






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Adsorption of Phenanthrene on Natural Snow

ing KIA from the compound's chemical properties, and these are less .... such snow layers have a low heat conductivity (37), most of .... ethanol on ice surfaces. 

















 Télécharger le PDF 






 236KB taille
 5 téléchargements
 255 vues






 commentaire





 Report
























Environ. Sci. Technol. 2007, 41, 6033-6038



Adsorption of Phenanthrene on Natural Snow F L O R E N T D O M I N E , * ,† ALESSANDRA CINCINELLI,‡ ELODIE BONNAUD,† TANIA MARTELLINI,‡ AND SYLVAIN PICAUD§ CNRS, Laboratoire de Glaciologie et Ge´ophysique de l’Environnement, BP 96, 38402 Saint-Martin d’He`res Cedex, France, Dipartimento di Chimica, Universita` degli Studi di Firenze/Polo Scientifico, Via della Lastruccia 3, 50019 Sesto Fiorentino, Firenze, Italy, and CNRS, Institut UTINAM, UMR 6213, Universite´ de Franche-Comte´, 25030 Besanc¸ on cedex, France



The snowpack is a reservoir for semivolatile organic compounds (SVOCs) and, in particular, for persistent organic pollutants (POPs), which are sequestered in winter and released to the atmosphere or hydrosphere in the spring. Modeling these processes usually assumes that SVOCs are incorporated into the snowpack by adsorption to snow surfaces, but this has never been proven because the specific surface area (SSA) of snow has never been measured together with snow composition. Here we expose natural snow to phenanthrene vapors (one of the more volatile POPs) and measure for the first time both the SSA and the chemical composition of the snow. The results are consistent with an adsorption equilibrium. The measured Henry’s law constant is HPhen(T) ) 2.88 × 1022 exp(-10660/ T) Pa m2 mol-1, with T in Kelvin. The adsorption enthalpy is ∆Hads ) -89 ( 18 kJ mol-1. We also perform molecular dynamics calculations of phenanthrene adsorption to ice and obtain ∆Hads ) -85 ( 8 kJ mol-1, close to the experimental value. Results are applied to the adsorption of phenanthrene to the Arctic and subarctic snowpacks. The subarctic snowpack, with a low snow area index (SAI ) 1000), is a negligible reservoir of phenanthrene, but the colder Arctic snowpack, with SAI ) 2500, sequesters most of the phenanthrene present in the (snow + boundary layer) system.



Introduction Numerous recent studies have pointed to the role of snow in the transfer of semivolatile organic compounds (SVOCs), in general, and persistent organic pollutants (POPs), in particular, from the atmosphere to the surface (1-5). The efficiency of snow as an air-to-surface vector of organic constituents is thought to be largely because falling snow has a large surface area that allows efficient scavenging of both vapors and particles from the atmosphere during precipitation (4). Once on the ground, the snowpack also provides a large surface area for SVOC adsorption, quantified * Corresponding author e-mail: [email protected]; phone: +(33) 476 82 42 69. † Laboratoire de Glaciologie et Ge ´ ophysique de l’Environnement. ‡ Universita ` degli Studi di Firenze/Polo Scientifico. § Universite ´ de Franche-Comte´. 10.1021/es0706798 CCC: $37.00 Published on Web 07/31/2007
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by the snow area index, SAI. The SAI is defined, by analogy to the leaf area index (LAI, ref 6), as the surface area of snow available for gas adsorption per unit surface area of ground (7). Typical values are 1000-3000 m2/m2 (7, 8). Furthermore, the snowpack acts as an efficient particle filter that enriches the surface layer in particulate contaminants (9, 10). Efforts have therefore been made to incorporate snow as a compartment into environmental models. SVOCs are often treated as species that adsorb to snow surfaces, and quantifying their amounts in snow requires the knowledge of snow surface area and of the air/snow partition coefficients (4, 5, 11). However, the explicit or implicit hypothesis that the incorporation of SVOCs to the snowpack is via an adsorption mechanism has never been fully tested, neither in the field nor in the laboratory. In fact, Roth et al. (12) mention that the sorption mechanism could be by adsorption to the surface, absorption in the quasi-liquid layer (QLL) at the ice surface, or incorporation into solid ice. Since intuition commands that the large SVOC molecules are unlikely to be incorporated into the ice, accommodation at or near the surface forms the basis of most modeling studies and a verification of such an important assumption is needed. Domine et al. (13) discuss why there is limited basis and interest to distinguish between surface adsorption and absorption into the QLL, and we subsequently refer to adsorption onto snow crystals as the process by which a molecule is incorporated on the surface or within the QLL and remains available for rapid exchange with the atmosphere or snow interstitial air. If a SVOC is incorporated in the snowpack by adsorption and if its surface coverage remains significantly less than a monolayer, its concentration in snow, [SVOC]snow, can be expressed as a function of the partial pressure of the SVOC, PSVOC, and of temperature, by



