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Abstract

ln order to reconstruct the formation mechanism of the sulphated black crusts found on the tuffeau and stained glass
windows of Saint-Gatien Cathedral in Tours , a study was performed on the particulate content of the atmosp here in the
town , based on two sampling camp aigns that took place during December 1994 and July-August 1995 . The Black Carbon
(BC) in air was continuously measured by means of an aethalometer. Total suspended particles were sampled both day and
night by air filtration thr ough Nuclepore mem branes. Th e analysis of eight filters by Analyt ical Scan ning Electr onic
Micro scopy (ASEM) allowe d the classifica tion of particles of more than 1 urn into six categories (marine, terrigenous,
mixture of marine and terrig enous, S bearing terrigenous, anthropogenic, biogenic) (+ "undeterminated").

Aethalometry and analysis of filters by X-Ray Fluorescence (XRF) indicated S, BC and Na to be the main elements present
in the particles of Tours : S in summer, BC and Na in winter. Geochemical calculations show S to be of dual origin, mainly
anthrapogenic (Sexeess) and, to a lesser extent, marine (Smarine)' The unexpected contribution of the marine natural source is
confirmed by the high levels of Na, a typical marine element , also measured sporadically on the site. This phenomenon is
Iinked to the arrivai of oceanic air masses in low pressure conditions fram the south-western sector and is characterised by
a significant arnount of marine particles in the form of crystals of halite (NaCI) and polyhalite (K2MgCa2(S0 4)4,2H20) containing
Smarine' The contribut ion of the anthrapic source is most frequently predominant, part icularly in periods of strong atmospheric
stabil ity characterised by the absence of wind and in winter, in strangly anticyclonic conditions. Such pollution episodes are
characterised by the abundance of anthropogenic particles and Sexeess is present in the form of ammonium sulphates , princi­
pally mascagnite ((NH4l2S0 4)' The BC is emitted primar ily by automobiles and, when present, is mainly in the typical form of
micrasoot particles.

Thus , the sulphates deposited on the tuffeau and stained glass windows and accumulating in the areas sheltered fram
rainwate r must be taken into account in determining the mechanism of formation of the gypsum cement of the black crusts.
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Général de Gaulle, 94 010 Créteil.
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Résumé

Afin de reconstituer le mécanisme de formation des croûtes noires sulfatées recouvrant le tuffeau et les vitraux de la
cathédrale Saint-Gatien de Tours, une étude du contenu particulaire de l'atmosphère de cette ville a été réalisée à partir de
deux campagnes de prélèvements atmosphériques effectuées en décembre 1994 et juillet-août 1995. La concentration de
l'air en Black Carbon (BC) a été mesurée en continu au moyen d'un aethalomètre . L'échantil lonnage des particules totales a
été réalisé le jour et la nuit par filtration d'air au travers de membranes Nucléopore. L'analyse de huit filtres par microscopie
électronique analytique en balayage a permis d'établir un classement des particules supérieures à 1 urn en six catégo ries
(marines, terrigènes , marines + terrigènes , terrigènes + S, anthropogéniques, biogéniques) (+ « indéterminées »).

L'aethalométrie et l'analyse des filtres par spectrométrie de fluorescence X indiquent que S, BC et Na sont les éléments
majeurs dans les aérosols de Tours : S en été, BC et Na en hiver. Les calculs géochimiques indiquent que S a une double
origine, principaleme nt anthropiq ue (Sexcès) et dans une moindre mesure marine (Smarin)' La contribution inattendue de cette
source naturelle marine est confirmée par les fortes teneurs en Na, élément typiquement marin, mesurées ponctuellement.
Ce phénomène est lié à l'arrivée de masses d'air océaniques en situation dépressionnaire de secteur sud-ouest et se carac­
térise par une proportion importa nte de particu les marines sous forme de cr istaux de halite (NaCI) et de polyhalite
(K2MgCa2(S04)4,2H20 ) contenant le Smarin' La contribution de la source anthropique prédomine le plus souvent, particulièrement
en période de forte stabilité atmosphérique caractérisée par l'absence de vent et en hiver, en situation fortement anticyclonique.
Ces épisodes de pollution sont caractér isés par "abondance des particules anthropogéniques et Sexcès se présent e sous la
forme de sulfates d'ammonium , principalement de la mascagnite ((NH4l2S0 4)' Le BC est émis principalement par les auto­
mobiles et se présente sous la forme typique de microsu ies.

Ainsi ces sulfates , qui se déposent sur le tuffeau et les vitraux et qui s'accumulent dans les zones abritées des pluies,
doivent être pris en compte pour déterminer le mécanisme de formation du ciment gypseux des croûtes noires.

Introduction

On the surface of bui ldings in areas shelte red
from rainwater, one generally observes the presence
of black crusts, which result for the successive depo­
sition of atmospheric par t icles , followed by their
cementation by gypsum. Among the diverse particles
encountered, industrial fly ash originating from heavy
fuel and/or coal combust ion have been evidenced by
Del Mon te et al. [1] , and subsequently systema­
tically detected in numerous black crusts sampled in
polluted urban environments [2-6], as weil as in marine
regions [7, 8]. According ta Camuffo et al. [2], the fly
ash play an active raie in the formation of gypsum
cement , since they transpo rt metals such as Fe, Ni,
V, that catalyse ta heterogeneous oxidation of S02
into sulphate, in the presence of H20. This hypothesis
was accordingly adopted by other authors [1, 2, 7, 9]
and was experimentally verifi ed, in particular by
Cheng et al. [10], Ausset et al. [11] and Sabbioni et al.
[12]. Preliminary studies conducted at Tours highlighted
the presence of typical fly ash within the black crusts
on tuffeau and wi ndows of the Saint- Gatien
Cathedral and also in the air and rainwater sampied
on the said Cathedral [13-15] . Without disputing the
catalytic raie of fly ash, we believe it is important not
to neglect the other part icles present in the atmo ­
sphere.

