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ABSTRACT

With the aim of testing the ability of 2*°Po to be a tracer of volcanic aerosol plumes, we collected
air samples during an oceanographic cruise around the Indonesian arc and measured the
radioactivity of 21°Po. Owing to the atmospheric circulation pattern and geographical distribu-
tion of 2!°Po sources around the sampling site, the origin of 2'°Po of the samples could be
determined by calculating 5-day backward air mass trajectories. It is shown that the signature
of 21°Po originating from volcanic emissions is distinct from that of 2*?Rn decay, even though
these processes are the 2 major sources of atmospheric 2!°Po. Moreover, the proportion of
210Pg in a given air parcel is conservative during the transport: as other aerosols, 2!°Po aerosols
are very sensitive to the atmospheric removal processes and the production and the loss of
219P¢ by radio decay within an air parcel is negligible. Our results confirm that 2'°Po is a good

tracer for aerosols emitted by volcanoes.

1. Introduction

Volcanic activity has long been recognized as
causing significant changes of the Earth’s environ-
ment. As human activities do, volcanic emissions
are also capable of altering the chemical composi-
tion of the atmosphere which could thereby induce
modifications on climate as well as on biogeoch-
emical cycles of our planet. Indeed, volcanoes are
likely to be one of the major natural sources of
trace elements in the atmosphere.

In order to foresee the consequence of volcanic
emissions, studies not only on the volcanic source
strength but also on their atmospheric transport
should be made. However, the trace elements
injected into the atmosphere by volcanic emissions
are also emitted by various other sources and
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their diffusion in the atmosphere and their removal
from it, are still largely unknown. Tracer studies
may be helpful to solve these questions of emission
budget and atmospheric transport.

219pg, the last radioactive nuclide of the
2381J/26Ra series, is one of the characteristic chem-
ical species emitted by a magma. Volcanoes were
shown to be one of the major source of ?'°Po in
the atmosphere, the other one being the decay of
atmospheric 2??Rn emitted everywhere by soils.
This radionuclide is very volatile at high temper-
ature (above 400°C) and is therefore found to
be considerably enriched in volcanic plumes.
Moreover, the 21°Po is emitted in the gaseous
phase, then immediately transformed into particles
by a gas-to-particle conversion process in volcanic
plumes which leads to particles small enough to
be transported on long distance. We propose here
to show that this enrichment can be used to
specifically trace volcanic sources to simulate
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atmospheric transport and dispersion of natural
sources.

To examine the ability of the ?*°Po to be a
tracer of volcanic aerosols, air samples were col-
lected around the Indonesian arc, one of the most
active volcanic areas in the world (Simkin et al,,
1981), during the Campaign JADE II (March,
1992) and measured for the radioactivity of **°Po.
The contribution of different sources of 2!°Po in
each sample is firstly assessed by referring to their
5-day backward air mass trajectories and the
meteorological conditions observed during the
sampling. The magnitude of ?!°Po signal is then
discussed according to its source origin.

2. Sampling and analysis

Nineteen air samples were collected on board
the French research vessel “Marion Dufresne”,
around the Indonesian arc during the Campaign
JADE II, from 1 March to 23 March (Table 1).
The navigation track of the sampling ship and its
environment are shown on Fig. 1. Meteorological
parameters, such as air temperature, atmospheric
pressure, wind direction, rain events, etc. were also
made on board all along the cruise. The occurrence
of squalls and rain are given in Table 1.

The air was filtered using cellulose filters, during
about 24 h for each sample, at a flow rate of 12 m3
h™!. To avoid a possible contamination by the
ship exhaust, the sampler was positioned in the
forward part of the ship. The collected samples
were directly used without any further preparation
to measure the 2°Po activity by counting the
gross alpha activity with a silver activated zinc
sulfide scintillator. Details of their gross alpha
measurements, the counting efficiency, calibration
method of the counter and the calculation of ?'°Po
activities at the time of sampling are given in Nho
et al. (1996a).

3. Results and discussion

The measured 2'°Po activity of the nineteen
samples are listed in Table 2. Their activities range
from 1.2 to 66 uBq m~3 which appear to be
somewhat lower than those observed in surface
air over continent in northern hemisphere
(Winkler et al., 1981; Carvalho, 1995). This is due
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to the environment of the sampling location: over
the ocean in the southern hemisphere where land
mass, the eventual source of 2!°Po, is smaller than
that in the northern hemisphere.