[SVOC]snow ) PSVOC × SSA/HSVOC(T)



(1)



where HSVOC(T) is the surface Henry’s Law constant at the snow temperature T and is expressed in Pa m2 mol-1, while [SVOC]snow is in mol kg-1. SSA is the specific surface area, that is, the surface area per unit mass expressed in m2 kg-1. A complete test of the adsorption equilibrium hypothesis therefore requires the measurement of the specific surface area (SSA) of snow. This is a tedious and delicate enterprise, as stressed by Legagneux et al. (14) and Domine et al. (15), who published compilations of 176 and 345 snow SSA measurements, and as confirmed by other authors (12), who relied on the first compilation to obtain SSA estimates. Here we perform cold room experiments where we expose snow to phenanthrene vapors. To perform the first test of the adsorption equilibrium hypothesis for a SVOC in snow, we measure simultaneously its concentration in snow and the SSA of the snow. Phenanthrene was chosen because it is a persistent organic pollutant (POP) of strong environmental relevance as it is among the species monitored in the study of polar contaminants (16). Moreover, it is among the more volatile POPs and is therefore not expected to partition strongly to organic aerosols, thus facilitating the observation and interpretation of air-snow equilibria. It also has a low toxicity, allowing facile manipulation in the laboratory. Our results are consistent with an adsorption equilibrium and yield a Henry’s law constant that allows the calculation of phenanthrene concentrations on snow surfaces, knowing the value of its partial pressure. VOL. 41, NO. 17, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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Methods Experimental Setup. Experiments consisted of exposing natural snow to the saturating vapor pressure of phenanthrene in airtight stainless steel chambers with inner dimensions of 285 × 85 × 150 mm placed in thermostated cold rooms between -5 and -20 °C. The temperature was regulated within (0.3 °C. The vapors were produced by the sublimation of phenanthrene crystals placed in a glass beaker covered with aluminum foil pierced with numerous pinholes. The chambers were sealed by a Teflon gasket. This setup was chosen to avoid having to sample the air to measure the partial pressure of phenantrene, Pphen. Air sampling may cause the sublimation of snow crystals or enhance metamorphism, resulting in rapid changes in snow SSA and rendering our tests of an adsorption equilibrium potentially inconclusive. In contrast, snow SSA decays very slowly under isothermal conditions in the absence of air circulation (17, 18), so that values measured are then meaningful. Snow Sampling. Freshly fallen snow was sampled during the snowfall near Chamrousse, French Alps, at an altitude of 1750 m on 10 March 2006, while the temperature stayed in the range of -2.6 to -3.8 °C. Snow had been falling for several days almost continuously, from which we infer that the aerosol concentration in the snow was low. Polycyclic aromatic hydrocarbons (PAHs) can partition to particles (19), and even though phenanthrene is one of the most volatile PAHs and is less likely to partition to particles, it was important to have snow depleted in scavenged aerosol particles to minimize the risk of artifacts. The snow was sampled in 25 L airtight stainless steel containers washed with the detergent Neo Disher LM3. The filled containers were placed in an insulated trunk, covered with snow, driven to our laboratory in 30 min, and stored in a cold room at -20 °C, where the snow was allowed to undergo isothermal metamorphism, resulting in a slow SSA decay (17, 18). Snow from these 25 L containers was used at different time intervals to obtain snow samples of lower and lower SSA, which was used to fill the 3.6 L stainless steel containers, washed with Neo Disher LM3, where the snow was exposed to phenanthrene. The filled experimental containers were placed in a cold room at -5, -10, -15, or -20 for 10-14 days. The container was then opened, and the snow was sampled with a small shovel and poured into a 500 mL airtight glass vial using a funnel. To minimize phenanthrene desorption during sampling, it was essential to perform this sampling rapidly. Less than 2 min elapsed between the opening of the stainless steel container and the closing of the glass vial. Snow-Phenanthrene Equilibrium. Experimental times were chosen so that the adsorption equilibrium between the phenanthrene crystals in the beaker and the snow surface could be reached. The stages needed to reach equilibrium are phenanthrene sublimation, diffusion of gaseous phenanthrene in the pore space of the snow, and desorption/ desorption cycles