Thus, the aim of the present article is ta charac­
terise the particulate content of the atmosphere in
Tours and, in particular, ta establish , apart from fly
as h , the sources an d nature of the particles
contributing ta the formation of the gypsum cement of
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the black crusts, such as the sulpha tes which are
generally abundant in urban particles.

Description of the site, sampling and analysis

Desc ription of the site

The city of Tours is situated in the Loire Valley at
230 km from the Atlant ic Ocean . The west-east
orientation of the vall ey favours the penetration of
oceanic winds.

Sampling

Atmospheri c parti cles were sam pied in the city
centre, on the first floor of the Psalette Cloister, located
on the northern side of the Saint-Gatien Cathedral, at
a height of 5 m above the ground. Two sampling
campaigns were carried out , one in wi nter from
3 December ta the night of 20 December 1994, the
other in summer from 3 July ta the night of 5 August
1995.

Black Carbon (BC) concentrations in the air were
continuous ly measured by means of an aethalometer
(Magee Scientif ic, model AE-9) [16]. The pump rate
was set at 20 1 mirr ' and measurements we re
perform ed every five minutes. BC conce ntrations
measured by aethalometer method agreed weil with
particulate elemental carbon measured by thermo/
optical reflectance [17, 18].

T he partic les we re collected by air f i lt ra tion
through polycarbonate membranes of 0 .4 urn
porosity (Nucleporeê) placed in a filter support Iinked
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to an electric pump (Reciprotor Sweden AB) and to a
volumetric co unte r (Ga llus 2000) . Th us, ail the
particles having a diameter superior to 0.4 urn are
theoretically collected.

Two air filt ration units functioning simultaneously
permitted particles to be collected on two series of
membranes . Th e fi rst was emp loyed for global
chemical analysis by X-Ray Fluorescence (XRF), the
second for the observation and chemical analysis of
indiv idual particles by Analytica l Scanning Electron
Microscopy (AS EM). Two samples were col lected
every 24 hours, the first during the day (from 7.00 to
21.00 hl , the second during the night (from 21.00 to
7.00 h the next morning). The initial pump rate was
5 1 rnirr ' in winter and 8 1 rnlrr ' in summer.

The concentrations of particulates (PM1Q) are now
currently measu red on five stations in Tours by the
air qu al it y netwo rk su rvey Lig'A i r [19, 20] . Th e
concentrations of NOx were measured in the city
centre , at app roximate ly 800 m south-west of the
Cathedral, by th e Laborato ire Départemental de
Touraine (LOT).

There being no meteorological station within the
town walls, the meteorological parameters employed
were those measured by the Météo-France station at
the Tours-Saint-Symphorien Airport , located 6 km
north of the city centre. Wind speed and direction
were measured every 3 hours, the duration and density
of precipitation eveiy 6 hours and atmospheric pressure
reported to sea level every 12 hours.

Th e tr aj ect ogr aphi es of th e ai r masses were
calc ulated at Lab or at oi re Interuniversitaire des
Systèmes Atmosphériques (LISA) using the current
versi on of the TM2 model of atmospheric transport
init ia lly developed at th e Max Planck Insti tute in
Hamburg and modified by Ramonet [21].

Analysis methods

The measurement of the BC concentrations in air
is based on the optical measu rement of the black
body prope rties of the particles. The aethalometer
pumps the air through a quartz fibre filter, measuring
at regular intervals the attenuation of the light beam
transmitted (530 nm) through the filter. The mass of
deposited BC was estimated, after which the concen­
tration was calculated by dividing the mass by the
volume of filtered air.

The overail elemental concentrations of the particles
were measured by XRF (SIEMENS SRS 303) with
wave length dispersion ove r ail the first series of
me mbranes (104 filt ers). This method permits a
quantitative elementa l analysis of particles since the
intensity of fluorescence of an element is proportional
to its mass depos ited on the filter, provided that the
samples constitute a thin layer. This hypothesis has
been confirmed experimentally by the measurement
of filter transmiss ion using the "radiator" technique
[22]. The masses of the 15 chemical elements (Na,
Mg, AI, Si, S, CI, K, Ca, Ti, V, Cr, Fe, Cu, Zn, Pb) were
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determined on each filter according to the procedure
defined by Quisefit and al. [23] .

The ind ividual analysis of part icles was carried
out on 8 filters (4 for winter , 4 for summer) , on the
second series of membrane, by SEM (JEOL JSM
840 A) coup led with an X-Ray energy dispers ive
spectrometer (TRACO R TN 540 0) allowi ng the
detection of elements with atomic number higher
than 6 (carbon). However the presence of C can be
assumed by t he presence of an important
background in the spectra. The operative conditions
were as follows: accelerating voltage: 15 kV; probe
current: 6.10-10 A; working distance: 39 mm; measu­
rement time: 100 s; spectrum acquisit ion from 0 to
10 keV; dead time between 20 and 25%. The study
of the filte rs, previously made conducto rs by the
deposition of a carbon film, was performed following
the protocol described by Chabas and Lefèvre [24]
and consisted of observing , measuring and analysing
the particles larger than 1 um present in random ly
chosen areas under an enlargement of X1000. The
minera logica l c lassificat io n of the pa rt ic les is
performed starting from a semi-quantitative analysis
of their chemistry and elemental composition, and of
their morphology.

