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Abstract

An attempt has made to establish a Global atmospheric inventory on PCBs, based on

atmospheric field data from 1990 until 2000 of individual PCB congenrs. Different approached

have been applied in order to obtain an overview on the possible advantages and disadvantages of

these approaches on the model. On the Northern Hemisphere a negative latitudinal correlation is

observed, which is in agreement with the pseudo-enthalpies for evaporation of the congeners. On

the Southern Hemisphere, due to lack of sufficient data, this correlation is not observed. Moreover,

new data from the Islands of Hawaii shows very low PCB concentrations in this part of the Pacific

Ocean. Since it seems that remote sites on the Northern Hemisphere are under influence of

potential source areas, the Northern Hemisphere is divided in a part of ´continental influence´ and

one without this influence. Further more, a vertical gradient on PCB concentration was applied.

The calculated Global inventories show in general 2-3 times higher PCB amounts on the Northern

Hemisphere than on the Southern Hemisphere. The Global inventory for ∑PCB is 63 tonnes and

32 tonnes for the model without and with the vertical PCB gradient. Implication of OH radical

concentrations and calculated reaction rates between PCB and OH give very high PCB sink, which

is primarily caused by both high PCB and OH concentrations in the tropical zones. These sinks

have to be compensated by very high PCB emission, which does not occur. Implication of

calculated residence times shows PCB loss which are closer to the annual estimated emission.
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1. Introduction

In the last decades persistent organic pollutants such as polychlorinated biphenyls (PCB)

have been banned in most industrialised countries. Accordingly, PCB decreases in lake waters, soils,

peat and sediments have been identified in potential source areas where PCBs were produced and

used [Gobas et al.,1995; Jeremiason et al., 1994; Eisenreich et al., 1989; Wong et al., 1995; Rapaport and

Eisenreich, 1988; Kjeller and Rappe, 1995; Sanders et al., 1995]. However, these compounds are still

omnipresent and the observed decreases in remote areas have been small if any [Baker and Eisenreich,

1990; Panshin and Hites, 1994; Hillery et al., 1997; Hung et al., 2001].

Elucidation of the temporal concentration trends of these compounds at a planetary scale

and, subsequently, anticipation of their future effects in remote ecosystems requires an improved

understanding of the processes controlling their losses in the environment. Volatilization is

responsible for a significant proportion of PCB decline in the source areas, involving a net flux of

compounds from soils and waters to the atmosphere [Jeremiason et al., 1994; Alcock et al., 1993]. In

this sense, PCBs are possibly not eliminated from the environment but merely translocated by

atmospheric transport to other areas. This atmospheric compartment is the most important

medium for the long range distribution of PCBs, including transport to the marine system, the

arctic and high mountain areas [Duce et al., 1991; Ballschmiter, 1992; Iwata et al., 1993; Tolosa et al.,

1997; Wania and Mackay, 1993; Grimalt et al., 2001].

In this respect, quantification of PCB loss should focus onto the processes that involve PCB

destruction which essentially concern burial in deep sea sediments and degradation in the

atmosphere [Gustafsson et al., 1997; Axelman and Broman, 2001; Wania and Daly, 2002].

OH reaction has been proposed to be the most important parameter controlling atmospheric

lifetime and long range PCB transport [Beyer et al., 2000]. The importance of OH radicals on the

degradation of gaseous PCBs has been assessed in laboratory experiments [Anderson and Hites,

1996]. Preliminary application of these reaction rate constants to environmental data resulted into a

very large OH radical sink for PCBs in the Northern Hemisphere (NH), which led to question the

reliability of the reaction rate constants [Axelman and Broman, 2001]. Recent GLOBO-POP model

calculations [Wania and Daly, 2002] also showed the importance of PCB degradation by OH radicals

but their losses were considerably lower than those calculated by Anderson and Hites [1996].

Gasses with long residence times have smaller variations in space and time than more

reactive gases. Theoretical considerations led to propose a reverse relationship between relative

standard deviation (RSD) and residence time [Junge, 1974].

Ti = 0.14/RSDi (1)

where Ti is the residence time and RSD is the relative standard deviation of the measured

concentrations of compound i
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This relationship does not represent time fluctuations at a particular point but spatial

variability of the concentrations [Slinn, 1988]. Thus, the measured concentrations should be

representative of the whole annual period. This approach may be useful for the calculation of the

residence times of gas-phase PCB since distortion effects by point source emissions [Hamrud, 1983]

are negligible after more than two decades of PCB banning.

No attempt has been made to date to estimate the global scale atmospheric sink of PCBs

based on atmospheric field data. In the present study, the global atmospheric loss of PCBs has been

estimated based on new and already existing data from remote locations in both hemispheres.

Latitudinal trends and longitudinal and altitudinal differences have been identified and used to

obtain best estimates for congener specific global atmospheric concentrations at the different

zones. Seven PCB congeners (IUPAC no 28, 52, 101, 118, 138, 153, and 180) have been taken to

model the diverse behaviour of the PCB mixtures. Previously reported OH reaction rate constants

and PCB field data have been used to estimate the atmospheric PCB degradation and residence

time.

2. Methods

2.1. Compound selection

The environmental distribution of PCB congeners is determined by their specific vapor

pressures and hydrophobicities, not by the composition of the commercial mixtures produced

initially. In the present study, the congeners selected for description of the atmospheric inventory

and sink, 2,4,4’-trichlorobiphenyl (PCB IUPAC No. 28), 2,2’,5,5’-tetrachlorobiphenyl (PCB 52),

2,2´,4,5,5´-pentachlorobiphenyl (PCB 101), 2,3´,4,4´,5-pentachlorobiphenyl (PCB 118),

2,2´,3,4,4´,4-hexachlorobiphenyl (PCB 138), 2,2’,4,4’,5,5’-hexachlorobiphenyl (PCB 153) and

2,2’,3,4,4’,5,5’-heptachlorobiphenyl (PCB 180), cover a wide range of these constants and are

predominant in environmental samples. They are often taken as reference PCB congeners in many

literature studies.

2.2. Data selection

Literature data has been selected after evaluation of sample site remoteness, sampling time,

and congener specific information (Table 1). PCB concentrations on a global scale were calculated

considering the globe as a remote system. Bias associated to sampling period duration or seasonality

has been avoided by selection of long-term studies encompassing sampling over one year or more.

Arithmetic means were calculated and incorporated into the model since they reflect better average

environmental concentrations than geometric means [Parkhurst, 1998]. Data before 1990 was not

considered. Old PCB data is often only reported as total PCB without congener specific PCB

information. In addition to literature data, unpublished atmospheric concentrations from Hawaii,

Moody Brook, Halley Base, Crete and Malawi Lake have been added (Table 1).
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The atmospheric data selected from the literature was obtained using similar sampling and

analytical methods. Sampling was performed by passing air through a glass fiber filter and then

through a cartridge packed with an adsorbent material. Particulate phase bounded PCBs were

retained in the filter while the gas phase PCBs were adsorbed in the cartridges. In some studies

PCBs were sampled as bulk, without differentiation between gas and particulate phases. Most PCBs

are present in the gas phase, the particulate phase only playing a minor role [van Drooge et al., 2002;

Mandalakis and Stephanou, 2003]. Furthermore, it is assumable that OH radical reactions on PCBs

only take place in the gas phase. For these reasons, only the gas phase PCB concentrations have

been considered. Introduction of the particulate phase would complicate the model unnecessarily,

since a global distribution of aerosols and their organic content would be required for description

of PCB partitioning between gas and particulate phase.

3. Results and discussion

3.1. Geographic distributions.

The sample sites selected for estimation of the atmospheric concentration pool are

represented in Figure 1. The NH is better represented than the Southern Hemisphere (SH). Within

the NH the atmospheric samples around the North Atlantic exhibit PCB levels that are more than

one order of magnitude higher than the rest (Figure 2). These higher values are in agreement with

the areas of higher use of these compounds [Breivik et al., 2002a]. However, in all PCB congeners

the concentration differences are within less than two orders of magnitude. Having in mind that the

sites represented in Table 1 encompass areas as distant as western Europe and New Zealand or

Antarctica, and previously reported geographical distributions of PCB use [Breivik et al., 2002a], the

observed concentrations indicate that there is a significant degree of atmospheric mixing.

