl aqueous solutions frozen at temperatures
below the liquid-to-solid-phase transition temperatures 4 lnd NaCi2H,O. There is strong evidence that
heterogeneous reactions of gases with halides in liquid layers on ice are the source of halogen radicals that
destroy the lower tropospheric 0zone, and a subeutectic brine phase is thus of particular relevance to discussions
of atmospheric composition and its dependence on the chemistry of polar marine ice and snow. The fractions
and concentrations of water and NaCl in this subeutectic quasi-liquid phase were meastieanbl*Na

NMR spectroscopy, and the experimental results compared to predictions derived from an equilibrium
thermodynamic analysis. The temperature dependence of the salt concentration is well-described by the
equilibrium theory for temperature ranges where ideal solution behavior holds; for lower temperatures, where
the observed salt concentration increases and deviations from ideality emerge, the predicted concentrations
are generally higher than experimental measurements.

1. Introduction chemically important surface brine layer of bulk sea ice could
The phase diagrams of aqueous salt solutions typically be selectively probeq by nuclear magnetic resonance (NMR)
indicate that as the temperature of the liquid is decreased belowSPectroscopy. In particular, they showed tHatNMR measure-
the (depressed) freezing point, pure ice will be the first solid to Ments could be used to determine the fractions of water in the
precipitate. It follows that the surfaces and boundaries of the Solid and liquid phase. A more detailed NMR study of frozen
ice will be dominated by increasingly salt-rich phases with brines using modern Fourier transform methods was later
chemical and physical properties that differ significantly from reported by Mel'nichenko et at* and images of the macro-
the pure ice substrate. scopic spatial distributions of the liquid in saltwater ice have
The implications of this picture for the chemistry of polar @lso been obtained by NMR techniquéd? In these experi-
aerosols and ice in the polar marine boundary layer have beenments, all forms of nonsolid water were detected, including
the subject of extensive investigation. Recent work in this area Water in grain boundaries, on surfaces, and in included pores.
has been motivated by the finding that periods of reduced ozone These past studies have focused exclusively on observation
levels in the Arctic marine boundary layer are correlated with of the'H NMR signal, but it is clear that valuable information
the presence of halogen species in the boundary laSeveral on the amounts and compositions of the surface brines can be
groups have reported results suggesting that a substantial fractiorbtained by examining the NMR spectra of the dissolved species
of ozone removal is attributable to heterogeneous reactionsas well. Most salts of interest in marine environments contain
involving halogenated species formed from surface snowpdck. isotopes with favorable solution-state NMR properties, including
Salt separation during seawater freezing is a relevant questior?3Na, 3°Cl, 1“N, 15N, 7°Br, 81Br, and others, making it possible
in the proposal by Rankin et.athat gas-phase halogens found to quantify the partitioning of salts between the solid and
in the Antarctic troposphere may be derived from oxidation of solution phase in icebrine equilibria by direct observation of
halides present on NaCl-rich “frost flowers”. Recent measure- the dissolved cations and anions. NaBr, for example, has been
ments conducted at Alert, Nunavut, Canada, indicate that thefound to concentrate at the ice surface when sea salt precipitates
halogen atom precursors Band BrCl can be produced within ~ from sea salt solution this in turn influences the amount of
the snowpack. As discussed by Michalowski et.dl model the disordered water. A method that could quantitatively probe
simulations of Arctic chemistry assume the existence of a liquid the behavior of the ionic components would help answer
layer on the surface of the snow grains where gases can dissolvémportant questions concerning the chemical reactions that can

and reactions take place that release reactive haldgerthis ~ occur at the crystal surface, as well as provide useful data for
model, the amount of halogen released is found to be quite examining the relationship between surface solute concentration
sensitive to the volume of the liquid component. and liquid content. A discussion of this approach and of some