Certain particles underwent specific study by means
of low intensity field effect SEM (JEOL JSM-6301-F)
and Transmission Electron Microscopy (TEM) (JEOL
100 CX Il) coupled with a X-Ray energy dispers ive
spectrome te r (respect ive ly , Li nk ISI S 30 0 and
TRACOR TN 421), which allowed the detection of
elements with atomic numbe r greater than 5. The
operating conditions chosen for the field effect ASEM
were the following : acce lerat ing vo ltage: 20 kV;
probe current: 6.10-10 A; working distance : 15 mm;
measurement time: 100 s; spectrum acquisition from
o to 20 keV; dead time between 20 and 30%. The
operat ing cond itions chosen for the ATEM were :
accele rating vo ltage: 100 kV; work ing dis tance:
28 mm; tilt: 35 0; measurement time: 100 s; spectrum
acquisition from 0 to 10 keV; dead time between 20
and 25%.

Results and discussion

Global chemical and elemental composition
of particles

Geometrie means and standard deviations

The geometric concentration means and their asso­
ciated standard deviations were calculated for the BC
measured by aethalometry and for 12 elements out
of 15 determined by XFS on the 104 filters (Na, Mg,
AI, Si, S, CI, K, Ca, Ti, Fe, Zn and Pb). In tact, V, Cr
and Cu frequently present levels that are below the
detection threshold of the spectrometer.

The results presented in Table 1 p. 106 indicate
that S, BC and Na are the predominant eleme nts
(relative abundance > 10%) and that Si, Ca, Fe, K,
AI, CI and Mg are the minor elements (1 % < relative
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abundance < 10%). The elements Ti, Zn and Pb, which
were present in trace (relative abundance < 1%) are
not studied below. The geometric standard deviat ions
ca lculated for each major and mino r element are
close (variation between 1.85 and 2.94), with the
exception of CI, whose value of 5.22 highlights a
strong temporal var iabi lity in its conce ntration.

Tabl e 1.
Geometrie mea ns (ng m-3), standard deviations

and relative abundanee (%) of major and minor elements
of the part icles sam pied in Tours.

Moyennes géométriques (ng m-3) ,

écarts types géométriques des concentrations
et abondance relat ive (%) en éléments majeurs et mineurs

des aérosols prélevés à Tours.

The mean concentrations measured in Tours are
of the same order of magn itude as those measured
in other towns in France (Figure 1) and the highe r
level of Sand BC confi rms the predominance of
anthropic sources in urban sites. The levels of BC in
Tours and Arles are, however, far lower than those
measured in Paris (4600 ng m-3 according to Brémond
et al. [25] ; 7900 ng m-3 according Del Delumyea and
Kalivretenos [26]). Conversely, the concentration of
Na, almost identical to that encountered in Arles, is
double in Tours compared to Paris. Thus, the town of
Tours seems to undergo, like Arles (some 30 km
from the Mediterranean Sea), an oceanic influence,
in sp ite of its rela t ively great distance from the
Atlantic Ocean (230 km).

Geometrie Standard Relative
mean deviation abundance

BC 1432 2.44 24

Na 853 2.54 15

Mg 126 1.99 2

AI 184 2.61 3

Si 578 2.94 9

S 1662 2.32 28

CI 169 5.22 3

K 213 1.85 3

Ca 495 2.88 8

Fe 240 2.11 4

Ti, Zn , Pb 24, 42, 86 1.74, 2.60, 1.62 < 1, <1, <1
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Figure 1.
Comparison of geometric means of elemental concentrations (ng m·3) in part ieles sampled in Tours [27] ,

Ar les [28] and Paris [29].
Comparaison de la moyenne géométrique des concentrations éléme ntaires (ng m'3)

des part icules prélevées à Tours [27), en Arles [28] et à Paris [29].
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Enrichment factors

Enr ichment factors (EF) allow one to estab lish the
probable origin (mar ine, te rrigenous or other) of the
major and minor elements pre sent in the part icles,
except for BC, whic h is emitted mainly by anthropo­
genic sources (fossil fuel or biomass com bustion) .
The EF are cal cu lated according to Mason's earth
crust mod el [30] (1) and Bre wer's seawater model
[31] (2). AI is taken as reference element for the crustal
mode l an d Na marine (Na correcte d fo r it s crustal
contribution) for the seawater model (3).

EF X (X/AI)aerosol
terrigenous( ) (X/AI) (1)

crustai rock

(X/Na)aerosol
and EFmarine (X) (2)

(X/Na)seawater

Namarine = Naaerosol - Naterrigenous

with Naterrigenous = Alaerosol x (NalAl)crustal rock (3)

ln the results reported in Table 2, one can distinguish
thr ee gro ups of chemical elements :

- AI, Si and Fe where EFterrigenous is close to 1 and
EFmarine high, are exclusively of terrigenous origin;

- Na, Mg and CI, where EFmarine is close to 1 (except
fo r CI) and EFterrigenous high , are ma inly of marine
origin. According to Eriksson [32] , the depletion of CI
in relation to seawater (EFmarine = 0,1) indicates that
marine part icles such as halite (NaCI) react strongly
with the acid com pounds present in the air (H2S0 4

and HN03) . Th is chem ical react ion leads to the
re le ase of H CI to th e gaseous sta te and the
enri chm ent of the particl es by sulphates and nitrates;

- S, K and Ca pres ent high EF regardless of the
reference, resulti ng from the cont ribution of different
s ources (terrigenous, marine and others). S is mainly
emitted by "other" sources and partiy by the marine
source, wh ile K and Ca ten d to be of mixed orig in
(terrigenous, marine ) and "other".