The observed wide sample-to-sample variation
in 21%Po activities reflects the origin and the history
of the relevant air masses. To interpret more
precisely the measurements and to detect the
influence of volcanoes, we studied possible sources
of 2'%Po around the sampling site and examined
the air mass origins of the samples by 5-day
backward air mass trajectories.

3.1. Sources of atmospheric ?'°Po

The 2°Po is a natural radionuclide belonging
to the #*®U decay chain.

238 —»226Ra—2??Rn—(short-lived products)

3.8d
_)ZIOPb_)210Bi__)210PO
2y 5d 138d
—206Pb(stable)

The global emission of 21°Po to the atmosphere
is about 3.5-10'° Bqyr ! (Lambert et al, 1982).
One third of this emission is accounted for by the
radioactive decay of 21°Pb (Lambert et al., 1982),
derived from the atmospheric 222Rn. As this noble
gas is emanated from 22°Ra decay which is rather
uniformly distributed in the continental crust, then
diffuses into the atmosphere (Wilkening et al.,
1972; Turekian et al.,, 1977), the *'°Po resulting
from the atmospheric 22’Rn decay is distributed
in a relatively homogeneous way over continents.

Other sources of atmospheric 2'°Po have been
discussed by several authors: volcanoes, biomass
burning, soil dusts, etc.

Lambert et al. (1982) showed that volcanic
emissions inject directly this nuclide into the atmo-
sphere and provide nearly as much 2!°Po as the
decay of atmospheric ?*’Rn. Furthermore, Nho
et al. (1996b) estimated that the flux of 2!°Po
emitted from the volcanoes in the Indonesian arc
represents about 15% of its global volcanic flux.

The emission of ?°Po from savanna burning
was estimated by Le Cloarec et al. (1995); it
accounts for about 10% of the global production
of atmospheric 2'°Po. However, the amount of
biomass burnt in tropical Asia and in Australia is

Tellus 49B (1997), 4
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Fig. 1. Navigation track of the sampling ship (———) and
location of the volcanoes in the Indonesian Arc (e).

Table 2. 21°Po and *'°Pb activities of the samples
collected around the Indonesian arc during the
campaign JADE 11, March 1992

No. 210p, 210py
sample (1Bg/m*) (1Bgq/m?)
1 12 513
2 66 407
4 36 290
5 44 198
6 5.1 259
7 27 289
8 73 214
9 14 245
10 3.8 363
11 12 351
12 14 214
13 13 157
14 7.1 364
15 19 340
16 51 268
17 59 248
18 36 529
19 6.0 591
20 12 391

small compared to that in tropical Africa and
America; moreover, the period of the most intens-
ive burning usually occurs from June to September
in the southern hemisphere (Hao et al., 1990). The
contribution of this source appears therefore to
be negligible at least around the sampling site
in March.

Soil dusts resuspended from continental surface
appear to be an important source of atmospheric
210pg particularly in the lower atmospheric layers
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over continents but its proportion in the
worldwide budget is not well known (Moore et al.,
1980; Carvalho, 1995; Nho et al., 1996). In the
sampling site described here, soil dusts may be
derived from the FEurasian continent and
Australian desert. However, due to the character-
istic atmospheric circulation pattern around the
sampling site in March (characterized by the
Intertropical Convergence Zone, ITCZ, as discus-
sed later), the influence of the soil dusts from the
Eurasian continent can be ruled out. Additional
contributions can arise from marine aerosols, due
to 2%Po enriched surface waters resulting from
biochemical activities. But their contribution is
found insignificant (Turekian and Cochran, 1981;
Turekian et al., 1989). Emissions from fossil fuel
combustion have been studied by Marenco and
Fontan (1972), who concluded that the contribu-
tion of this source is negligible.

3.2. Air mass origins of the samples

During the sampling season (March), the
Indonesian arc, along which most volcanoes are
localized, is generally out of the influence of the
air masses from the Eurasian continent since
Northeast trades are weaken and the ITCZ located
along the Indonesian arc during the boreal winter
tends to move toward to the north. This discon-
tinuity between the stream from the Northern
Hemisphere and that from the Southern
Hemisphere is usually established along the Java
Sea in March (Flores and Balagot, 1969).
Moreover, the small area of the Indonesian arc
does not emanate significant amount of >*’Rn, the
grandmother nuclide of **°Po. Thus, air masses
arriving at the sampling site should have either a
continental origin from the Australian continent,
or a volcanic origin from the Indonesian arc, or
oceanic origin, or their consecutive mixture.