In one of thg firstquantitative spectroscopic investigations  of the factors that make NMR spectroscopy attractive for
of sea ice, Richardson and Kefiéf demonstrated that the selectively analyzing the liquid fraction of frozen brines has
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K. The results are used to develop relationships that make it 5.3 T r—— T .
possible to predict the liquid water fractions as a function of '
ionic strength and temperature and are applied to the study of € 5.2t ! e
frozen seawater. 2 :
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2. Experimental Section g 5.0k :
2.1. NMR SpectroscopyNMR spectra were recorded using ] '
a Chemagnetics CMX Infinity console equippediwé 5 mm g 4.9r :
HX liquids probe (Nalorac Corp.). BottH and 23Na chem- T '
ical shifts were referenced with 25 mM 3-(trimethylsilyl)-1- ':o. 4.81 :
propanesulfonic acid sodium salt (DSS) (Sigma) dissolved in 47 |
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99.9%2H,0. The lack of an adequate lock signal in experiments
with frozen samples made it necessary to freeze the Z0 shim
after frequency-referencing, and operate the spectrometer with _ ) )
the field lock apparatus disabled. The field drift for the 7.04 T Figure 1. Temperature dependence of fhechemical shift of a pure
- . water sample. Observed full-width half-height line widths are less than

magnet (Oxford Instruments, Inc.) used in this work was e yidths of the markers. The line is a least-squares fit of data measured
measured and found to be negligibleQ.05 ppm/day) for the  at temperatures above 273.15 K (circles) to the equatiBr AT +
results presented here. y, with o = 7.315 x 1075, 8 = —5.276 x 1073 andy = 14.021.

The probe tuning and pulse widths were monitored over a Shifts measured at temperatures below 273.15 K are symbolized as
range of temperatures and salt concentrations to ensure the&rosses; no ice had formed at these temperatures.
comparability of signal intensities under different experimental ) o . ) .
conditions. The temperature sensor of the NMR probe was Shown in this figure, water chemical shifts at presumptive
calibrated from 213 to 298 K with the proton spectrum of a temperatures below_the freezing point obey the same temperature
methanol standar¥f. The variation in temperature over the dependence as shifts measured at temperatures ab&@e 0
detected region of the sample was estimated to<Be8 K on which implies that the solution is m_deed t_)elng supe_rcooled to
the basis of measurements with methanol and pure watert€mperatures well below the freez[ng.pomt. A detailed study
samples. The source of the dry cooling gas for low-temperature Of the temperature dependence of liquid and gaseous water has
experiments was a pressurized liquid nitrogen dewar. For samplebeen reported by Hindmafi whose results are quantitatively
volumes>100 4L, 5 mm NMR tubes with a 0.77 mm wall ~ consistent with the data in Figure 1.
thickness (Wilmad) were used to prevent tube breakage upon 2-2. Sample PreparationNaCl (Aldrich, 98t %), was used
freezing; regular (thin-wall) NMR tubes were used for liquid aS received, and dlluteq in delonlged, carbon-fllter.purlf.led water
volumes <100 uL. The tubes were filled under atmospheric (18.0 MQ cm). All soll_Jtlons_wer(_e I|k_ely saturated with dissolved
conditions and sealed with a standard NMR tube cap. gases from the ambient air (with its trace §.OThe presence

Samples consisted of NaCl(aq) solutions prepared in the 1_19f dlssolved gases potentially }ntroduces co_mpllcatlons in t_he
x 1073 to 0.5 M range and one seawater sample. In all interpretation of the result§ but is a more realistic representation
experiments, the ice was formed in the NMR tube by rapidly of the conditions in oceanic systems. The seawater sample was
dropping the temperature of the sample when in the NMR probe _coIIected_ from the ocean surface at the Strait of Juan dg Fuca
to the lowest experiment temperature, followed by a 10 min N Washington State in December 2000 and used without
minimum equilibration period. The sample temperature was treatment or filtration.
decreased from ambient to 228 K typically in about 15 min.
The sample temperature was then raised through the series of- Results
experimental temperatures, with>=b min hold time before The'H NMR signals of water and ice are readily differenti-
initiation of the NMR scans. The heating of the sample was ated on the basis of line width; although they overlap, the water
slowed as the set points were approached to prevent temperatureesonance has a width that can be more than 4 orders of
overshoot. ThéH and?3Na spectra were acquired sequentially magnitude narrower than the line width for polycrystalline ice,
at each temperature with the decoupling and broadband channelsvhich is of the order of 19Hz.2° Similarly, the23Na resonance
of the same probe, respectively. line width for Na" in aqueous solution can be more than a factor