Seasonal and diurnal evolution of concentrations

Generally speaking, and with the exception of BC,
Na and CI, the co ncentrations are 2 to 3 times lower
in winter than in summer (Figure 2, p. 10S). This is due
to the abatement effect of rain, which diminishes the
number of suspended particles , a phenomenon more
active in winter, when the rainy days are more numerous

(6S% in winter against 23% in summer) and the ratio
of precipitations to the number of days higher (2,5 mm j-1
in winter aga inst 1,2 mm j-1 in summer).

The high winter concentrations of Na and CI are
linked to the prese nce of winds arriving mainly from
the southwe ste rly sector (Figure 3 , p. 10S ), i.e. of
oc eanic winds t ran sportin g marin e par t icl es . In
summer, winds are more frequently continenta l and
follow a northeast to southwest trajecto ry , co rres­
ponding to the direction of the Loire Valle y towa rds
Tours.

Element concentrations show two types of diurnal
evolution in both seasons: day/night cycle with higher
day co nce nt rat ions fo r te rr ig en ous c h em ical
elements (example in winter Figure 4, p. 109 ) and
sporadic evolution for marine chemical elements and S
(example in winter Figures 5 and 6, p. 109 and 110.
Day/nigh t variations seem dependent on the human
act ivity because day vari ations co rrespond to the
remobili zation of deposited dust at night when human
activities slow down.

Co ncentrat ions of BC are gen er al ly hi ghe r in
winter due to the decrease in the mixing layer heigh t
[25] and to the contribution of supplementary sources
such as heatin g plants [33]. The latt er hypo thes is
cannot app ly in the present case since the BC, in
Tours, is mainly emitted by automobi le traffic. In fact,
the profile of its hourly mean concentrations (Figure 7,
p. 110) rev eals two maxima (9.00 h and 19 .00 h)
corresponding to automobile rush hour times . Fina lly,
there is a good correlation (R =0.S3) betwee n BC and
NOx (Figure S, p. 111), with the nitrogen ox ides in
Tours mainly or iginating fram automobiles [27] .

Spec if ie study of S

Calculations of contributions

The respective contribution of natu ral (marine and
terrigenous) sources responsible for the measured
levels of S is ca lculated fo llo wing the me thod of
Marchal [34] using the above-mentioned models.

Smarine =Namarine x (S/Na) seawater

and Sterrigenous = Alaerosol x (SIAl)crustal rock

The contribution of the "other" or "excess" source
in relation to the previous sources is calculated from
the difference:

Sexcess =S - (Smarine + Sterrigenous)

Table 2.
Enrichment factors (EF) of the particles sampled in Tours compared with the crustal model of Masan [30]

and the seawater model of Brewer [31] .

Facteurs d'enrichissement (FE) par rapport au modèle de croûte de Masan [30]
et au modèle d'eau de mer de Brewer [31] des particules prélevées à Tours .

Na Mg AI Si S CI K Ca Fe

EF terrigenous 13 3 1 1 2825 573 4 6 2

EF marine 1 2 1442534 4528 29 0,1 9 19 1830336
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Figure 2.
Geometrie means of elemental conce ntrations (ng m-3) of part icles sampied in Tours in December 1994 (. )

and July-August 1995 (0).

Moyen nes géométr iques des concentrat ions élémentai res (ng m-3) des particules prélevées à Tours en décembre 1994 (. )
et en juillet-août 1995 (0). -
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Means frequencies of wind directions (0) in Tours in December 1994 (. ) and July-Augu st 1995 (0)
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Figure 8.
Relation between hourly mean conce ntrations (ng m'3) of NOx

(Laboratoire Départemental de Touraine, LTD data) and BC measured in Tours in December 1994.

Relation entre les concentrations moyennes horaires (ng m-3) de NOx
(Données du Laboratoire Départemental de Touraine, LTD) et de BC mesurées à Tours en décembre 1994.

Th e res ults obtained in Tours indicate that the
source "in excess" emits most of the S, regardless of
the season (90% in winter and 98% in summer),
although the contribution of the marine source is far
from negligible, especially in winter (10%). The crustal
source has on ly a very weak cont ribu tion « 1%).
T hus , S is primarily produced by a gas-part icle
convers ion (S0 2-su1phate), which explains why its
concentration is higher in summer than in winter. In
fact , the conversion rate is much higher in summer
[35], when the heterogeneous oxidation is favoured
by significant photochemical activity [36], compa red
to winter, when oxidation takes place preferentially in
a heterogeneous manner in the aqueous phase in the
presence of carbonate particles [37, 38].

However, observ ing the daily variations of marine
and "excess" contributions of S, it can be seen that the
contribution "in excess" generally prevails over the
marine component, although this tendency may be
reversed, according to the case [27].