from snow crystal surfaces during gasphase diffusion. Treating our phenanthrene crystals as 50 spheres 1 mm in diameter, using saturating vapor pressure values, Psat, extrapolated from experimental data (20), and assuming a sublimation coefficient of unity, we calculate, using Knudsen’s equation, that in the absence of adsorption, enough phenanthrene molecules will sublimate to fill our 3.6 L container to Psat in a few seconds at -15 °C. We estimate the diffusion coefficient of phenanthrene in air to be around 5 ×10-2 cm2 s-1 in our temperature range (21), leading to a diffusion time of about 1 h. Snow imposes a tortuous path, however, but given tortuosity values for snow around 0.7 (22), equilibration within less than 2 h in expected. Diffusion, 6034
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however, is considerably slowed down by adsorption to snow surfaces. Herbert et al. (23) proposed an equation (their eq 4) to calculate the diffusion coefficient of a species in snow as a function of the snow density and SSA and of the snowair partition coefficient, KIA, defined by Roth et al. (12). Assuming a snow density of 200 kg m-3, a SSA of 30 kg m-2, and a KIA value of 0.03 m, we calculate that adsorption/ desorption will slow down phenanthrene diffusion by a factor of 45. This is only an estimate, and to be on the safe side, we let our experiments run for at least 10 days. We will examine experimental results for an a posteriori justification of our estimation. Snow Specific Surface Area Measurement. Snow SSA was determined by measuring the adsorption isotherm of methane on the snow at 77 K using a volumetric method. A mathematical treatment (24) was used to extract the SSA from the isotherm. As detailed in the original method (14) and subsequent improvements (15, 18), the measurement reproducibility is 6%, and the accuracy is better than 12%. Phenanthrene Analysis. Snow samples (equivalent to about 15 mL of water) were extracted three times in a liquidliquid extractor with a mixture of n-hexane-methanol (9:1 v/v) (5 mL each time) after the addition of a surrogate standard (3-fluorophenanthrene) to determine analytical recovery efficiency. Excess water was removed from the extracts by passing the solvents over Na2SO4. Extracts concentrated by rotary evaporation were cleaned via solidliquid chromatography on silica (25, 26). After the addition of an internal standard (2-fluorofluorene) and solvent reduction under purified N2, each sample was analyzed by HPLC with UV and fluorescence detection (26). The quantification of phenanthrene was performed using external standard calibration. Recovery of 3-fluorophenanthrene was 82 ( 6% and was used to correct the amount of phenanthrene in each sample. Procedural blanks were evaluated. Precleaned, airtight glass vials similar to those used for snow sampling were filled with 15 mL of bi-distilled Milli-Q water and kept frozen in the cold room at -20 °C until analysis. Laboratory blanks were extracted in a manner similar to that for the snow samples, and they showed no detectable phenanthrene so that no blanks were subtracted from analytical values. The analytical precision of the instrument is 8%, and the overall estimated analytical error is 14%. Molecular Dynamics Calculations. Our molecular dynamics (MD) simulation method has been presented earlier (27, 28). Here, to be consistent with the low concentrations of phenanthrene in the experiments, we simulate the adsorption of a single phenanthrene molecule on the (0001) basal plane of proton-disordered hexagonal ice in the experimental temperature range: 250-270 K. The MD simulation box is a parallelepiped 35.914 × 38.878 Å2 along the x and y directions perpendicular to the c-axis of ice. Along the z direction (c-axis), this box contains 8 bilayers of moving water molecules (1280 water molecules forming a slab 21.99 Å thick) placed on a slab consisting of two bilayers of 320 fixed molecules. To simulate an infinite surface, periodic boundary conditions are imposed by replication of the simulation box along the x and y directions parallel to the ice surface. Motion equations are solved using standard MD algorithms (29) with a time step of 2.2 fs. Long runs involving 950 000 steps (i.e., 2.09 ns) are performed, 900 000 of which are devoted to the system equilibration. This is needed to ensure a good equilibration of the ice surface at these temperatures (30). The remaining 110 ps are sufficient to get accurate statistical results on the structure and energy of the system (27, 28). The simulations are performed in the canonical ensemble (29). The intermolecular interactions in the system are represented by Lennard-Jones and electrostatic contributions