The two liquid-to-solid-phase transitions of supercoole®H  of 100 narrower than the resonance of NaCl(s) (ca. 3 kHz) or
and NaCi2H,0 in dilute NaCl solutions€16 wt % NaCl) have NaCk2H,0. H (Figure 2) and®®Na (Figure 3) NMR spectra
been observed to occur at temperatures between 260 and 240f frozen NaCIl/HO solutions were found to exhibit resonances
K.1718In all experiments reported here, the samples were cooledthat, although broader and weaker than unfrozen room temper-
to 228 K before the start of the NMR measurements. The ature solutions, were nonetheless considerably narrower than
progress of freezing could be followed at short intervals by the lines from expected solid phases. In addition to the line
rapidly scanning the liquid watéH NMR line and monitoring widths, the?®Na resonances for the frozen solutions were found
its disappearance as the temperature dropped below phaséo have nutation frequencies and short relaxation times more
transition points. Most solutions in the present study were found characteristic of sodium species in a solution, rather than solid,
not to begin solidifying until the temperature was reduced below phase?}?2 We thus interpret the integratéth resonance for
257 K. Once freezing began, the process was rapid, with the these frozen solutions as representative of water in a liquid state,
largest changes in the NMR signal complete within a few associated with the NaCl brine.
seconds. At temperatures above the first liquid-to-solid transition ~ The relative amounts dH and?3Na contained in this phase
temperature, the watéH resonance can be used as a temper- can be determined at every temperature from the rigorous
ature indicator to verify that the solution is supercooling. The proportionality of the nuclide concentration to the integrated
observed temperature dependence ofithehift of a pure water intensity of the NMR line. Complications with this method can
sample measured at 299.98 MHz is displayed in Figure 1. As arise if a detectable fraction of téNa signal originates from
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Figure 2. *H NMR spectra of a brine solution ([NaC# 0.500 M) at
different temperatures. Relative intensity scales are given by the factors
on the right. Each spectrum is an average of four scans. The time
domain signals were apodized, but in no case was the width of the
apodization function more than 20% of the intrinsic width of the

line.
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Figure 3. ?°Na NMR spectra for the same sample and temperatures
as in Figure 2, along with a spectrum of pure NaCl(s) (bottom, with
expanded chemical shift axis). Vertical scaling is on the right. Each
brine spectrum is an average of 256 scans. As for Figure 2, the width
of the apodization function was20% of the width of the actual
resonance.

sodium atoms in a noncubic sofélbut the line width, nutation,
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Figure 4. Plot of the integral of the detected fraction of tt¢ (top)
and?Na (bottom) NMR signals as a function of sample temperature.
The integrals have been normalized to the integrals of signals detected
at 294.9 K. Three NaCl concentrations are represented: 0.0011 M
(circles), 0.0104 M (squares), and 0.500 M (triangles). Seawater data
are shown in black squares. The eutectic temperature is indicated by
the dashed vertical line. The short dashed lines represent the calculated
liquid water fraction based on freezing point depression. The lines
connecting data points are guides for the eye.

frozen solutions investigated in this study. The results of this
determination for three different NaCl concentrations (0.0011,
0.0104, and 0.5 M) are shown in Figure 4. A pure water sample
was examined in the same way, but the intensity of the liquid
fraction signal was small compared to the brine samples, even
for temperatures approaching 273.15 K, and the data have not
been plotted. In Figure 4, the integrated intensities used to
compute the liquid fractions have been normalized to the
integrals measured at 295 K and adjusted for the Curie Law
(1/T) dependence of the nuclear magnetization on temper&ture.
The data for a seawater sample (for which {iNa= 0.46 M)
are also shown; the high liquid fraction for this sample below
the eutectic point is presumably due to the presence of other
salts that have a lower eutectic than NaCl (in particular, MgSO
and MgC}). We note from the bottom panel of Figure 4 that
for the 0.5 M sample more than 99% of the NaCl precipitates
as NaCi2H,O at the eutectic point, but for the more dilute
samples typically more than half of the initial Naemains in
a free ionic state to as low as 228 K. We interpret this as a
kinetic effect of the competing rates of diffusion of the ions
prior to precipitation, and solidification of the pure ice phase.
A simple model for computing the liquid fraction above the
eutectic temperature can be developed from the phase diagram
of NaCl-water mixtures. The phase diagrérauggests that as
the frozen solid is warmed above the eutectic temperature, the
brine formed upon melting will have a temperature-dependent
NaCl concentration. The expected NaCl concentration of a brine