The logarithms of the concentrations in the North Atlantic area show a strong negative

linear correlation with latitude between 30ºN and 80ºN for all PCBs (Figure 2 and Table 2).

According to these correlations higher concentrations are found at lower latitudes. About 86% of

the total historical usage of PCBs has been concentrated in a latitudinal band between 30ºN-55ºN

with maxima at 40ºN [Breivik et al., 2002a]. The emissions of PCBs obtained from a mass balance

model which link consumption and emissions also correspond to this band but with a displacement

to higher latitudes [Breivik et al., 2002b]. Furthermore, the global PCB distribution in background

surface soils exhibit highest concentrations in the latitudinal band between 40ºN-70ºN with maxima

around 50ºN [Meijer et al., 2003]. Among other factors, this northern displacement of the latitudinal

soil PCB band with respect to the area of highest use in the past reflect the higher organic carbon

content of soils in Scandinavia, south Canada and Siberia where PCB accumulated preferentially

[Meijer et al., 2003]. In any case, the highest concentrations of atmospheric PCBs at 30ºN as

indicated by the linear correlations obtained from Table 1 encompasses a net transfer of PCBs from

higher to lower latitudinal locations. That is, a flux in the opposite direction to that predicted in the
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global distillation theory [Wania and Mackay, 1993]. However, this flux is not in contradiction with

the assumption of the global distribution model because no condensation effects are involved.

In any case, the concentrations of these compounds in the atmosphere are distributed

paralleling a temperature gradient (Table 3). Previous studies on diurnal temperature profiles have

shown that PCB air concentrations exhibit positive temperature correlations involving higher

daytime than night-time values [Hornbuckle and Eisenreich, 1996; Wallace and Hites, 1996; Lee et al.,

1998]. In Table 2, recalculation of the slopes in function of the temperature gradients (log(conc.) vs.

1/Temp (ºK)) and estimation of the phase-change enthalpies (∆H):

∆H = slope · R · ln(10) (2)

where R is the gas constant 8.314 J·ºK-1·mol-1 and ln(10) = 2.303, gives values in the order of 36-63

kJ·ºK-1·mol-1. These experimental enthalpies are a bit lower than the octanol-air phase transfer

constants determined in laboratory experiments, 66-93 kJ·ºK-1·mol-1 [Finizio et al., 1997], but not too

different which suggests that evaporation from the ground is a significant process determining the

global atmospheric distribution of these compounds. In addition to this latitudinal dependence,

longitudinal differences giving rise to higher atmospheric concentrations in the areas of higher PCB

use in the past [Breivik et al., 2002a] are also observed. Thus, the air levels in Hawaii are about one

order of magnitude lower than in the North Atlantic area (Figure 3). According to these

differences, the inventories in the northern hemisphere have been calculated using two types of

latitudinal dependent linear regressions. Assuming a uniform N-S latitudinal gradient, all data

between 40ºE and 90ºW have been used for curve fitting of the latitudinal dependence. The

resulting slopes and intercept have been used for calculation of the concentrations in this

longitudinal sector and between 120º-150ºE, the area of Japan influence. In the rest of the northern

hemisphere, the concentrations were calculated using the same slopes but the concentrations from

Hawaii for intercept calculation. The use of these equations involves the assumption of a steady

state concentration of these compounds in the atmosphere as consequence of their general release

into the environment and physico-chemical structure of the atmospheric column.

In the SH, the logarithm-transformed average concentrations do not show a significant

latitudinal linear dependence. From the amount of data available for this study it is not clear

whether the lack of dependence is really characteristic of the SH atmospheric PCB distribution or

due to lack of sufficient sampling sites. In practical terms, calculation of the PCB inventories has

been performed by averaging the concentrations of all sample sites in this Hemisphere.

3.1. Maximum PCB inventory

For inventory calculations the globe surface was divided in 18 latitudinal bands of 10º

uniformly distributed in the NH and SH. The atmospheric altitude in each band was taken to be 10

km and divided in 10 layers. The resulting model contained 180 boxes, each encompassing 10º of
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latitude and 1000 m of height (Table 3). Similar approaches have been undertaken in previous

studies such as the Globo-POP model in which the atmosphere was divided in 10 latitudinal zones

and four vertical layers encompassing the lower 33 km [Wania et al., 1999].

The above described latitudinal regressions for the NH (Table 2) were used to assign to each

box its corresponding PCB levels. These equations predict an increasing concentration down to the

equator. However, no data are available between 0-30ºN. Lower PCB emissions are expected in this

latitudinal range according to the previous use of these compounds (Breivik et al., 2002a). In

addition, the above reported parallelism between soil organic carbon distribution and PCB

accumulation [Meijer et al., 2003] should also involve some degree of exchange between soil and

atmosphere. Considering these aspects, and the observed longitudinal differences in airborne PCB

between areas from high and low use of these compounds, extrapolation of the curve fitted values

between 30ºN and 80ºN to the 0ºN-30ºN sector seems inadequate. Thus, the boxes within this

sector have been considered to contain PCB concentrations as those at 30ºN. With this approach,

the concentrations assigned to these sectors are similar to those determined in Africa at the same

latitudes but in the SH (Table 1 and Figure 2).

In the absence of other data, assumption of PCB mixing throughout the entire troposphere

involves estimation of concentration-pressure dependence only due to pressure correction. As

described elsewhere [Anderson and Hites, 1996].

p(hk) = 104144 exp(-0,1342hk) (3)

where p is the atmospheric pressure in Pa and hk is the height above sea level in km at the altitude

box k

Then, the PCB level for each box was calculated as

Cijk = 10(a+b·l) · xjk (4)

where Cijk is the average concentration of congener i at latitude j and altitude k

a is the intercept in the air concentration vs. latitude regression

b is the slope in the air concentration vs. latitude regression

l is the average latitude in the box and xjk is the ratio between the mean atmospheric pressure of the

box and surface pressure.

In the SH the PCB concentrations were calculated from the estimated average values.

C ijk = Caij · xjk (5)
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where Caij is the average air concentration of congener i in the latitude sector j and C ijk and xjk are

defined as in (3).

The results of these inventory calculations are summarized in Table 4. Consistently with

the concentration differences observed between NH and SH samples, the amount in the former is

more than two times higher. The average estimate of PCB concentrations resulting from this

approach is 13 pg·m-3 which is sensibly lower than the estimated of 200 pg·m-3 from Anderson and

Hites [1996].

Table 4. Global PCB atmospheric inventories and sinks for different options assuming complete

concentration mixing or vertical gradient in the troposphere (10 km).

Maximum

PCB Congener No. 28 52 101 118 138 153 180 ΣPCB
Inventory NH (tons) 14 10 5 2,2 3,3 4,0 0,9 40

Inventory (tons)SH 9 5 3,6 0,7 2,8 2,1 0,4 24

Total Inventory 23,2 15,3 8,4 2,8 6,1 6,1 1,2 63

OH sink NH (tons·yr-1) 996 453 129 58 54 69 9 1768

OH sink SH(tons·yr-1) 552 186 86 16 42 32 3 918

Total OH degradation (tons·yr-1) 1548 639 215 74 96 101 13 2686

Vertical gradient
PCB Congener No. 28 52 101 118 138 153 180 ΣPCB
Altitudinal coefficient (d; km-1) -0.40 -0.45 -0.27 -0.24 -0.26 -0.28 -0.068

Inventory NH (tons) 6,1 4,0 2,9 1,5 2,1 2,3 1,1 20

Inventory SH (tons) 3,9 1,9 2,2 0,5 1,7 1,3 0,5 12

Total Inventory 10,0 5,9 5,1 1,9 3,8 3,6 1,6 32

OH sink NH (tons·yr-1) 446 185 83 41 37 44 11 846

OH sink SH(tons·yr-1) 234 71 54 11 27 20 4 422

Total OH degradation (tons·yr-1) 680 256 137 52 64 63 15 1268

Other budgets (tons)
Soilsa 190 210 170 400 530 1200 580 3280

Continental shelf sedimentsb 460 700 1200 760

Total productionc 57000 38000 32000 43000 25000 38000 14000 247000

Footnotes: afrom [Meijer et al., 2003]; bfrom [Jonsson et al., 2003]; cfrom [Breivik et al., 2002a]

3.2. Vertical-gradient inventory

In this second option, the vertical PCB distribution is assumed to represent a vertical

gradient in addition simple air dilution. The vertical profile has been extrapolated from the one

measured by congener specific PCB analysis in the island of Tenerife at 2367 m and sea level [van

Drooge et al., 2002]. These vertical profiles show a higher altitudinal decrease for the less chlorinated

PCBs than for the higher chlorinated congeners. The observed differences are consistent with other

independent studies performing airplane measurements at 500 and 3000 m above sea level [Knap
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and Binkley, 1991]. An exponential decline function was assumed with increasing altitude. Now, the

PCB concentrations for each box, Cijk, in the NH and SH can be calculated as follows

NH: Cijk = 10(a+b·l) · e d·h (6)

SH: Cijk = Caij · e d·h (7)

where d is the coefficient for the altitudinal PCB level decline (Table 5) and the other terms are

defined as in the previous equations.