TABLE 1. Experimental Results for the Adsorption of Phenanthrene on Snowa T SSA experiment (° C) (m2 kg-1) 1 2 3 4 5 6 7



-10 -20 -5 -10 -15 -5 -15



29.7 54.3 26.5 30.1 55.2 16.9 35.7



Pphen (Pa)



[phen]snow (mol kg-1)



surf coverage (molecule m-2)



1.18 × 10-4 2.12 × 10-5 2.65 × 10-4 1.18 × 10-4 5.08 × 10-5 2.65 × 10-4 5.08 × 10-5



3.57 × 10-8 1.05 × 10-7 3.22 × 10-8 5.81 × 10-8 7.68 × 10-8 5.22 × 10-8 4.36 × 10-8



7.2 × 1014 1.2 × 1015 7.3 × 1014 1.2 × 1015 8.4 × 1014 1.9 × 1015 7.4 × 1014



a The surface coverage is the ratio of the concentration over the SSA. Pphen is extrapolated from ref 20.



FIGURE 2. Arrhenius plot of Hphen values for the adsorption of phenanthrene to snow and their comparison with the value predicted by Roth et al. (12) using LFER calculations. The slope gives an adsorption enthalpy ∆Hads ) -89 kJ mol-1.



FIGURE 1. Test of the adsorption equilibrium hypothesis for phenanthrene on snow, following eq 3 using ∆Hads ) -128 kJ mol-1 (see text). Error bars are 29% for the ordinate (14% for concentrations and 15% for pressures) and 12% for SSA. between several sites distributed on the interacting molecules. Because the calculations are performed between 250 and 270 K, we use the TIP5P model (31) for water molecules because it gives the correct ice melting point in MD simulations (32). For the phenanthrene molecule, we use the only existing model (33), although it was originally parametrized for combination with the SPC/E water model. The electrostatic interactions are calculated in the direct space with a radial cutoff of 11 Å for the water-water interactions and of 18 Å for the phenanthrene-ice interactions



Results and Discussion Experimental Data. Seven experiments were performed. The results (Table 1) were used to test the adsorption equilibrium hypothesis. The Henry’s law coefficient for the adsorption of phenanthrene on snow, Hphen, can be written 0 Hphen(T) ) Hphen exp(∆Hads/RT)