S marine

Representing Smarine concentrations on a compass
card (Figure 9, p. 112), it is c1early seen how, both in

POLLUTION ATMOSPHÉRIQUE W 177 - JANVIER-MARS 2003

Be (}t g rrr')

winter and summer, the concentrations are great in
the south -west quarter (direction between 180 and
270 0) rather than in the remainder of the windrose.
The mean concentrations calculate d for this wind
sector are in the order of 326 ng m-3 in winter against
220 ng m-3 in su mme r, while th ey are si x time
weaker in the remaining sectors (56 ng m-3 in winter
and 35 ng m-3 in summe r). It is equally c1ear that the
winds in the south-west sector have on average a
higher speed (4 m s') compared to those of the
other sectors (3 m s'} , Finally, the retro-trajectories
of air masses, reported by way of example for five
winter filters with high leve ls of Smarine (Figure 10,
p. 112), indicate that the air masses arrive directly
from the Altantic Ocean where they are loaded with
marine particles and that their course over the land is
reduced , as weil as thei r passage over high-indus­
trialised regions .

S excess

Conce ntrations of Sexcess remain esse ntially the
sa me , rega rd less of wind direction and season
(Fig ure 11, p. 113), indicating that there are no
contributions of Sexcess from any part icular wind
sector and that there are no particular anthropogenic
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Figure 9.
Concentrat ions of Smarine (ng m-3) as a function of wind direction (0) for the sampl ing campaigns conducted in Tours

in December 1994 (.) and July-August 1995 (0). (1, 2, 3, 4, 5: December 1994 filters with high Sma,ine concentrations) .

Concentrations du Sma,in (ng m-3) en fonction de la direction du vent (0) pour les campagnes de prélèvement effectuées à Tours
en décembre 1994 (.) et en juillet-août 1995 (0). (1, 2, 3, 4, 5 : filtres de décembre 1994 à forte concentration en Sma'in)'
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65

. Figu re 10.
Retro-t rajector ies of air masses (at 934 hPa) associated with the Decembe r 1994 filters (1, 2, 3, 4 and 5)

presenting the highe st Smarine concentrations sampied in Tou rs.

Rétrotrajectoires des masses d'a ir (à 934 hPa) associées aux filtres de décembre 1994 (1,2,3,4 et 5)
présentant les concentrations en Sma,in les plus fortes relevées à Tour s.
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sources . Nevertheless, for the summer campaign ,
six significant values are observed for the north and
north-east wind sector. However, an examination of
the wind speeds corresponding to the six samples
reveals them to be weak and of the same order as
the samples low in Sexcess'

It appears that wind speed has a greater influence
on Sexcess concentrations than wind direction since,
the gre ater the w ind speed , the smaller the
conc entration of Sexcess' Figure 12, p. 114, shows
that there is an exponential relation (R = 0.80 in
winter and R =0.98 in summer) between wind speed
and mean co nce nt ratio ns of Sexcess taking wi nd
speed groups of 1 m s'.

Finally, especially in winter, high levels of Sexcess
are systematically observed for high values of
atmospheric pressure . This can be seen in Figure 13,
p. 114, which represents the atmospheric pressures
assoc iated with mean conce ntrations of Sexcess taking
wind speed group of 1m S'l . The figure reveals that
the level of Sexcess is higher, when wind speed is
weaker and the atmosphe ric pressure is higher. This
reflects in fact a strong atmospheric stability charac-

terised by the absence of wind and the presence of
hig h pressure areas . The combinat ion of these
two factors is responsible fo r wint er episodes of
pollu tion , caus ing a cons iderable increase in the
concent ration of fine sulphated particles in the air
[39].

Single partie le analysis
by Analytiea l Seanning Electro n Mieroseopy (ASEM)

Of the total of air filter sampling performed (104),
8 filters (4 in winte r, 4 in summer) were selected
(Table 3, p. 115) as a function of the ir respective
levels of Smarine and Sexcess for analysis by ASEM.
The first group of filters (Group 1), compri sin g
two winter filters (TA10J, TA10N) and two summer
filters (TA49N, TA50J), is cha rac ter ised by high
levels of Smarine but also Na, Mg and CI, whi le the
second group (Group 2), also compris ing two winter
fi lters (TA17J , TA1 7N) and two summer filte rs
(TA31N, TA32J). presents very high levels of Sex~~ss '

The analysed particles were divided into six cate­
gories (Table 4, p. 116): marine, terrigenous , mixed

220 '<
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-.300 1
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Figure 11.
Concentrat ions of Sexeess (ng m·3) as a function of wind direction (0) for the sampling campaigns conducted in Tours

in December 1994 (. ) and July-August 1995 (0).

Concentrations du Sexeès (ng m·3) en fonct ion de la direction du vent (0) pour ~es campagnes de prélèvement effectuées à Tours
en décembre 1994 (.) et en juillet-aout 1995 (0).
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Figure 12.
Relation betwee n mean concentrations of Sexeess (ng m-3) calculated for wind speed groups of 1 m S-l

and the wind speed in Tours in December 1994 (.) and July-August1995 (0). .

Relation entre les concentrations moyennes en Sexeès (ng m-3) calculé es par groupe de vitesse de 1 m s'
et la vitesse du vent à Tours en décembre 1994 (.) et en juillet-août 1995 (0).
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Figure 13.
Relation between Sexeess concentration (ng m-3) and atmospheric press ure (hPa) (reduced to sea level)

in Tours in Decembe r 1994 (.) taking groups of wind speed 1 m.st .