Table 5. Altitudinal coefficient, pre-exponential factors and activation energies (Ea) for the reaction

of PCB congeners with hydroxy radicals (after Axelman and Broman, 2001). R = 8.314 J ºK-1 mol-1.

Congener No. Altitudinal
Coefficient
(d; km-1)

Pre-exponential
factor
(s-1)

Ea/R
(ºK)

28 -0.40 57 959
52 -0.45 108 1265
101 -0.27 205 1571
118 -0.24 205 1571
138 -0.26 389 1877
153 -0.28 389 1877
180 -0.068 739 2183

Once the PCB concentrations for each box are defined, the inventories can be calculated as

follows

Mijk = Cijk · Vjk (8)

where Mijk stands for the amount of congener i in the box jk (in kg)

Vjk is the volume of box jk and Cijk is defined as in (6) and (7)

In this approach, a stronger vertical gradient is observed for the lighter than for the heavier

congeners (Figure 4). The estimated inventories represent about half of the amounts obtained in

the previous inventory calculations (Table 4). As in the previous case (maximum amount) the value

for the NH is two times higher than in the SH. The average estimate of PCB concentrations

corresponding to this approach is 6.5 pg·m-3. These values compare well to those obtained in the

model of Wania and Daly [2002] who estimated a global concentration interval for 1999 ranging

between 0.5 and 55 pg·m-3.

The resulting inventories are about 0.3-5% of the inventories calculated for the PCB

amounts stored in soils (Table 4; [Meijer et al., 2003]). As expected the atmospheric budgets of the

more volatile congeners, e.g. #28, 52 and 101, represent higher relative amounts, 3-5%, of the soil

budgets than those of the less volatile compounds, e.g. 0.3-0.7% for #118, #138, #153 and #180.
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Comparison to the PCB amounts stored in the continental shelf sediments (Table 4; [Jonsson et al.,

2003]) show even lower proportions (0.2-2%) since the calculated budget of PCBs in this

environmental compartment is even higher than the one in soils.

3.3. Reaction rates and sinks due to OH radicals

The concentrations of OH radicals in the global troposphere are difficult to measure due to

the short lifetime and low levels. However, there have been some attempts to give annual global

tropospheric means [Spivakovsky et al., 2000; Hein et al., 1997]. In the calculations of Spivakovsky et al.

[2000] the mid troposphere OH radical concentrations range between 23.4 x105 molecules·cm-3 in

the tropics and 0.9 x105 molecules·cm-3 at the North Pole, with mean concentrations of 8.5 x105

molecules·cm-3 and 8.8 x105 molecules·cm-3 in the NH and SH, respectively. The approach of this

study was used to obtain latitudinal and altitudinal OH radical concentrations.

As described in Axelman and Broman [2001] the OH reaction rates kOH (s-1) for PCBs were

based on an Arrhenius temperature dependence equation for each congener (Table 5) using the raw

data from Anderson and Hites [1996].

kOHijk = 8.2865 exp(0.6415 Cli) exp(-(306.05 · Cli + 40.714))(1/Tboxjk) (9)

where Cli is the number of chlorine substituents in each congener i, and Tboxjk is the average

temperature of the box jk (ºK),

Calculation of kOHjki from equation 9 was performed using the average annual ambient

temperature at the surface of each box and then decreasing at 5ºC km-1. The OH radical

concentrations were estimated from the model of Spivakovsky et al. [2000]. Highest potential

degradation rates kOHijk·[OH]jk were obtained in the warmer zones, like the tropics (Figure 4).

However, the calculations also show that in this warm area higher degradation potential is found at

higher altitudes due to the higher amounts of OH radicals (Figure 4).

The sink of each PCB congener (i) in each box (jk) (Sijk (kg y-1)) was calculated as

Sijk = kOHijk · [OH]jk · Mijk (10)

where kOHijk, [OH]jk and Mijk are calculated as defined above.

All PCB congeners show highest degradation rates at low latitudes (0-30ºN/S; Figure 4).

The lighter PCB congeners are degraded at higher rate near surface. However, highly chlorinated

congeners such as #180 are degraded at higher extend at altitudes around 1-4 km due to their lower

vertical gradient
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DEGRADATION RATES
Northern Hemisphere Southern Hemisphere

BUDGETS
Northern Hemisphere Northern Hemisphere Southern Hemisphere
40ºE-90ºW AND 120ºE-150ºE 40ºE-120ºE AND 150ºE-90ºW

SINKS
Northern Hemisphere Northern Hemisphere Southern Hemisphere
40ºE-90ºW AND 120ºE-150ºE 40ºE-120ºE AND 150ºE-90ºW

FIGURE 4. Examples based on PCB congeners #28 and #180 of calculated degradation rates,

budgets and sinks of the mass balance box model assuming a vertical gradient (see text). According

to the differences between PCB concentrations (Table 1) the planet is divided in three regions, two

in the northern hemisphere (40ºE-90ºW and 120ºE-150ºE) and (40ºE-120ºE and 150ºE-90ºW) and

one in the southern hemisphere (whole).and the higher OH concentrations at these elevations
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(Figure 4). In any case, the heavier PCB congeners are degraded at a much lower rate (45 times for

#28 than #180; Table 4).

In the vertical gradient model the sinks, 1300 t·y-1, are about half than those in the maximum

inventory, 2700 t y-1 (Table 4). Although these amounts are significant, they are much lower than

the sink predicted by Anderson and Hites (1996) who estimated 8271 t y-1 for total PCBs. In contrast,

the estimated loss in the present study, e.g. vertical gradient, is still six times higher than the 218 t y-

1 estimated by Wania and Daly (2002).

In any case, the sinks obtained in the present study are huge in comparison to the total

inventories. Thus, in the case of congener #180 they are more than nine times higher than the

global atmospheric inventory and in the case of congener #28 they are 68 times higher. These large

numbers involve the need of a high emission flux of PCBs to the atmosphere in order to maintain

the observed concentrations (Table 1). Thus, in the case of PCB #28 it involves an approximate

renewal time of five days. This period is of 39 days for PCB #180.

The sink estimates reported in Table 4 have been obtained by combination of the

information derived from air concentration measurements and experimental models for OH

reaction rates. As indicated above, there are uncertainties in the concentration values, namely for

large world areas from which no reliable data are available. However, the consistency of the data

already obtained from different studies (Table 1) precludes that major differences in the

atmospheric pool such as one order of magnitude could be expected from a model derived with a

larger number of determinations. On the other hand, equation 9 used for estimation of the

degradation rates compares well to the experimental values obtained in Finokalia (Crete, Greece).

Thus, similar kOH rates have been obtained based on the experimental measurement of PCB

depletion and OH radical species [Mandalakis et al., 2003].

Overall, the data summarized in Table 4 points to a major PCB emission process to

account for the large photochemical degradation in the atmosphere. These emissions must originate

from environmental compartments other than soils or continental shelf sediments. Otherwise, the

volatile PCB congeners contained in these reservoirs would be eliminated in short periods (a few

years) if they would be the only source of PCB to the atmosphere.