(2)



where ∆Hads is the adsorption enthalpy of phenanthrene on 0 snow and Hphen is the Henry’s law coefficient at infinite temperature. Equation 1 applied to phenanthrene can then be rewritten as



[phen]snow )



PphenxSSA 0 Hphen



exp(∆Hads/RT)



(3)



Figure 1 shows a plot of [phen]snow/Pphen as a function of SSA/exp(∆Hads/RT). We did not measure Pphen; we instead use values of the saturating vapor pressure of phenanthrene measured between 303 and 333 K (20), which we extrapolate to 253 K, that is, by 50 K at the most, and we estimate the extrapolated values to have an uncertainty of 15%. Hphen(T) is not known, but we first make the assumption that ∆Hads



is similar to the value found by Raja et al. (34) for the adsorption of phenanthrene on liquid water, -104 ( 36 kJ mol-1. With this value, a correlation coefficient R2 ) 0.985 was found, confirming that the interaction of phenanthrene with snow surfaces could be well described by an adsorption equilibrium. We tested other values of ∆Hads to improve the R2 value. If the least-square fit is not forced through the origin, the optimal R2 value is 0.9972 with ∆Hads ) -142 kJ mol-1. If it is forced through the origin, we obtain R2 ) 0.9947 with ∆Hads ) -128 kJ mol-1. This value is used in Figure 1. We also tested the use of the vapor pressure values calculated by Makar (35), who used equations whose coefficients depend on the chemical family and on the carbon number, but not on the molecular structure, because they predict the same saturating vapor pressures for phenanthrene and anthracene. Indeed, his values in our experimental temperature range differ by up to a factor of 2.5 from those obtained from Oja and Suuberg (20). Using Makar’s equations and forcing or not the fit through the origin, we found the values of ∆Hads in the range of 118-135 by optimizing the R2 value. From these tests and from Figure 1, we conclude that (i) our experimental data are indeed compatible with the existence of an adsorption equilibrium, according to eq 3, between phenanthrene and snow but that (ii) the value of ∆Hads cannot be determined with a high precision from our experiments using plots such as Figure 1. Indeed, large variations in the value of ∆Hads still give a value of R2 > 0.98, and given our experimental error bars, we cannot select an optimal value. In fact, adsorption energies need to be determined by an Arrhenius plot of Hphen, not by a plot such as Figure 1 that gives disproportionate weight to data obtained at low temperature. The Arrhenius plot is shown in Figure 2. A least-square fit yields ∆Hads ) -89 ( 18 kJ mol-1. Our data thus do not allow a precise determination of ∆Hads. This is because the determination of the adsorption equilibrium requires two delicate measurements of phenanthrene concentration and of SSA and an estimation of a saturating vapor pressures. The errors of these three variables (14, 12, and 15%, respectively) result in a 41% error on Hphen, with the resulting large error on ∆Hads. The best way to reduce this error would be to extend the temperature range of measurements, but at present, we are limited by the temperatures accessible to our cold rooms. If the value ∆Hads ) -89 kJ mol-1 is used in Figure 1, the R2 value is still 0.96. Our experimental data can be compared to the predictions of Roth et al. (12), who proposed to quantify the sorption of SVOCs to snow surfaces using a sorption coefficient calculated using a poly-parameter linear free-energy relationship (LFER), taking into account van der Waals and H-bond interactions. VOL. 41, NO. 17, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY
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FIGURE 3. (a) Distribution functions, p(z) (arbitrary unit), of the distances z (in Å) between the molecular centers of mass of water (dashed curve) and phenanthrene (full curve) molecules and the origin of the absolute frame located at the bottom of the simulation box. For clarity, only the four top bilayers of ice have been shown, and the p(z) distribution function for phenanthrene has been multiplied by a factor 20. (b) Distribution p(E) (in arbitrary unit) of the energy (kJ/mol) of a phenanthrene molecule interacting with the ice surface. Roth et al. (12) prudently state that their work cannot identify the sorption mechanism: volume or surface incorporation. However, they express doubt that incorporation in the ice volume can be of importance, including by diffusion along grain boundaries. Furthermore, their whole discussion is based on surface processes, and the product of their research is a partition coefficient between the snow surface and air, so that their coefficients have been used by others (for example, refs 4, 11, 23) to quantify adsorption processes. Since most authors consider that the main use of the coefficients of Roth et al. (12) is for adsorption studies, it is useful to compare the result of their approach to our experimental data. The adsorption coefficient used by these authors is however not of the form given in eqs 1-3, where we used a Henry’s law constant in units of Pa m2 mol-1. It is instead defined as