and relaxation data suggest that this was not the case with thein equilibrium with ice for temperatures 252 K T < 273.15
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solid sodium salts at temperatures more than 20 K below the
eutectic point, as exemplified by the data in Figure 4, would
therefore represent an apparent deviation from ideal equilibrium
behavior. To differentiate this unfrozen brine phase from the
“quasi-liquid layer” (QLL) previously found in studies of bulk
pure water ice/~35 we refer to the solution phase as a “quasi-
brine layer”, or QBL.

The coexistence of a liquid brine phase with pure ice at
temperatures below the eutectic point is indicated in experiments
reported by Thurmond and Brd$sand Koop et al® Using
differential scanning calorimetry (DSC), Koop et al. observed
| ! ! ! ! . two separate thermal emission events during cooling of dilute
10 8 6 4 2 0 NacCl solutions, which they attributed to the supercooled-liquid-

1H shift (ppm) to-sollid-phase transitions. qssqciated with (1) the formation of

pure ice and (2) the precipitation of Na€H,O. The temper-

atures of these two phase transitions converge as the NaCl
concentration increases and become essentially equal for
K can be estimated from the positive root of the quadratic concentrations above 16 wt % NaCl. For all [NaCl] values
equation 0= ax2 + bx+ T — 273.15, which is the least-squares investigated by them, the second of these phase transitions
fit of a second-order polynomial to published freezing point Occurred at temperatures below the eutectic point, the latter
depression data of NaCl(a¢fjwith a = 0.167 anch = 3.137. having been determined by warming the completely solidified
The meaningful solution of this equation, which gives the Mixture. Flow cell microscopy measurements of the deliques-
NaCl concentration at temperatufe will be written asx = cence and efflorescence points of NaCl(aq) droplets by Koop
[NaCllepoy. If we assume that all of the NaCl enters the solution €t al., provided additional evidence of a nonsolid intermediate
phase as the solid is warmed above the eutectic temperaturePrine phase, which they have called a metastable liquid.
then the freezing point depression model implies that the liquid  Despite the superficial resemblance, the supercooled brine/
fraction ¢u,o(T) is given by eq 1, where the numerator is the ice mixture found in the DSC experiments differs in at least

0.50 M NaCl, frozen

4.38 M NaCl, unfrozen

Figure 5. 'H spectra for a frozen 0.5 M NaCl sample at 257 K, and
a supercooled 4.38 M NaCl solution.

concentration in the completely melted sample: two important respects from the QBL observed in the present
study. The DSC experiments showed that as the temperature
¢n,0(T) = INaClly/[NaClleppr 1) was reduced below 240 K, NaQH,O precipitated over a