The sink values of Table 4 are considerably higher than the estimated emissions based on a

global mass balance of PCB production, historical usages, disposal and accidental release [Breivik et

al., 2002b]. Thus, the 70 years averaged release rate of PCB#28 is 12 t·y-1(minimum and maximum

values 0.65 and 167 t·y-1, respectively) whereas the atmospheric sink of this congener is 680 t·y-1

(Table 4, vertical gradient). Similarly, for PCB#180 the average emission rate is 1.3 t·y-1 (minimum

and maximum values 0.083 and 15 t·y-1, respectively) [Breivik et al., 2002b] whereas the sink rate

estimated in this study is 15 t·y-1 (Table 4, vertical gradient). The differences between estimated

emissions [Breivik et al., 2002b] and sinks are therefore significant. Higher differences are found as

lower is the degree of chlorination of the PCB congeners which reflects the higher degradation
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sinks at lower degree of chlorine substitution. Thus, the PCB#28/180 sink rate is 45 whereas the

PCB#28/180 average emission rate is 28.

In addition, the finding of the highest PCB concentrations in the tropical zones where

degradation rates and occurrence were highest involve that PCB transport from the areas of highest

use to the tropics must have been very significant.

3.4. PCB loss by atmospheric residence times

The RSD from the data series summarized in Table 1 have been calculated. Average values

corresponding to NH and SH have been obtained. The RSD due to analytical error have been

estimated from the results of the GLOBAL-SOC intercalibration exercise on atmospheric PCB

performed in 1998. The RSD corresponding to the pooled results of IIQAB-CSIC and the

Lancaster University have been taken as reference. For most PCB congeners they involved values

in the order of 20% of the field data RSD. These analytical RSD have been subtracted from the air

concentration RSD values obtained from Table 1 and the resulting dispersion values have been

used to obtain residence times using equation (1).

FIGURE 5. Average residence times for the PCB congeners calculated from the

databases reported in Table 1.

The resulting values for the NH and SH are shown in Figure 5. Slightly lower loss rates for

the more chlorinated congeners are found, namely PCB#153 and PCB#180. The differences

between NH and SH are small. Accordingly, all values have been averaged and the means used for

the calculation of PCB losses.

The sink of each PCB congener (i) in each box (jk) (Sijk (kg y-1)) was calculated as

Sijk = 1/Ti · Mijk (11)

where Ti are reported in Figure 5 and Mijk are calculated as defined above in equation (8).
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Northern Hemisphere Northern Hemisphere Southern Hemisphere
40ºE-90ºW AND 120ºE-150ºE 40ºE-120ºE AND 150ºE-90ºW

FIGURE 6. Examples based on PCB congeners #28 and #180 of calculated degradation rates,

budgets and sinks of the mass balance box model assuming a vertical gradient (see text). According

to the differences between PCB concentrations (Table 1) the planet is divided in three regions, two

in the northern hemisphere (40ºE-90ºW and 120ºE-150ºE) and (40ºE-120ºE and 150ºE-90ºW) and

one in the southern hemisphere (whole).
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All PCB congeners show highest degradation rates where they are found in higher

concentration. That is, at low latitudes and altitudes (Figure 6). The altitudinal differences are higher

for the less than the more chlorinated PCB congeners. In the vertical gradient model the sinks, 90

t·y-1, are about half than those in the maximum inventory, 180 t y-1 (Table 6). Although these

amounts are significant, they are much lower than the sink predicted by Anderson and Hites (1996)

who estimated 8271 t y-1 for total PCBs and even lower than those estimated by Wania and Daly

(2002), 218 t y-1. The estimated values are also consistent with the estimated emission values

reported by Breivik et al (2002b) based on historical emissions. As shown in Table 6, the loss values

of all PCB congeners estimated in the present study fall within the range of average PCB emission

for the 1930-2000 years period.

Table 6. Global PCB atmospheric inventories and sinks for different options assuming complete

concentration mixing or vertical gradient in the troposphere (10 km).

Maximum
PCB Congener No. 28 52 101 118 138 153 180 ΣPCB
Inventory NH (tons) 14 10 5 2.2 3.3 4.0 0.9 40

Inventory (tons)SH 9 5 3.6 0.7 2.8 2.1 0.4 24

Total Inventory 23 15 8.4 2.8 6.1 6.1 1.2 63

NH loss (tons·yr-1) 40 29 16 6 10 9 2 110

SH loss (tons·yr-1) 26 13 12 2 8 5 1 67

Total Loss (tons·yr-1) 65 42 29 8 18 14 2 180

Vertical gradient
PCB Congener No. 28 52 101 118 138 153 180 ΣPCB
Altitudinal coefficient (d; km-1) -0.40 -0.45 -0.27 -0.24 -0.26 -0.28 -0.068

Inventory NH (tons) 6.1 4.0 2.9 1.5 2.1 2.3 1.1 20

Inventory SH (tons) 3.9 1.9 2.2 0.5 1.7 1.3 0.5 12

Total Inventory 10 5.9 5.1 1.9 3.8 3.6 1.6 32

NH loss (tons·yr-1) 17 11 10 4 6 5 2 56

SH loss (tons·yr-1) 11 5 8 1 5 3 1 34

Total Loss (tons·yr-1) 28 16 17 6 12 8 3 90

Other budgets (tons)
Soilsa 190 210 170 400 530 1200 580 3280

Continental shelf
sedimentsb

460 700 1200 760

Total productionc 57000 38000 32000 43000 25000 38000 14000 247000

Average emissions
(1930-2000)d (tons·yr-1)

0.65-170 0.35-83 0.19-41 0.26-43 0.15-32 0.16-37 0.083-15 1.8-420

Data from a[Meijer et al., 2003], b [Jonsson et al., 2003], c [Breivik et al., 2002a], d [Breivik et al.,

2002b]

In contrast, extrapolation at a global scale of the PCB deposition values measured in remote

sites such as Teide (Canary Islands; van Drooge et al., 2000), Pyrenees, Alps and Norway [Carrera et al.,

2002] and the Swedish west coast [Brorstrom-Lunden et al., 1994] gives higher loss values (390 t y-1 for

the sum of the seven PCB considered in this study) than those estimated with the present model.
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These higher deposition values are perhaps reflecting that all the sites from which yearly deposition

data are available correspond to the sector between 30ºN and 60ºN and 40ºE and 90ºW. The one

having highest PCB use in the past [Breivik et al, 2002b] and highest PCB accumulation in soils

[Meijer et al., 2003].

The sink estimates reported in Table 6 have been obtained by combination of the

information derived from air concentration measurements and experimental models for OH

reaction rates. As indicated above, there are uncertainties in the concentration values, namely for

large world areas from which no reliable data are available. However, the consistency of the data

already obtained from different studies (Table 1) precludes that major differences in the

atmospheric pool such as one order of magnitude could be expected from a model derived with a

larger number of determinations.

Overall, the data summarized in Table 6 points to a major PCB emission process to account

for the large loss in the atmosphere. These emissions involve a renewal time of about four months

for the global burden of atmospheric PCB. As indicated above, this rate is consistent with the

average emission losses estimated from the PCB use in the past. Emissions from soils or

continental shelf sediments are also feasible sources for the observed concentrations of PCB in the

atmosphere.

4. Conclusions

The obtained results show large differences between the sink of PCBs by OH radicals and

the estimated atmospheric residence time. The observed differences in vertical gradient between

PCB congenrers and the differences in reaction rates between PCBs and OH radicals indicates that

the OH reactions have influence on the less chlorinated PCBs. However, the reaction rates may not

be the ones calculated by Anderson and Hites (1996b). Application of the Junge model to estimate

the tropospheric residence time of PCBs does not resolve the question which fraction is removed

irreversibly from the troposphere (photo-degradation) and which fraction is removed reversibly

(deposition). Deposited PCB could re-volatilise and form part again of the troposphere.