Relation entre la concentration en Sexeès (ng rn') et la pression atmosphérique (hPa) (réduite au niveau de la mer)
à Tours en décembre 1994 (.) par groupe de vitesse de 1 m sol.
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Table 3.
Sampling conditions and concentrat ions of Smarine and Sexeess of the eight filters selected

for study by Analytica l Scanning Electron microscopy (ASEM).

Conditions de grélèvement et con~en~rationsen Smarinet Sexeès des huit filtres sélectionnés
pour 1etude en microscopie électronique analytique en balayage (MEAB).

Fi lters Sampling Wind Wind Atmosphe ric S marlne S excess
Date directi on n speed press ure (ng m-3) (ng m-3)

(m sol) (hPa)

TA10J 6/12/94 187 3 1022 585 325

Group TA10N 6-7/12/94 183 6 1022 258 328

1 TA49N 26-27/7/95 220 5 1017 372 550

TA50J 27/7/95 242 6 1017 368 486

TA17J 13/12/94 240 2 1031 35 3083

Group TA17N 13-14/12/94 246 2 1028 32 2920

2 TA31N 8-9nt95 50 2 1015 63 8090

TA32J 9nt95 116 2 1015 21 2486

mari ne an d terri gen ous, S bear ing terrig enous ,
anthropogenic, biogenic (+ undeterminate).

The relative proportion or these categories for
each filter is reported in Figure 14, p. 117. Group 1 is
characterised by the abundance of marine particles
(63 to 85%). The se particles , entire ly absent from
Grou p 2, we re .sa mple d in th e dep ressi onary
meteorological cond itions of the south -west sector ,
associated with the arrivai of oceanic air masses
(Figure 7, p. 110, for f ilter 1: TA 1OJ and filter 2:
T A 10 N) . G ro up 2 is d isti ngui shed by a high
prop orti on of anthro pogenic particles (28 to 79%)
composed mainl y of sulphated parti cles and, to a
lesser extent , by the abundan ce of S bear in g
terrigenou s part icules (8 to 45%). Filter TA 17N
presents a higher percentage of S bearing terrigenous
particles (45%) than of anthropogen ic particles
(28%). However, if one considers the two categor ies,
th e su lp hat ed and S bearing part icles are
predominant in the filt ers of Group 2 (72 to 90%).
These filters were collected in a period of st rong
atmospheric stability characterised by the absence of
wind and, partic ularly in winter, in a strong anti­
cyclonic situation.

Table 4, p. 116, presents the elemental chemical
composition, the number, the relative abundance , the
concentration in number and the possible minera­
logical Interpretation of analysed particles. The minera­
logical Interpretation may be subject of discussion in
absence of X-Ray diff raction pattern impossible to
perform on the filters contain ing very low mass of
particles .

Oetailed study of marine partie/es

Marine particles are composed of equal proportions
of chlorides and sulphates (Table 4).

Chlorides are invariably assoc iated with Na and
are present in the form of halite (NaCI) crystals which
are frequently cubic (Figure 15, p. 118). The crystals
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are somet imes associated wi th S and Ca and
constitute a mixtu re of salts composed partly by
ha lite and partl y by gyps um (CaS0 4,2H20) or
an hydri te (CaS0 4)' Somet im es the hal ite is
associated with Mg, S, K and Ca in traces and forms
a mixture which is difficult to interpret mineralogically.
Another type of chlorides , fa r less common than
halite, has also been identified as probably consisting
of bischofite (MgCI2,6H20).

Sulphates always cont ain Ca and are rarel y
present in the form of pure gypsum or anhydrite but
more frequently mixed with other salts . Thus , they
are sometime associated with Na, CI and K, which
are present in trace and cannot be identified minera­
logically . More often, they are found in the form of
oblong particles resembling grains of rice (Figure 16,
p. 118) of length varying from 1 to 2 urn. They are
therefore rich in Na and CI and also contain traces of
Mg and K. The particles appear to be crystals of
po lyhalite (K2MgCa2(S0 4)4,2H20 ) systemat ically
mixed with halite (NaCI). This associat ion of salts has
also been observed in the eastern Mediterranean on
the island of Delos [24] in particles of the sam e
morphology. Moreover, the coexistence of polyhalite
and hal ite is common and has been noted in the
sequence of salt crystallisation resulting from sea­
water evaporat ion [40].

These chlorites and sulphates salts can also be
found in groups (Figure 17, p. 119), in th is case
resulting from the crystallisation of salts contained in
the liqu id drop lets impact ing on the filter and
subsequently evaporating [41].

Oetai/ed study of anthropogen ie partie/es

Anthropogenic particles are composed mainly of
sulphated particles (Table 4) of diameter less than or
equal to 1 urn. Such isolated particles can be either
spherical or bean-like in shape (Figure 18, p. 119). The
superposition of the chemical analysis spectra of the
particle and that of the filter reveals the absence of
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carbon and the presenc e of sulphur in the particle
(Figure 18). The peak of C is due ta the metaliisation
by carbon and ta the polycarbonate filter membrane.
Under ATEM , these partic les turn out ta be little
opaque ta the electrons and very instable under the
elect ronic beam (Figure 19, p. 120). Very quickly ,
under the effect of the beam, bubbles appeared inside
the pa rt icle , which is comp letely empt ied of its

co ntents . On ce it has total ly vaporised, ail that
remains is an imprint whose shape is identical ta that
of the initial partiele. Because of this particularity, it
was not possib le ta ide ntify their electron micro­
diffraction pattern.