narrow temperature range. The QBL phase observed in the NMR

Curves computed with this model are shown as the dotted linese€xperiments, on the other hand, was seen in samples cooled to
in Figure 4 (top), for each initial sample concentration. As shown temperatures>20 K below the supercooled-liquid-to-solid
in Figure 4, the theory matches well with the measurements transition temperature of Na@HO. In other words, the QBL
but systematically underestimates the liquid fraction. The above is found below the temperature range where supercooled brine/
model treats the liquid fraction as a concentrated brine with a ice mixtures are presumed to exist on the basis of the DSC work.
depressed freezing point, in equilibrium with pure ice. The A second difference is found when the samples are warmed
concentration of this hypothetical brine can be computed as from the lowest temperature to the NaZH,O liquid-to-solid
[NaCllrppr, and therefore a direct comparison can be made with transition. The thermograms recorded in the DSC work reveal
the brine in this brine/ice mixture and a brine prepared at room the first well-defined endotherm at the eutectic temperature,
temperature with the same concentration and cooled to thesuggesting that no melting occurs until around 252 K. This
temperaturél. One such comparison is illustrated in Figure 5, contrasts with the behavior of the QBL fraction, which grows
which shows théH spectrum for 0.5 M NaCl sample frozen at as the sample is warmed from 228 K, as shown in Figure 4.
228 K and warmed to 257 K (i.e., unfrozen), along with the For example, in both the 0.001 and 0.01 M NacCl solutions the
spectrum of a 4.38 M NaCl solution prepared at room temper- QBL fraction approximately doubled as the samples were
ature and cooled to 257 K. The latter concentration is close to warmed from 228 to 247 K.
that required for a 16 K freezing point depression, i.e., itisthe  To emphasize that the subeutectic brine/ice mixtures observed
NaCl concentration on the surface of the frozen 0.5 M NaCl in the DSC work differs in certain characteristics from the QBL
sample, if this model applies. As shown in Figure 5, the peak observed in the NMR experiments, we will refer to the
width for the frozen 0.5 M sample is much broader than for the supercooled brine seen below the first liquid-to-solid-phase
brine sample. transition (i.e., water— ice) in the DSC experiments by the

A significant amount of liquidlike water is present below the = separate name metastable brine layer, or MBL. The interpreta-
temperature (the Na€H,O eutectic point) at which all NaCl  tjon of the events during one cooling/warming cycle, as implied
should have precipitated as sodium chloride dihydrate (Figure py the DSC and NMR experiments, is portrayed in Figure 6.
4). This is observed for temperatures as muck28 K below Because the liquid can be supercooled, the state of the system
the eutectic point. This will be discussed below. does not follow the same path during cooling and warming,
resulting in a hysteresis effect.

The MBL observed in the DSC experiments presents no
According to an idealized interpretation of the Gibbs phase inconsistencies vis-gis the Gibbs phase rule and the water/
rule?>26 and the phase diagram of NaCl and wafeXacCl(aq) NaCl phase diagram, because these concepts are valid only for
solutions solidify completely at temperatures below the eutectic systems at thermodynamic equilibrium. As a metastable state,
point (~252 K) to a mixture of pure ice, NaCl(s), and NaCl the MBL cannot be described as an equilibrium system. It is
2H,0(s), for all initial salt concentrations. The finding that a less clear, however, how to represent the QBL detected in the
liquid brine phase can coexist with large amounts of ice and NMR experiments. In particular, one must ask if the samples

4. Discussion
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Time proceeds in the direction indicated by the arrows; the freezing
temperature ;) and the eutectic temperaturé) are shown by the
dashed vertical lines. When the liquid brine is first cooled)(@o ] ) ]
phase transition is observed, and thus the liquid is metastable belowFigure 7. Comparison of integratetH (top) and?Na (bottom) NMR

Ti. During G, pure ice suddenly precipitates, evolving heat, and the Signals for short (squares) and long (circles) samples, with [N&Cl|
liquid fraction drops, but not to zero. The remaining MBL is cooled 0.500 M. The integrals are normalized as in Figure 4.

during G until a second phase transition occurs)(Qesulting in a .

second exothermal event and a drop in the liquid fraction. A liquid tube. Moreover, no special measures were taken to degas the

phase, the QBL, nonetheless remains, as revealed by the NMRsamples prior to cooling. These factors represent minor devia-
experiments, and can be cooled during Opon warming (W), the tions from an idealized experiment, and any modification of
liquid fraction gradually increases unfit is reached, whereuponrapid  the phase diagram may also be expected to be manifested in
when the resuling brine reaches he Approximate soncentration dictaed” 1| deviations from ideal behavior
whnen . . . . .
by the freezing p?oint depression cur\F/)g, and the liquid fraction rises The spatial distribution O.f the QBL, N‘?‘ and Cf in the .
smoothly thereafter as the temperature is raised) (8d melting samples cannot be determined from the information obtained
continues. in these experiments. However, these methods do provide a way
to investigate one hypothetical distribution, namely, the distribu-