Application of the Anderson and Hites (1996b) reaction rates may distinguish for the loss of PCBs

from the troposphere, however, the very high PCB loss is not realistic in compare with other loss

process and emission data. Moreover, there are no evidences in environmental data that such a

depletion takes place. Highest atmospheric PCB concentrations are calculated in the tropical zone,

without having data from this area. Since this area occupies a large volume in the Global inventory

it is of importance to obtain data from remote tropical sites. The importance of this area is

furthermore underlined by the fact the highest OH radical concentrations are estimated here. One

way or another, the findings of the presented study suggest that there is still a wide gap of

knowledge in the understanding of the atmospheric fate of these ´well-studied´ compounds.
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Chapter 7. Discussion

7.1 Atmospheric transport and fate of POP in the subtropical troposphere

7.1.1 Organochlorine compounds

The subtropical troposphere is here represented by the Atmospheric Observatory of Izaña.

The concentrations of the organochlorine compounds are rather uniform and the troposphere is

showing a well mixing of these pollutants. All OC show concentrations that are in the lower range

of atmospheric samples from remote areas. The majority of them were detected in the gas phase

and only the more chlorinated PCBs exhibit temperature dependence with shallow slopes in the

plot of concentration versus inverse of temperature. Absence of temperature dependence or

shallow slopes in the plots is related to long range transport (Wania et al., 1998). This is consistent

with the results of the back-trajectories of the collected atmospheric samples showing that the

origin of the air masses has no relevance for the load of contaminants. These results indicate that

mixing and weathering processes like photo-degradation and deposition have homogenised the

content of OC in the air mass. HCB is the individual organochlorine compound with the highest

concentration, which is coherent with its theoretically long atmospheric life time, due to its high

vapor pressure and resistance against degradation. Some evidence is found for the possible

degradation of PCBs by OH-radicals. The levels of OC found at sea level (Punta de Hidalgo) are

significantly higher for most of the compounds. The fact that tri- and tetra-CBs are dominating the

PCB composition near sea level, while the penta-CBs dominate the air masses above the inversion

layer, points to a possible effect of degradation by OH-radicals on the less chlorinated, and more

reactive, PCBs during long-range atmospheric transport.

In contrast to the homogeneous atmospheric OC composition, the atmospheric deposition

shows variability that is related to the mode of deposition. In the dry periods (dry deposition only

and gas exchange with surface) there is a relatively constant deposition flux. This flux is in the lower

range of the deposition observed in other remote areas. In episodes of wet deposition significantly

higher loads are observed for most compounds. The increase is largest for the more volatile and

water-soluble compounds, such as HCHs and less chlorinated PCBs. Since these compounds are

predominantly detected in the gas phase, findings illustrate that there is an efficient exchange of gas

phase to rain for these compounds. Correction for the average annual precipitation modes at the

Atmospheric Observatory of Izaña shows that the episodes of wet deposition are responsible for

90% of the total deposition of HCHs, while this is 76% and 82% for HCB and 4,4’-DDE,

respectively, and about 60% for the more volatile PCBs (#18, #28, and #52). For the less volatile

PCBs (#70 and more chlorinated) the wet deposition represents between 40% and 50% of the total

annual deposition load in the free troposphere in this part of the North Atlantic Ocean.
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7.1.2 Polycyclic aromatic hydrocarbons

The analysis of the PAH in the free troposphere show very low concentrations of these

compounds. They are in the lower range of those found in other remote areas. This is directly

related to the remoteness of the sampling site, the absence of local or regional pollution sources

and the influence of weathering processes during long-range atmospheric transport. The results also

illustrate a great homogeneity in individual PAH composition. Similar distributions are found in

other remote areas and are characteristic for air masses after long-range transport and independent

of emission sources (Fernández et al., 2002).

Paralleling the differences in atmospheric composition, lower PAH concentrations were

observed in soils above the inversion layer (1800m-3400m), than soils within the inversion layer

(10m-1800m). The relative composition of PAH in the gas phase and in soils suggests that the

mechanisms of input and conservation of PAH in soils is different within and above the inversion

layer. In the former case soils are characterised by a high organic carbon content due to the support

of local vegetation, while in the second soils lack the input of organic carbon from local vegetation.

The soil-air partitioning model based on the organic carbon content of the soil and the

octanol-air partitioning coefficient (Koa) predicts very well the distribution of the studied PAH

within the inversion layer, while this model underestimates the partitioning coefficient (Kp)

obtained empirically. Incorporation of the soot-carbon model (fsc·Ksa) to the soil-air partitioning

model shows that the predicted Kp is in good agreement with the measured Kp above the inversion

layer. These findings show that the partitioning of PAH between air and soil depends largely on the

composition of the soils. Dachs and Eisenreich (2000) proposed that if the organic fraction (fOC) is

more than 2 orders of magnitude higher than the soot-carbon fraction (fSC), absorption of PAH

into organic matter is the dominant sorption mechanism. In fact, this is the case in the soils located

within the inversion layer of the lower part of the island. Abundant vegetation and high organic

matter content may cover the soot-carbon content in these soils. Conversely, in the soils situated

above the inversion layer, fSC is relatively high in comparison to the fOC. Therefore the adsorption of

PAH to soil SC is the dominant process. This will also be the probable scenario for soils poor in

organic matter that receive deposited aerosols, such as the soils in high-mountain areas. In fact the

implication of the soot-carbon model to the gas-particle partitioning of PAH in atmospheric

samples from European high-mountain areas show that soot-carbon is the main factor of the long-

range atmospheric transport of particle-bounded PAH to these areas (Fernández et al., 2002).
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7.2 Atmospheric transport and fate of POP in European high-mountain areas

7.2.1 Organochlorine compounds

7.2.1.1 Active air sampling: HiVol

The relative composition of OC in the atmospheric samples determined by HiVol pumping

in the High Tatras (Skalnate Pleso) and the Central Pyrenees (Estany Redon) is very similar. Most

of the studied compounds are present in the gas phase, which is consistent with observations in

other studies, like the free-troposphere on Tenerife (see article 1 and 7.1). At both sites HCB,

which is only present in the gas phase, is the OC with the highest individual concentration. This

compound is followed by γ-HCH, α-HCH, 4,4,’-DDE, and the individual PCB congeners. In terms

of concentrations γ-HCH was the pre-dominant OC in the particulate phase. The less volatile PCB

congeners, e.g. #149, #118, #153, 138, and #180, had similar or higher concentration in the

particulate phase than in the gas phase, which is in agreement with reported gas-particulate phase

distributions (Pankow, 1987).

The atmospheric levels observed near the lakes are in the lower range among those

previously observed in other remote sites. Only PCB congeners and 4,4’-DDE show lower

concentrations in the Arctic (Oehme et al., 1995). γ-HCH and endosulphanes observe high levels in

the warmer periods. The ratios of α/γ-HCH and α/β-endosulphanes indicate that these high levels

are directly related to the application of the compounds for agricultural purposes on the European

continent. Thus, their observed atmospheric variability is related to use. Other OC compounds

show an atmospheric variability that is related to ambient temperature. This was also observed for

the OC in atmospheric deposition and lake waters in the European high-mountains (Vilanova et al.,

2001c; Carrera et al., 2002). However, in the atmosphere this relationship was only significant for

the less volatile compounds, e.g. PCB52 and more chlorinated PCB congeners and 4,4’-DDE.

Better correlation coefficients between concentration and reciprocal of temperature were

found for Skalnate Pleso than for Estany Redon. Atmospheric gas phase concentrations drop with

decreasing ambient temperatures. This points to evaporation/condensation effects or solid-gas

phase exchange as the main factors for OC occurrence in the gas phase. Calculated pseudo-

enthalpies range between 27 and 55kJ mol-1 for the individual OC in Skalnate Pleso with a small

error for the less volatile PCB congeners and 4,4’-DDE. These values are lower than the

laboratory-derived enthalpies, which indicates that long-range atmospheric transport (LRAT) is the

main mechanism controlling the atmospheric OC (Wania et al., 1998).

Back-trajectories in Skalnate Pleso show that the oceanic air masses contain lower OC

levels than the air masses that have travelled for a longer time over the European continent. Only

HCB has similar concentrations in both cases. These higher concentrations in the continental group

of samples is consistent with emissions from the continent, where some OC were produced and
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used in the past (PCBs and 4,4’-DDE) and others are still being used (HCHs and endosulphanes).