Arrhenius expression for Hphen(T), in Pa m2 mol-1 and with T in K:



KIA ) [SVOC]snowsurface/[SVOC]air



Our values of KIA were used in eq 4 of Herbert et al. (23) to test whether equilibrium had indeed been reached in our experiment. The highest KIA value (leading to the slowest diffusion) was found for our -20 °C experiment, KIA ) 0.19 m. The snow density was 200 kg m-3, and the SSA was 54 m2 kg-1, from which we calculate a diffusion coefficient, Deff ) 9.6 × 10-5 cm2 s-1. Since we sampled snow only in the middle of our 8 cm high container, we estimate the required diffusion distance, d, to be 8 cm. The required diffusion time is then tdiff ) d2/Deff, that is, 8 days. This experiment lasted 14 days so that we verify a posteriori that we were very close to equilibrium in the most unfavorable case. Molecular Dynamics Calculations. To test our experimental adsorption energy and to understand adsorption at a molecular level, three MD simulations were performed at 250, 260, and 270 K. Figure 3a shows the translational ordering of the water and phenanthrene molecules along the z-axis perpendicular to the ice surface. The double peaks are characteristic of the hexagonal arrangement of the ice bilayers, which is preserved at these temperatures. Some disorder is evidenced for the ice surface layer at 250 and 260 K, which extends to the second bilayer at 270 K. Despite this increasing surface disorder, the phenanthrene molecule is



(4)



where [SVOC]snowsurface is in units of mol m-2 and [SVOC]air is in units of mol m-3 so that KIA is expressed in m. The equation of Roth et al. (12) using parameters found in Abraham (36) allow the calculation of KIA for phenanthrene at -6.8 °C: log KIA ) -1.1. The combination of eqs 1 and 4 shows that KIA ) RT/H, so that according to LFER calculations, log H(-6.8 °C) ) 4.44, which has been plotted in Figure 2. Roth et al. (12) do not mention error bars for each value of KIA measured or estimated. They mention errors in the theoretical expression yielding KIA from the compound’s chemical properties, and these are less than 10%. However, to obtain the experimental data used to fit their model, they used snow whose SSA was estimated and not measured. This can be a large source of error, and it is then likely that their error is at least as large as ours because they have more sources of uncertainty. From Figure 2, we therefore conclude that our measured values and the calculations of Roth et al. (12) are in reasonable agreement within error bars, which gives some support to their LFER approach. From Figure 2, we therefore recommend the following 6036
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Hphen(T) ) 2.88 × 1022 exp(-10 660/T)



(5)



KIA ) RT/H cannot strictly follow an Arrhenius expression because of the added T factor. The energy associated with KIA, EKIA, is related to ∆Hads by



∆Hads ) -RT - EKIA



(6)



Over our limited temperature range, however, the variation of the T factor can be neglected, and we propose the following expression for KIA, in m, and with T in K:



KIA(T) ) 2.05 × 10-19 exp(10 400/T)



(7)