had achieved full thermodynamic equilibrium at every temper- tion resulting from a migration of the salt ions to the top (or
ature, or if slower freezing and a more protracted annealing bottom) surfaces of the sample upon freezing. The liquid column
period might be required to guarantee equilibration. Koop et of the samples investigated in this study (i.e., for the data in
al.l8 have presented evidence indicating that a supercooled brineFigure 4) was short enough to be entirely contained in the NMR
can undergo rapid heterogeneous nucleation on pure ice surfaceprobe’s rf coil (liquid volume= 100uL). To determine if the
once the temperature is reduced to a certain threshad2d@ K brine resides on the top of the ice, samples more than twice as
for low [NaCl]). Presumably, if the QBL were a metastable state, long as the coil were prepared (liquid volurme400 L in a
it too would be susceptible to solidification and short equilibra- thick-wall NMR tube), so that the top and bottom volumes of
tion times below the threshold nucleation temperature. The the sample could be positioned outside the coil’s sensitive
monotonic growth of the QBL fraction as the samples were volume. Results comparing the signals for 100 and 400
warmed from 228 K to the eutectic temperature is suggestive samples (for 0.5 M NaCl) are shown in Figure 7. At a
of a reversible melting process, which would also be inconsistent concentration of 0.5 M, the fraction of the water in the QBL
with the characterization of the QBL as a nonequilibrium state. phase was typically greater for the short sample than for the
Recent work on the theory of ice premeltfig?” explains the long sample. The ratici signal)od/(*H signalyoowas 1.38 at
presence of liquid water at these temperatures not as a metastablé = 228.1 K, increased to 4.64 near the eutectic polnt
condition, but as an equilibrium between setihpor, solid- 252.3 K), and then decreased to 1.93 as the temperature
solid, and solie-wall interfaces. increased to 266.6 K. For the 1:410-3 M samples (not shown

In addition to the assumption of thermodynamic equilibrium, in Figure 7) this ratio displays less variability, fluctuating around
the Gibbs phase rule and the phase diagram of a water/NaCl1.36&-0.16) at temperatures above the eutectic point. These data
mixture apply to ideal systems at constant pressure and undersuggest that there is some preferential migration of the QBL
conditions that exclude all other phases and components,outside the central region of the sample as freezing occurs.
including air and other gases. These conditions were not realized The equations of equilibrium thermodynamics provide a way
in the NMR experiments in which the water/NaCl mixtures were to derive a predicted [NaCl] dependence on temperature for
in contact with air under uncontrolled pressures in a sealed NMR direct comparison with the experimental results. According to
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standard thermodynamic treatments, the solvent mole fraction T A
of an ideal solution at equilibrium is given by the relafi®#? 101 L ; n -
E . oW
AH? 1 1 |} ?8 a
In %, o(T) = — ?(f - ﬁ) (2 _ ?
£ 100 ¢ = ! E
where AH? is the enthalpy of fusionR is the ideal gas : !
constant]T; is the freezing temperature of the pure solvent, and Ny |
Xn,0(T) is the mole fraction of the solvent.® in the liquid '
phase, defined as 101k \ 1
1 3
VS 0 " T
Ho\!) = .
’ Ni,o(T) + 5 21 N(T) (-1 /T

I_:igL_Jre 8. Log—log plot of the total molal solute concentration in the
The quantityNy,o(T) is the number of moles of liquid solvent liquid phase vsT; — T)/T. Data symbols are the same as for Figure 4.