Although, the low pseudo-enthalpies point to LRAT as the main factor controlling the atmospheric

gas phase, the European continent may be a source for these compounds. In the case of the back-

trajectories of the air masses sampled near Estany Redon, the differences between continental and

oceanic trajectories is less defined, which is due to its situation on the periphery of the European

continent. Classification of the samples shows that the continental air masses contain higher levels

for most of the OC than the oceanic air masses. However, the differences are not as clear as they

were in the case of Skalnate Pleso. Air masses from high altitudes (>6000m) show very low levels.

Besides lower ambient temperatures these trajectories are more exposed to weathering processes

and further away from potential emission sources. High altitude air masses and air masses with an

oceanic trajectory are more related to the colder season, which is in coincidence with a more stable

atmospheric situation in winter than in summer (Barry, 1992). The transport of OC to these high-

mountain areas is related to LRAT, but the origin of the compounds is mainly related to surface

sources located in Europe.

7.2.1.2 Passive air sampling:

7.2.1.2.1 Pinus uncinata

Needles of Pinus uncinata have demonstrated to be very useful in the determination of

atmospheric PCB levels. The method is cheap and fast and can be applied on a large spatial scale

and repeated temporally. Pinus uncinata is the uppermost growing tree species in the Pyrenees with

growing heights up to 2400m. The analysis of the leaves on its PCB content show that the highest

levels of most of the PCB, except PCB#28, were found at the highest sample site (e.g. Estany

Redo, 2250m) and at lowest ambient temperature. This finding indicates that the temperature is the

main factor controlling the concentrations in pine leaves. Probably temperature also controls the

solid-gas phase exchange, as it did in fish muscle and sediments from high-mountain lakes (Grimalt

et al., 2001; Vives et al., 2004). This result is in agreement with the global distillation theory (Wania

and Mackay, 1993). This relationship disappears for most of the PCB congeners, except the less

volatile one, PCB180, when pine needle concentrations were corrected for lipid content. Pseudo-

enthalpies obtained from the plots of the log dry weight concentrations versus inverse of the

ambient temperature indicate that the values observed in the pine needles are in good agreement

with the laboratory derived enthalpies of vaporisation. The pine needle-air partitioning coefficient

(Kpa) exhibits a good relationship with the octanol-air partitioning coefficient (Koa). However, Kpa

shows a stronger temperature dependence than Koa, which is also observed in other species (Kömp

and McLachlan, 1997a). In this sense the Koa can not automatically be used in model calculations to

obtain atmospheric levels from plant leaf concentrations. Estimations of atmospheric PCB levels at

different altitudes using the obtained Kpa temperature relationship and the pine needle
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concentrations at these altitudes show that atmospheric levels decrease slightly with increasing

altitude, which is consistent with atmospheric measurement with HiVol pumping in January 2003 at

2250m (Estany Redon) and 1600m (CRAM). Moreover, the estimated atmospheric levels are in the

same range as those obtained by conventional HiVols.

7.2.1.2.2 SPMDs

Semipermeable Membrane Devices (SPMDs) have demonstrated in the study near Estany

Redon that they can be used as monitoring devices for atmospheric OC levels. In a sense, they can

be compared with pine needles, as they have a large surface/volume ratio. However, due to the fact

that SPMDs are only exposed to the atmosphere over a period of few months, not all OC will

achieve equilibrium. The uptake of chemical compounds has to be calculated using SPMD-air

partitioning coefficients (Ksa) and assuming that the exchange is boundary controlled. This could

introduce a number of errors that may have influence on the finally calculated atmospheric levels by

SPMDs. In contrast to the observed OC concentrations in pine needles, the SPMDs show very

similar OC amount along a vertical gradient of 1000m, between 1600m and 2600m. Sampling rates

of OC are modelled by using the calculated value of the performance reference compound

PCB155. These values, together with physico-chemical properties of HCB and PCB congeners,

were used to estimate the atmospheric levels at 1600m, 2250m, and 2600m. There is a slight altitude

effect observed in the first sampling period, with lower atmospheric levels at higher altitude.

However, in the other samplings this effect is not present. Although analytical errors and errors in

the values of physico-chemical properties may have influenced the obtained results, comparison of

the atmospheric levels by SPMDs and levels obtained by HiVols shows that both techniques give

similar results. Like Pinus uncinata, the SPMDs can be used as passive air samplers on a broader

spatial and temporal scale. Both techniques are cheap and fast to deploy on remote sites, like high-

mountain areas. In this sense they could be used as monitoring systems to study the evolution of

atmospheric OC levels in this sites. For the calibration of the uptake kinetics of SPMDs, PCB#155

can be used for exposure times of a few months. Exposure times of more than 3 months is

recommended to obtain detectable OC levels.

7.2.1.3 Fate of OC in soils and lake sediment

The low concentrations of OC observed in the soils and sediments from the high-

mountain lake areas indicate the absence of local pollution sources in their vicinity. The

concentrations are in the same range as rural areas elsewhere and lower than in industrial areas, or

rural areas in the UK. However, sediment concentrations are higher than soil concentrations.

Studies of fallout of radionuclides have shown that the flux of Pb210 is slightly higher in soils than

sediments, which indicates that the higher OC levels in sediments can not be explained by a soil

erosion effect of particles from the catchment to the lake. Leaching of OC from the soils to the
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lakes is also not probable since soil have relatively higher organic matter content than the sediments

and OC have high KOW. This points to retention of organochlorine compounds to the soils. In

general, the soils and sediments have the same OC input (atmospheric deposition and gas

exchange), so higher concentrations of OC in sediments could be explained by a higher retention

efficiency of the sediments over the soils. The lake water column impedes re-volatilisation of OC

once they have entered the lake, and no significant transformation processes occur in the water

column (Vilanova et al., 2001a). In contrast, re-volatilisation in soil could take place. The

temperatures of the bottom-water in the lakes is around 4ºC during whole the year, while soils can

have values higher than 10ºC in warm periods (Catalan, 1992). These higher temperatures may

enhance biological activities as well as re-volatilisation to the atmosphere after condensation or

deposition.

The relative distribution of OC compounds in the vertical profile of soils and sediments

points to a recent input of these compounds to the compartments (last 50 years). However, soils

exhibit a wider spread in their profiles than sediments. In the later, OC are concentrated in a thin

layer. The wider spread of OC in soils than sediments suggests biological activities, such as

bioturbation, in the soils. The upper sections of the soils and sediments are dominated by the less

volatile, or heavier molecular weight compounds. The predominance of these compounds could be

a consequence of their predominant condensation at ambient temperature (Grimalt et al., 2001),

since an important part of these compounds is in the atmospheric gas phase. However, another

part of these compounds is in the particulate phase of the atmosphere, and may enter the lake area

by deposition. The relative abundance of more volatile, or lighter molecular weight compounds in

the deeper soil sections, and in some cases deeper sediment sections, can not be explained by

differences in input mechanisms through time. It might be associated to vertical transport of these

compounds in the soil and sediment column, caused by chemical diffusion, or rainfall dissolution

and water table oscillations (Rapaport and Eisenreich, 1988). In addition, in situ formation of less

chlorinated PCBs could also be one of the possibilities of the presence of these compounds in the

deeper soil sections, after dechlorination of higher chlorinated PCBs under anaerobic conditions.

Radiometric analyses observe that all sediment cores have a rather uniform sedimentation

within the lakes, but different sedimentation rates between lakes. The sediment cores are good

stores of the historical pollution records, since no mixing has been observed. The sedimentation

rates are not the same in all lakes, so the profiles of OC have different time resolutions. Ladove

pleso shows a biannual resolution profile of PCBs increasing rapidly between 1949 and 1957.

Before this time the levels were below limit of detection. Then, there is another increase between

1963 and 1970, a period that probably reflects the historical use of PCBs in Europe after WWII.