In order to analyse the origins of 2!°Po in the
samples, S-day backward air mass trajectories
were calculated. Backward trajectories describe
the pathway of an air parcel backward in time
from the receptor point to potential source regions.
They are calculated with a transport model using
horizontal and vertical wind fields. For that pur-
pose, we used a three-dimensional atmospheric
transport model (TM2Z) which solves the mass
conservation equation for the concentration of a
tracer on an Eulerian grid with 2.5° x 2.5° reso-
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lution in the horizontal and 9 layers in vertical
extending from the surface to 10 hPa along a
sigma coordinate (Heimann and Keeling, 1989,
Ramonet et al,, 1996). The 4 lowest layers extend
approximately to 400, 1200, 2600 and 4700 m,
respectively, above the sea surface.

The principle consists in injecting a given
quantity of a conservative tracer in the grid cell
corresponding to the location where the trajec-
tory ends up. The conservative tracer is emitted
in an homogeneous way and we calculate its
dispersion during five days under the influence of
inverted horizontal and vertical wind fields.
Contrary to the classical single trajectory methods
which supposes an hypothetical infinitesimally
small parcel, the method used here calculates the
retro-dispersion of an air mass and thus gives an
information not only on the main trajectory but
also on secondary origins (retro-dispersion plume)
(Ramonet et al, 1996). However, as for other
backward trajectory methods, convective trans-
port is neglected, which may lead to underestimate
the vertical mixing (Ramonet, 1994). The wind
fields used to run the model were deduced from
observations and analysed at the European Centre
for Medium-Range Weather Forecast (ECMWF).
Wind fields are updated every 12 hours but the
model calculates the tracer concentration at each
one-hour time step. The limitations of air traject-
ory models regarding their use in interpreting
atmospheric chemistry measurements were well
reviewed by Kahl (1993).

As shown in Table 1, the samples were collected
over two days with an average duration of about
24 h, beginning in the morning and finishing in
the next morning. The distance travelled during
sample collection is quite variable and the longest
one spreads over 3 grid boxes of the model. Taking
into account this spatial and temporal extension
of the sampling, 6 trajectories were calculated for
each sample. Trajectories were calculated at 3
points: at 1200GMT (day 1), 0000GMT and
1200GMT (day 2) corresponding to the starting,
middle and end point, respectively, of the geo-
graphical track of the sampling. Furthermore, the
trajectories were calculated at two model levels,
the lower at 894 hPa in the planetary boundary
layer and the higher at 635 hPa in the free tropo-
sphere in order to take into account the altitude
of the volcanoes, which ranges from the surface
to 3800 m.
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For a given sample, origin and distance of
trajectories are not significantly different at the
three points within a given model level if geograph-
ical distribution of 2'°Po sources is considered.
But the distance of the trajectory is usually longer
in the higher model level than that in the lower
one, reflecting stronger wind velocity in higher
altitude. In some cases, the direction of trajectories
is observed notably different in the two model
levels (samples nos. 12 and 13).

Furthermore, as the trajectory model could not
give informations on atmospheric scavenging, met-
eorological observations during the sampling were
taken into account. Three samples which experi-
enced short rain events during their collection
(samples nos. 10, 11 and 14) show very low 2'°Po
activities, meaning that ?!°Po is very efficiently
removed from the atmosphere by washout. Indeed
219pg is either derived from atmospheric 2'°Pb
decay or injected directly into the atmosphere. As
219Po and its precursor are in particulate phase,
washout by rainfall results in a strong lowering of
their concentration. It can be pointed out that the
recover of 2°Po content within an air parcel takes
at least several months because the long half-life
of 2'Pb prevents the growth of 2°Po from
222Rn decay.

The impact of squall on the ?'°Po activities in
the air is not so clear (samples nos. 8, 16 and 17).
In fact the squalls can affect the ?'°Po concentra-
tions through 2 processes: (1) precipitation fre-
quently accompanies violent squalls (Hastenrath,
1994) and then can induce a washout of 21°Po as
well as of its precursor; (2) wind speed increases
during the squall which results in a higher effici-
ency of dry deposition (Twomey, 1977). From our
measurements it appears that violent squalls
resulted in low activity of the nuclide but mild
and light ones appear to have no influence. For
the sample no. 8 whose 2°Po activity is low
(7.3 uBq m~3), the air masses seem to have experi-
enced either wet deposition not far away from the
sampling site, or dry deposition due to high wind
speed (20.4 m s~ 1). On the contrary the other two
samples (nos. 16 and 17) which experienced mild
and light squall events (wind speeds were 8 m s ™!
and 7m s~!, respectively) have relatively high
210pg activities (51.1 and 58.9 uBq m ™3, respect-
ively) which means that they did not undergo wet
deposition.