P ; The dashed vertical line indicates the position of the eutectic temper-
(water) at temperaturg and the summation in the denominator ature, and the solid line represents the theoretically predicted behavior

is over theP solutes in solution. (eq 7).
If we assume that the solute concentration is lowiNg@(T)
> SF  N(T), then eq 2 can be simplified to i i iati
j=1 N\ The increase in the absolute deviation and scatter of the
PN M AHC experimental poin.ts for increasin@;(— T)/Tis mginly a proqluct
2121 NS fl_1 ) of two factors. First, the®Na andH NMR signals rapidly
Ny o(T) R \T T become smaller a$ decreases (see Figures 2 and 3), which
2

means that the experimental uncertainty in determit@agI)

Th|s equation can be m0d|f|ed to grOWS W|th inCreaSingT(f - T)/T The Second faCtOI' inVO|VES
the approximation of substituting concentrations for activities
Z!i co(T 1oom|-|0('r -7 in the derivation of eq 7. AsT decreases and the solute
i=1 4% flof T S -
R — RT\ T 5) concentrations in the liquid-phase become greater, the deviations
¢H20(T) Mh,oR ks in the experimental observations from ideal behavior can be

) expected to become more pronounced. Nonetheless, it is notable
Here ¢r,0(T) and ¢i(T) represent the fractions of solvent and  nat there is not a large departure from the theoretical slope for
solute, respectively, that are in the liquid phase.o is the  temperatures below the eutectic point for Ne&,0 (i.e., to

molecular weight of water, angj is the molal concentration of e Yight of the dashed line), given the equilibrium model
the jth solute of the completely unfrozen solution. Note that zssumed in the theory.

Cidi(T)/pn,0(T) is simply the molal concentration of thi solute

. ka ) According to eq 7, the fraction of 4 in the QBL has an
in the liquid phase at temperatufe< T¢, which means that g a D Q

upper limit, which is obtained when all of the solutes are in the
_p_l <o (T) QBL andg;(T) = 1 for all j. This maximum is therefore given
qub_ J('Ilj = sum of all solute concentrations in QBL at ~ PY the expression
"0 temperaturd
Pho(T) ~

r_nHzORTf ( T
=C(T) 6) 1000AH;

TTTf)C? ®)

Substituting this expression into eq 5, we find where C} = 37, G is the total solute concentration in the

completely unfrozen brine.
) Halogen activation chemistry in the Arctic depends on several

key parameters, as identified by Michalowski et’ahat can

be estimated with egs 7 and 8. In particular, numerical bounds
This relation predicts that a plot &@(T) vs (Tr — T)/T will can be placed on the size of the chemically reactive QBL
be a straight line with slope ang-intercept equal to reservoir, its pH, and the concentrations of reagents in the
1000AHY/My,0RT; and zero, respectively. The theoretical pre- reservoir. lon chromatographic analyses of snow samples from
diction and experimental results are compared in Figure 8 for the frozen Arctic Ocean surface (where halogen activation is
all data, including those of the seawater sample. The concentra-believed to occt) on February 17, 2000 (in the dark), during
tions of Na and Ct- were determined from the NMR integrals; the Polar Sunrise Experiment 2000 indicated a total anion
for other solutes (present in the seawater), it was assumed thatontent of 7.7x 107> M, 89% of which was Cf, with the rest
#(T) = 1 at all temperatures in the computationGf(T). The nearly equally distributed between NOand SQ?". Thus, the
ion concentrations of the seawater at room temperature werecation content will be mostly Nig with a small fraction in the
assumed to be [C] = 0.535 M, [N&] = 0.459 M, [SQ?] = form of H (derived from HSO, and HNQ). For a typical
0.0276 M, [Mg*] = 0.0523 M, [C&"] = 0.0100 M, and [K] Arctic surface temperature in February of 233 K and a Na/Cl
= 0.0097 M. The points corresponding to the seawater measure-atio in the snow that is the same as for ocean water, i.e., 0.86,
ment are systematically higher than the theoretical prediction, we find from eq 8 thaipy, o(T) will be approximately 6.3x
suggesting that the agreement of theory and experiment would10-%. If we assume that the anionic charge of the,QNO;™,
be improved if it was assumed other solutes had precipitated,and SQ?~ in the QBL is balanced by only Naand H", then
giving ¢;(T) < 1 for some of the other ions. the H" concentration can be computed to be 3.6 M.

lOO(AH?(Tf - T)
A
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