HCB shows a similar trend. DDTs have a steep increase between 1955 and 1978. Then there is a

strong drop between 1978 and 1990. The second increase between 1992 and 1997 could indicate a

new period of DDT use in some parts of Europe or re-mobilisation of compound stored in

environmental compartments. After 1997 the OC concentrations drop significantly. The sediment
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cores from the other lakes, Estany Redon, Starolesnianske pleso and Dlugi staw, do not show this

clear decrease. However, these sediment cores, which have their highest OC concentration in the

top layer section, represent sedimentation inputs until 1994. Thus, before the drop in Ladove pleso

took place. The vertical profile of OC concentrations in the sediments reflects the increase of OC

production and use in Europe after WWII. Sediments from Ladove pleso may represent a drop in

concentrations after 1997. This result suggests that the input of OC to the remote high-mountain

lakes may be decreasing, at least in this part of Europe. The decrease of OC levels in sediments of

industrial areas of the UK was related to the decrease of emissions after the prohibition of

production and use of these products (Sanders et al., 1994).

Figure 24. Log concentrations of OC in lake sediments (ng g-1 DW) (y-as) versus lake altitude (m)

(x-as) of 30 high-mountain lakes in the High Tatras

A survey of 30 high-mountain lake sediments from the High Tatras sampled in 2001 shows

a wide spread of OC concentrations in the top layer section (0-0.5cm) over this mountain range

(Table 8; Figure 24). Ladove pleso (2057m) (fat) represents more or less the average OC

concentrations in the lakes, with ΣPCB concentrations above the average and 4,4’-DDE

concentrations under the average. Lake Vyšné Terianske (2109m) shows highest OC concentrations

while Zielony Staw Gąsienicowy (1672m) is the lake with the lowest ΣPCB concentrations and one

of the lowest 4,4’-DDE levels. These observations suggest that a selective trapping, or cold

condensation effect takes place in this mountain range, since higher OC concentrations are found

at higher (colder) altitudes than at lower altitudes. Moreover, the plots of the log concentrations of

OC versus altitude of the lakes show positive slopes for most of the compounds (Figure 24).

However, the altitude dependence of OC concentration in the lake sediments is not as clear as was

observed in the comparison of lake sediments and fish muscle from lakes of different regions in

Europe (Grimalt et al., 2001; Vives et al., 2004).

HCB
R2 = 0,2284

-1,0

-0,5

0,0

0,5

1,0

1,5

1400 1600 1800 2000 2200 2400

4,4'-DDE
R2 = 0,0902

0,5

1,0

1,5

2,0

2,5

1400 1600 1800 2000 2200 2400

PCB#28
R2 = 0,0118

-1,5

-1,0

-0,5

0,0

0,5

1400 1600 1800 2000 2200 2400

PCB#52
R2 = 0,006

-1,0

-0,5

0,0

0,5

1,0

1400 1600 1800 2000 2200 2400

PCB#90+101
R2 = 0,0713

-1,0

-0,5

0,0

0,5

1,0

1400 1600 1800 2000 2200 2400

PCB118
R2 = 0,1703

-1,0

-0,5

0,0

0,5

1400 1600 1800 2000 2200 2400

PCB#153
R2 = 0,1581

-0,5

0,0

0,5

1,0

1400 1600 1800 2000 2200 2400

PCB#138
R2 = 0,1602

-0,5

0,0

0,5

1,0

1400 1600 1800 2000 2200 2400

PCB#180
R2 = 0,1359

-0,5

0,0

0,5

1,0

1400 1600 1800 2000 2200 2400



Discussion236



Discussion 237

The absence of a significant altitude / temperature dependence in the High Tatras can be caused by

different factors. In the case of the High Tatras the top layers of the sediments were sampled in

2001. All studied lakes have different sedimentation rates. Since no radiometric measurements were

done on the top layers of the lake sediments it is not known if all top layers represent the period

between 1997 and 2001. Probably they they do not. Thus, lakes with high sedimentation rates will

be more diluted for OC levels than lake with low sedimentation rates.

7.2.2 Fate of polycyclic aromatic hydrocarbon in soils and sediments

Polycyclic aromatic hydrocarbons are emitted to the atmosphere constantly during

combustion processes. Although they have relatively short atmospheric residence times they have

been observed in considerable quantities in the high mountain atmosphere.

Table 9. Summary of average PAH concentrations observed at Skalnaté Pleso (High Tatras) (left)

and Estany Redon (right).
Gas
(pg/m3)

Particulate
(pg/m3)

Gas
(pg/m3)

Particulate
(pg/m3)

TSP (µg/m3) 16,9 14,3
Fluorene 915 29,1 88 1,4
Phenanthrene 3067 52,7 124 8,5
Anthracene 21 18,2 5 0,9
Fluoranthene 310 101,2 31 8,9
Pyrene 100 77,3 19 6,8
Benzo(a)anthracene 8 31,3 2 2,6
Chrysene+Triphenylene 20 63,9 4 8,6
Benzo(bj)fluoranthene dl 68,3 dl 7,6
Benzo(k)fluoranthene dl 41,5 dl 4,1

Benzo(e)pyrene dl 46,2 dl 7,5
Benzo(a)pyrene dl 41,4 dl 4,9

Indene(1,2,3cd)pyrene dl 62,3 dl 6,7
Benzo(ghi)perylene dl 55,3 dl 7,4
Dibenzo(ah)anthracene dl 19,2 dl 2,9
ΣPAH 4442,8 707,8 290,1 85,1

June 2001 1971 420 November 2000 289,3 31,8
September 2001 3961 451 May. 2001 409,6 123,8
December 2001 11950 4571 February 2002 229,5 100,8
June 2002 4774 323 March 2002 232,3 454,1

June. 2002 402,2 71,7
January 2003 152,1 105,3

Table 9 shows the geometric means of PAHs at Skalnaté Pleso (High Tatras) and Estany Redon.

The gas phase levels of the High Tatras are about 15 times higher than the levles in the Central

Pyrenees. Particulate phase levles are about 8 times higher. The PAH levles of the High Tatras are

also about 3 times higher than those of the Tyrolean Alps and the Norwegian mountains

(Fernández et al., 2002). In the High Tatras the highest atmospheric PAH concentrations were
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observed in the colder periods, which is consistent with the observations by Fernández et al. (2002).

The PAH are about 4 times higher in winter than in summer. The increase of PAH in colder

periods can be explained by the increase of PAH emissions from source areas, less dispersion due

to stable atmospheric situations and a reduced photo-degradation in winter time. In the Central

Pyrenees this seasonal differences are not that clear.

The upper sections of the soil and sediment cores from the High Tatras and Central

Pyrenees are always dominated by the pyrolytic parent PAH, with a higher abundance of the

heavier weight compounds of catacondensed structures. The levels are higher in the High Tatras

than in the Central Pyrenees, which is consistent with observed atmospheric levels. But despite the

variability in sources and total PAH load, the distributions of the PAH in the sediments are very

similar. The uniform sedimentary PAH profile exhibits a high parallelism with the PAH

composition of the aerosols at these sites (Fernández et al., 2002). This composition is source

independent and PAH load, and is very typical of air masses at remote locations.

Comparison between sediments and soils shows that the PAH ratios observed in the later

are closer to the ones observed in aerosols. The transport through the water column to the

sediments may be responsible for transformation of the PAH composition. However, the down

core PAH ratios are less variable in the sediments than in the soils. Once the PAH have been

buried the PAH are better preserved in the sediments than in the soils.

Radiometric dating of the sediment cores give different sedimentation rates for the lakes

and thus different time resolutions of the vertical PAH profile in the cores (see 7.2.1.3). Ladove

Pleso shows a biannual record between from 1924 and 2001, while the other lakes have lower

temporal resolutions. The sediments from Ladove Pleso shows that the PAH levels between 1924

and 1954 were much lower than after 1954. In the other lakes the PAH levels maintain rather

constant values from 1821 (earliest sample year) to the beginning of the 20th century. The steep

increase of sedimentary PAH in the first half of the 20th century is observed in all lakes and can be

interpreted as the effect of the increasing combustion of fossil fuels in this period, in coincidence

with the industrial revolution and further intensification of the industry. Especially in the Tatras,

high PAH levels are observed, which reaching concentrations 10 times higher than before the

increase. There is a maximum in the Ladove Pleso core between 1980 and 1988 and between 1963

and 1966. The strong decrease of PAH levels from 1988 to 2001 (latest sample year) is consistent

with the improvement of combustion techniques in central Europe and thus may indicate a

decrease of atmospheric PAH emissions. The absence of the PAH decrease in the other lakes may

be caused by the fact that their temporal resolution is lower than Ladove Pleso and their latest

sample year is 1994, instead of 2001.