We have classified the samples into 3 groups
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according to the trajectories of the corresponding
air masses (Table 3). The air masses of the first
group come from the Australian continent, then
travel over ocean and arrive at the sampling site.
The second group involves the air masses which
spent most of their time over the Indonesian arc.
In the third group, air masses have mixed origins,
travelling first from the Australian continent via
ocean and then passing above volcanic regions. A
typical air mass trajectory of each group is shown
in Fig. 2.

3.3. 2%Pg activities versus air mass origin

In Fig. 3, the 21°Po activities of the air samples
are presented according to their air mass origin.

The air samples having a continental origin
show indiscriminately very low 2!°Po activity
(5 uBq m~?). This may be explained by the fact
that the continental air masses are diluted during
the transport toward over the ocean without any
supplementary sources. However, we cannot rule
out the possibility that the low *'°Po activity of
air masses is due to washing out during the
transport before arriving at the sampling site. To
examine this, we measured the ?!°Pb activity on
the filters because this nuclide is also present in
the particulate phase in the atmosphere and the
continental surface is its principal source (Table 2)
(Lambert et al., 1982; Carvalho, 1995).

In all samples, 2'9Pb activities are much higher
than those of 21°Po, indicating that 2'°Pb is con-
tinuously produced in the atmosphere from the
decay of ?*?Rn whereas the short aerosols resid-
ence time (about 7 days) prevents the growth of

Table 3. Air mass origin of the samples, deduced
from 5-day backward trajectories

Air mass origin No. sample
I. Australian continent

ewithout rainfall events 6, 19, 20
II. Volcanic region

ewithout rainfall events 4,16,17, 18

ewith rainfall events 9,10

II1. Mixture of the two origins

1,2,57,12,13, 15
8,11, 14

ewithout rainfall events
ewith rainfall events

E.-Y. NHO ET AL.

219pg from its parent, >'°Pb. Air masses derived
from volcanoes (samples nos. 4, 16, 17 and 18)
show relatively high 2!°Pb activity due to the local
enrichment in 2!°Pb of volcanic plumes (Polian
and Lambert, 1979).

As continental air masses (samples nos. 6, 19
and 20) retain still rather high 2!°Pb activity, we
conclude that they have not experienced scaven-
ging processes. In fact, *°Pb content may be
partly recovered after scavenging processes within
an air parcel from the decay of its mother nuclide,
222Rn (3.8 days); during 5 days assuming that the
wet deposition occurs at the very beginning of the
air mass travel, only 0.03% of the initial activity
of ?*?Rn is recovered by this process. Then it
cannot explain the high 2'°Pb activity of the
continental air masses. In addition, taking into
account the residence time of aerosols in the lower
atmosphere (Balkanski et al., 1993), the expected
210p 219Ph ratio can be calculated (Burton and
Stewart, 1960). From the low 21°Po/?'°Pb ratio
(about 0.01), contamination by sources other than
the decay of atmospheric 2??Rn, for example, soil
dusts or marine aerosols, could be neglected.

On the other hand, #'°Po activities of the air
masses belonging to the second group, with a
volcanic origin, can be divided into two parts: the
higher one with activities ranging between 35 and
59 uBq m~ % and the lower one with activities
ranging from 9 to 14 pBq m~3. The lower part
includes two samples collected in sequence (sample
nos. 9 and 10). The low 2°Po activity of sample
no. 10 is attributed to the wet deposition since
rain events were observed on board during its
collection. There is also a high probability that
sample no. 9 was also affected by this scavenging
process even though rain events were not observed
on board: indeed this sample was collected success-
ively in time and space between the two samples
which experienced washout by rainfalls or violent
squalls (sample nos. 8 and 10).