FIGURE 4. Snapshot from the MD simulation of one phenanthrene molecule adsorbed on the ice surface at 260 K (side view). Red, white, and gray circles represent O, H, and C atoms, respectively. Only a small part of the simulated system is shown for clarity. always adsorbed on top of the ice surface, as indicated by the small single peak around 36-37 Å. As expected for such a large molecule, the phenanthrene lies nearly parallel to the ice interface to interact with a maximum number of water molecules (Figure 4). The calculated adsorption energy for phenanthrene is -85 ( 8 kJ/mol at 260 K and is essentially temperature independent (Figure 3b). This energy mainly comes from the phenanthrene-water electrostatic interaction, which accounts for ∼65% of the total interaction. An additional simulation at 280 K on a liquid water surface showed that the phenanthrene stays below the surface, so that it is solvated at 280 K. Because phenanthrene interacts with more neighbors when solvated, the interaction energy then reaches -120 ( 17 kJ/mol, in agreement with measurements (34), supporting the accuracy of our interaction model. Atmospheric Applications. Equation 1, with the coefficients of eq 5, was used to calculate the partitioning of phenanthrene between the snowpack and the atmospheric boundary layer, estimated to be 400 m thick. Snowpack properties that influence this partitioning are the snow temperature and the surface area available for adsorption, that is, the snow area index (SAI). Snowpack SAIs were measured to be around 2500 for the tundra (i.e., Arctic) snowpack at Alert, Canadian high Arctic (8), and around 1000 for the taiga (i.e., subarctic) snowpack around Fairbanks, central Alaska (7). Here, we take the characteristics of the Arctic and subarctic snowpacks used by Taillandier et al. (7) in their calculations of the adsorption of polychlorobiphenyls. Briefly, the taiga snowpack is composed mostly of layers of faceted or depth hoar crystals, of densities between 140 and 200 kg m-3 and of fairly low SSA (8-14 m2 kg-1). Because such snow layers have a low heat conductivity (37), most of the snowpack remains at fairly high temperature, with the basal depth hoar layer at -5.5 °C. These high temperatures, together with the low SAI value, cause most of the phenanthrene (93%) to stay in the boundary layer, the snowpack taking up only 7% of this compound. The taiga snowpack therefore has little impact on atmospheric concentrations of fairly volatile species such as phenanthrene. The build-up of the snowpack in the fall, and snowpack melt in the spring



will not cause large variations of phenanthrene concentrations in the atmosphere or in other environmental compartments, contrary to calculations for other species (11). The arctic snowpack is composed mostly of hard windpacked layers with densities of 350-500 kg m-3 and SSAs of 14-25 m2 kg-1. Such snowpacks also have a basal depth hoar layer, but the Arctic depth hoar has a higher SSA (around 15 m2 kg-1) than its subarctic counterpart. These features explain the much higher SAI of the Arctic snowpack, compared to that of the subarctic one. Furthermore, Arctic snow layers have a higher heat conductivity than subarctic ones, leading to more homogeneous and colder snow temperatures, with values taken by Taillandier et al. (7) around -28 °C. We calculate that this colder snowpack with greater SAI captures 78% of the phenanthrene present in the (snow + boundary layer) system. In the Arctic, the snowpack may therefore cause large seasonal variations in atmospheric phenanthrene concentrations because of snowpack build up and melt. The increase in SAI from 1000 to 2500 causes an increase in the phenanthrene-snow amount by a factor of 2.5 (from 7 to 18%), the rest of the increase being the result of the temperature. The Arctic snowpack may also contribute efficiently to the transport of phenanthrene from the atmosphere to terrestrial ecosystems. As discussed by Taillandier et al. (7), climate change will modify the snowpack structure. For example, the growth of shrubs on the tundra (38) will limit windpack formation and instead favor the growth of depth hoar crystals of lower SSA. These depth hoar layers will also have a higher temperature than the windpacks they will replace, both because of warmer temperatures and because of their lower heat conductivity. We therefore suggest that climate warming may significantly reduce the ability of the high latitude snowpack to sequester phenanthrene from the atmosphere. Upon snowmelt, part of the phenanthrene will be released to the atmosphere, the rest being transferred to terrestrial ecosystems. All other things remaining equal, warming accompanied by a change in snowpack type will significantly reduce the transfer of phenanthrene to ecosystems.
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