All pyrolytic PAH show a very similar temporal trend, reflecting similar atmospheric input

through time to European mountain areas. However, perylene and retene exhibit a different profile

with time in Estany Redon for the former and in all lake for the later. Perylene shows its highest

concentrations in the oldest sediment sample in Estany Redon, while retene levels do not differ too
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much between new and old sediments. The increase of perylene in the Redon sediments with depth

is probably caused by in situ production of this compound. Although its precursor is still unknown,

it is likely to be related to higher plant residues. The lack of anoxic conditions in the soil may be

responsible for the absence of a perylene increase with depth in the soils. Retene has been used as a

marker for wood combustion, while benzo(b)naphto[2,1-d]thiophene (BNT) is a specific marker

for coal combustion. The relative constant retene concentrations in the sediment cores of the lakes

may indicate a constant input of this compound after wood combustion. The increase of pirolytic

PAH after combustion of fossil fuels may be represented by BNT. So, the ratio between these two

´markers´ may indicate the downcore variation between ´natural´ and ´industrial´ combustion. A

similar index is proposed for 1,7-dimethylphenenthrenes vs 2,6-dimethylphenenanthrene, the first

being a marker for wood combustion and the later a marker for fossil fuel combustion. The

retene/(retene+BNT)-index increase with depth in Redon soils and in sediments and sediments

from Ladove Pleso, while the 1,7DMPhe/(1,7DMPhe+2,6DMPhe)-index is constant with depth in

soils and sediments. The downcore increase of the retene/(retene+BNT)-index indicates a

diagenetic production of retene in the sediments. Thus, in these mountain environments this

compound can not be used as marker for wood combustion.

7.3 Global atmospheric fate of POP with PCBs as model compounds

The atmospheric residence times of PCBs with the Junge model are higher than the

residence times estimated by using the OH radical reactions of Anderson and Hites (1996b).

Application of the reaction rates, as observed by Anderson and Hites (1996b), on environmental

data would result in orders of magnitude faster depletion of the less chlorinated PCBs (more

reactive) in comparison with the more chlorinated PCBs (less reactive). If this fast depletion of less

chlorinated PCB really takes place in the troposphere, then this should be observed in the samples

from environmental compartments. However, there are no temporal and spatial trends that give

evidence for such enhanced depletion of less chlorinated PCBs. For example, the composition of

PCB congeners is more or less the same along historical samples, such as sediment cores (Sanders

et al., 1995; article 7). Moreover, the estimated quantity of degraded PCBs is of such an order that it

outnumbers the loss of PCBs from the environment by other processes, such as sink to oceanic

sediments. But maybe more important is the fact that PCBs are still detected in remote

atmospheres (article 1, 4). This means that a constant flux of PCBs from sources to the atmosphere

is required to maintain these actual ambient PCB concentrations. Even in a scenario of maximum

annual PCB emissions (Breivik et al., 2002) this would not be enough by orders of magnitude to

compensate for the annual loss of PCBs by the presumed OH radical reactions. On the other hand,

even if atmospheric PCB levels are decreasing, it seems that this decrease is similar for the different

PCB congeners (article 7).
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As mentioned before, the experimental conditions under which the PCB-OH reaction rate

constants were obtained are to far from the environmental conditions. Application of these rate

constants may therefore lead to overestimation of the atmospheric loss of PCBs, especially the

more volatile and reactive congeners.

Calculations of the τtotal with the Junge model indicates that less chlorinated PCBs (3CB,

4CB and 5CB) have similar or slightly lower residence times than the more chlorinated PCB (6CB

and 7CB, and probably 8CB) (article 11, Fig. 5). These results might indicate that the OH reactions

have influence on the less chlorinated PCBs, but that the reaction rates are not the ones calculated

by Anderson and Hites (1996b). Application of the Junge model to estimate the tropospheric

residence time of PCBs does not allow to elucidate which fraction is removed irreversibly from the

troposphere (photo-degradation) and which fraction is removed reversibly (deposition). Deposited

PCB could re-volatilise and return to the tropospheric PCB pool.  However, there is no evidence

based on field measurements that such depletion takes place. One way or another, the findings

show that there is still a wide gap of knowledge in the understanding of the atmospheric fate of

these compounds. Among other requirements, more measurements in the tropical zone on both

hemispheres are needed to obtain better estimates on global atmospheric levels, and consequently,

better approaches on PCB losses.



Chapter 8 Conclusions
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Chapter 8. Conclusions

1) In the free-troposphere of the tropospherical Atlantic, the atmospheric organochlorine

compounds and polycyclic aromatic hydrocarbons are well mixed and predominantly present in the

gas phase. Back-trajectories show little influence from potential regional source areas, such as the

European continent. The atmospheric OC levels and composition of the air masses origin from

long-range atmospheric transport in the subtropical part of the free-troposphere.

2) In the European high-mountain atmosphere, HCB, PCBs, 4,4´-DDE are also relatively well

mixed. HCB and the more volatile PCB-congeners are pre-dominantly present in the gas phase.

The transport of these OC to these high-mountain areas is related to LRAT, but the origin of the

compounds is mainly related to surface sources located in Europe.

3) In the European high-mountain atmosphere, the atmospheric variability of HCHs and

endosulphanes is related to the application of these products for agricultural purposes in the

European continent.

4) Some evidence is found for the degradation of PCBs by OH-radicals. The vertical gradient is

decreasing with increasing chlorine number.

5) In the free-troposphere, there is a relatively constant settling flux of organochlorine compounds

in the dry deposition mode. Variability in atmospheric deposition is essentially caused by episodes

of wet deposition, which increases the settling flux of the more volatile and water soluble

compounds.

6) In the free-troposphere (above the inversion layer of the subtropical Atlantic), where the soils are

relatively poor in organic matter, adsorption of atmospheric PAH to soil soot-carbon is the

dominant sorption process. Below the inversion layer the sorption of PAH to soils is controlled by

their high organic matter content.

7) Leaves from Pinus uncinata are useful as passive atmospheric samplers for organochlorine

compounds. The pine needle-air partitioning coefficients increase with decreasing temperatures,

which explains the higher PCB concentrations in Pinus uncinata at higher altitude (lowest ambient

tempeautre). A selective trapping / cold condensation effect is observed on these leaves.

8) SPMDs are useful as passive atmospheric samplers for organochlorine compounds. However,

there are uncertainties related to the model calculation in order to obtain environmental OC levels.
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In any case, the atmospheric OC concentrations obtained by SPMDs are in good agreement with

the results obtained by HiVol pumping.

9) In the European high-mountain soils and lake sediments, organochlorine compounds are better

preserved in the sediments than in the soils. All samples show an increase of OC after 1940, with

higher absolute levels in the High Tatras than in the Central Pyrenees. The sediment core from

Ladove Pleso shows a decrease of all OC in the last decade, indicating a decrease of atmospheric

OC input to the High Tatras.

10) Higher PAH levels are observed in the soils and sediments of the High Tatras, than in the

Central Pyrenees. The surface soils reflect better this difference than the sediments. Transport

through the water column to the sediments may be responsible for the transformation of the PAH

composition. However, once the PAH have been buried, PAH are better conserved in the

sediments. The increase of PAH levels is related to the Industrial Revolution and the intensification

of industrial processes in the European continent. The sediment core from Ladove Pleso shows a

PAH decrease in the last decade, indicating a decrease of atmospheric input load to the High

Tatras.

11) The Global atmospheric PCB pool shows 2-3 times higher amounts of PCBs in the Northern

Hemisphere than in the Southern Hemisphere, which is in agreement with the historical production

and use of these compounds. Modelisation of sink processes by OH radical degradation or

estimated tropospheric residence times, gives rise to large annual sink differences between the two

approaches. Extrapolation of laboratory derived reaction rates to tropospheric PCB levels yields

large discrepancies between the annual atmospheric PCB sink and the annual emission and sinks in

other environmental compartments.
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