Th is type of mic ronic sulph ated part icles has
already been observed and account for the greater
part of the fine aerosol fraction of very many urban

Table 4.
Elemental chemical composition, number , relative abundance, number concentration and possible mineralogical interpretation

of analysed particles by ASEM on eight filters sampled in Tours.

Composition chimique élémenta ire, nombre, abondance relative , concen tration en nombre et identificat ion
minéralogique possible des particules analysées par MEAB et recueill ies par filtration de l'air à Tours sur huit filtres.

Elemental analysi s TA10J TA 10N TA49N TA50J TA17J TA17N TA31N TA32J Possible mineralogical
(247) (70) (GO) (95) (250) (GO) (92) (71) interpretat ion

155 58 52 62 Marin e part ic les
63% 83% 87% 65%

32 58 52 24 Iso/aled salts

CHLORIDES

Na CI 27 56 21 9 Halite

Na CI (Mg S K Ca) 4 1 8 7 Halite + (?)

Mg CI (Na S K) 2 Bischofite and (?)

SULPHATES

S Ca 1 1 Gypsum or anhydrite

S Ca Na CI (Mg K) 21 8 Polyhalite + halite

123 38 Salts in c/uslers

CHLORIDES

Na CI 40 6 Halite

Na CI (S Ca) 3 Halite + (gypsum or anhydrite)

Na CI (Mg S K Ca) 3 Halite + (?)

SULPHATES

S Ca (Na CI K) 1 Gypsum or anhydride + (?)

S Ca Na CI (Mg K) 76 32 Polyhal ite + halite

10 2 14 18 3 5 4 Terrigenous part ic les
4% 3% 15% 7% 5% 5% 6%

SILlCEOUS PARTICLES
Si 2 1 4 2 2 Silica
Si Ca (Mg AI K) 1 2 Silica and calcite + impurities

CALCIUM PARTICLES
Ca 1 2 6 Calcite
Ca (Si AI) 2 3 Calcite + (?)

ALUMINO -SILICATED PARTICLES
Si AI 1 Kaolinite
Si AI K (Fe) 2 5 lilite-muscovite-orthoclase
Si AI Mg K Ca (Ti) 1 Smectite
Si AI (Na Ca) 1 5 Plagioclase
Si AI Mg Fe 1 Chlorite
Si AI Mg K Fe (Ti) 1 2 Biolile

Na CI S Ca Si AI 14 1 3 7 Mixtures marine- terrigenous
6% 1% 5% 7% particles

Si AI Ca S 47 27 7 8 S bearing terr igenous part icles
19% 45% 8% 11%

( ): total number of analysed particles, majors, minors and (traces) elements.

--+
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Table 4 (continued).
Elem ental chemical composi tion, number, relative abondance, number conc entration and possib le mineralogical interpretation

of analysed particles by ASEM on eight filters sampled in Tours.

Composition chimique élémentaire, nombre, abondance relative, concentration en nombre et identification
minéralogique possible des particules analysées par MEAB et recueillies par filtration de l'air à Tours sur huit flltres.

Elemental analysis TA10J TA10N TA49N TA50J TA17J TA17N TA31N TA32J Possible mineralogical
(247) (70) (60) (95) (250) (60) (92) (71) Interpretation

48 2 4 3 132 17 59 56 Anthropogenic part ic les
19% 3% 7% 3% 53% 28% 64% 79%

SULPHATED PARTICLES

CS 103 11 47 55 Ammonium sulphates

CARBONACEOUS PARTICLES

C 14 3 2 4 6 1 Microsoot

C CI (Na S) 27 Microsoot + marine salts

CS 20 2 Sulphated microsoot

METALLIC DEBRIS

Fe (Si S CI Cu Zn Ba) 6 4 3 4 Fe-rich debris

Cu Zn (S CI) 2 ?

SPHERICAL PARTICLES

Si AI K Ti Fe 2 1 Smooth alurnino-silicated fly ash

Fe (AI Si Ca S Ti) 1 2 1 Smooth hyper-ferriferous f1y ash

CP S K (CI) 9 10 3 8
4% 4% 5% 9%

11 7 1 9 43 10 13 3
4% 10% 1% 10% 17% 17% 14% 4%

( ): total numberof analysedparticles, majors, minors and (traces) elements.

Biogenic particles

Undetermined particles

mixed marine and
terrigenous

~ terrigenous

III marine

D biogenic

o S bearing terrigenous

D anthropogenic

D undeterminate

30 % -;

20% ~
1

10%i
10 % ; -

TAlQJT AlON TA49NT A50J TAl7JT Al7N TA3lNT A32J

:
50 % ~

1

40 %-i
;

Relative proportion (%)

loo%-i

90 %-!
i

80% -j
i

70 % 1

60 % <

Group 1 Group 2

Figure 14.
Comparison of the proportion of particles according to cateqory for the two groups of filters collected inT ours

in December 1994 and July-August 1995 (Group 1: strong concentrations of Smarine; Group 2: strong concentrations of Sexeess)'

Comparaison de la proportion de particules selon la catégorie sur les deux groupes de filtres prélevés à Tours en décembre 1994
et en ju illet-août 1995 (Groupe 1 : fortes concentrations en Smarin ; Groupe 2 : fortes concentrations en Sexeès)'

POLLUTION ATMOSPHÉRIQU E N° 177 - JANVIER-MARS 2003 117



ARTICLES _

Figure 15.
Cubic halite crystal observed by ASEM.

Photo: M. Derbez (LISA).

Cristal de halite de forme cubique observé par MEAB.
Photo : M. Derbez (LISA).