The 2'°Po activity of the samples belonging to
the third group is more variable than in the first
two groups. Among them, the three samples affec-
ted by the atmospheric removal process (sample
nos. 8, 11 and 14) have still very low activity
values, about 9 uBq m~3. The others, however,
showed an activity range from 12 to 66 pBq m >,
It is interesting to note that the highest 2!°Po
activity value was observed in this group (66 pBq
m 3 for the sample no. 2). The air mass collected

Tellus 49B (1997), 4
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on this sample travels from the West Australia via
the Indian Ocean and the East Java. This traject-
ory is different from those of most other samples
of this group (they usually begin in the Northeast
Australia and pass the Lesser Sunda Islands
region). The high activity is probably due to the
noticeable volcanic activity in the East Java region
when our sampling was made, because the emis-
sion rate of the 2!°Po from a volcano is closely
related to its volcanic activity (Bennet et al., 1982;
Le Guern, 1982; Le Cloarec et al., 1994). Merapi
(7.54°S, 110.44°E, East Java), one of the most
active volcanoes in the world, was in a phase of
eruptive activity in March 1992 with an alert level
1 (Simkin et al., 1981; Smithsonian Institution,
1992a). The activity began at the end of January
1992, reaching a maximum during February
requiring an alert level 3 and then lowered in
March. Moreover the Semeru volcano was also
in eruptive activity phase at the time of our
sampling (8.07°S, 112.55°E, East Java). This vol-
cano was in a quasi-continuous eruptive activity
phase since 1967 showing an average Volcanic
Explosivity Index (VEI) of 2 or 3 (Smithsonian
Institution, 1992b; Volcanological Society of
Japan, 1994).

The trajectories of the sample no. 1 are similar
to those of the sample no. 2 but trajectories
approach more and more toward Java from
sample no. 1 to sample no. 2. We therefore attrib-
ute the high >'°Po activity of the sample no. 2 to
the path of the air masses which encountered
volcanic plumes emitted from these eruptive
volcanoes.

These results show that the influence of the air
mass origin on the 2'°Po activities is quite clear
and large differences in 2'°Po activities are found
even between the air masses originated from its
two major sources, continental and volcanic,
which have nearly the same weight in its global
budget. This is likely due to the different emission
mode of the two sources. The ?2?Rn, the contin-
ental source of 2'°Po, is emanated rather uniformly
over continents (Wilkening et al., 1972; Turekian
et al, 1977) and diffuses into the atmosphere
owing to its gaseous nature. On the contrary,
volcanic emissions of 21°Po can be considered as
point sources both in time and space. Therefore,
even though the two sources have about the same
weight in the global budget, the 2!°Po magnitude
of their signature is very different. These character-
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istics of the two 2!°Po major sources were used in
our analysis and make feasible the use of 21°Po as
a tracer of volcanic plumes.

4. Conclusions

An attempt was made to develop an atmos-
pheric tracer of volcanic aerosols based on empir-
ical measurements in the distance from the sources
and determining the source origins by air mass
trajectories.

Owing to the favorable geographical distribu-
tion of ?'°Po sources and atmospheric circulation
patterns around the Indonesian arc during the
sampling season, origins of the sampled air masses
could be assessed and the samples could be classi-
fied according to the 2!°Po sources.

The following points could be emphasized.

(1) The volcano-derived *'°Po signatures are
still eminent in the distance from the sources. This
is probably due to the different emission mode of
the two major sources of 2!°Po, volcanic source
and continental source: one is sporadic and the
other is rather steady.

(2) Irrespective to its origin, the '°Po in the air
is very sensitive to the atmospheric removal pro-
cesses. This is explained by first, the particulate
nature of 2'°Po and of its precursor, 2'°Pb and
second, the long half-life of 21°Pb between 222Rn
and 2'°Po in the 28U family which prevents the
growth of 2!°Po within an air parcel.

(3) The study demonstrates clearly that '°Po
can meet the requirements to be a tracer of
volcanic aerosols: it is largely volcano-derived,
sampled and measured accurately and not affected
by chemical transformation during the transport.
Particularly, the identification of *'°Po pulses
emitted from volcanoes in remote areas is rela-
tively easy as well as the source location with the
use of air mass trajectories.

Predicted applications of these results might
include studies on the long-range diffusion of
volcanic plumes. The estimation of the impact of
volcanic emissions at remote sites could be done
by means of an atmospheric transport model to
trace elements injected into the atmosphere from
volcanoes, for example, sulfur dioxide and metals,
using the 2'°Po as a tracer. Namely, for a given
time and space, the atmospheric concentrations of
the trace elements originated from volcanic
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sources could be deduced with the knowledge on
21%pg and its associated trace element fluxes at
the volcanic source and the parametrization on
transport behaviour of the aerosols carrying 2'°Po
and trace elements.
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