Figure 16.
Polyhalite crystal with rice-grain shape observed by ASEM.

Photo: M. Derbez (LISA).

Cristaux de polyhal ite en forme de grains de riz observés par MEAB.
Photo : M. Derbez (LISA).
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(a)

Figure 17.
Accumulation (a) of cubic halite crystals

and (b) of oblong polyhal ite crystals juxtaposed to a rounded halite particle .
This accumulation results

from the evaporation of seawater droplets deposited on the filters.
Photo: M. Derbez (LISA).

Amas (a) de cristaux cubiques de halite
et (b) de cristaux oblongs de polyhalite juxtaposés à une particule arrondie de halite.

Ces amas sont issus de l'évaporation de gouttes d'eau de mer
déposées sur les filtres.

Photo : M. Derbez (LISA).

(b)
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Figure 18.
Micronic particles observed by field effect ASEM
and superposition of chemical analytica l spectra

of the top right-hand particle (grey line) and of the filter
obtained using a light element detector (black line).

The analytical spectra indicate that the particle is sulphated
but does not contain carbon.

The carbon ray originates from the metallisation and filter.
Photo: M. Derbez (LISA).

Particules microniques observées par MEB à effet de champ
et superposit ion des spectres d'analyse chimique

de la part icule située en haut à droite (en gris) et du filtre (en noir)
obtenus à l'aide d'un détecteur à éléments légers.

Les spectres d'analyse indiquent que la particule est soufrée
mais qu'elle ne contient pas de carbone .

La raie du carbone est issue de la métallisation et du filtre.
Photo : M. Derbez (LISA).
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(a)

..

L
(b)

Figure 19.
(a) Micronic particle observed by ATEM sublimat ed under the electronic beam

and (b) imprint left on the filter
after vapor isation of its contents .

Photo: M. Derbez (LISA).

(a) Particule micronique observée par MEAT se sublimant sous le faisceau électronique
et (b) empre inte laissée sur le filtre
après vaporisation de son contenu.

Photo: M. Derbez (LISA).

sites , such as Antwerp [42], Arles [28], Brest [43],
Khartoum [44], Philadelphia [45] and Phoenix [46],
but also in rural sites, such as Arizona [47], Maryland
[48] and in the vicinity of London [49]. They have also
been ob served by other authors on the Equatorial
Pacif ic Ocean [50] , the North Atlant ic [51], the
Mediterranean Sea [24, 52] and even in Alaska [53].
It is agreed that the said particles are composed of
ammonium sulfates produced by the neutralisation of
sulphuric aci d (H2S0 4) by amm onium (NH4+) .
Charlson and al. [54] emphasises that according to
the intensity of th is rea ction, one ob serves both
mascagn ite (( NH4hS04) once the reaction is
complete, and ammonium sulfates of varying acidity,
such as (NH4)HS0 4 and (NH4h (HS0 4h. Since the
particles observ ed here are isolated, according to
Mamane and Dzubay [48], they are probably
mascagnite. The absence of the nitrogen peak on the
analysis spectra is due to the rapid deterioration of
the particles under the electronic beam and to the
weak inte ns ity of the X-rays emitte d by the light
elements [46 , 50 , 51]. No local ised so urce of
amm oni um appears to exist in Tours, although
according to Buijsman and al. [55], in Europe, 95% of
anthropogenic emissions of ammoniac originate from
agricultural activities, mainly animal excrements and,
to a lesser extent, fertilizers.

The other categories of anthropogenic part icles
are, in order of decreasing abundance, carbonaceous
particles, metallic residues and smooth microspherules.

Carbo naceous parti cl es are enco unte red in
groups or cluste rs composed of a large number
of microspherules of diameter ranging from 0.02 to
0.05 urn and are stable under the electronic beam.
These agglomerations of microspherules can reach a
size of a dozen or so urn (Figure 20, ci-contre). Their

120

global chemical analysis indicates the presence of an
important carbonate matrix associated at times with
S, at times with CI accompani ed by traces of Na and
S. Such part icles are microsoot emitted by petrol ­
base d foss il fuel com bust ion [56] . They have
previously been observed in the atmosphere of Tours
[13] and are responsible for the measured levels of
BC. Mic roso ot a re the pr ivileged si te for th e
heterogeneous oxidation of S02 and its conversion
into sul phate [38]. Both terrigenous and biog eni c
particles may play the same role [57-60] and their
amount propo rtion can assu me great importance
(filter TA17N).

Metall ic residues are exclusively ferriferous and of
any shape. They are probably emitted by metal-working
industries [57], although no such source has been
localised in Tours.

Spherical particles (mean diamete r: 5 urn) always
hav e a smooth surface, but their chemical compo­
sit ion may vary . Some are alumin o-silicates and
contain sign ificant concentrations of K, Ti and Fe.
Others are ferriferous (Fig ure 21, p. 122), some­
times presenting traces of AI, Si, Ca, S ou Ti. These
two types of spherules have previously been observed
in the air and rain of Tours [13,14] and are fly-ash
emitted by coal [45, 48, 61-64].

Conclusion

The study of the particulate content in the atrno­
sphere of Tours was based on the data obtained during
two air sam pling campa igns (winter and summer)
and required the use of aethalometry to measure the
BC, X-Ray Fluorescence for the global chemica l ana­
Iysis of particles and ASEM/ATEM for the individual
character isation of particles .
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Figure 20.
Agglomeration of sulphated microsoot observed by ASEM.

Photo: M. Derbez (LISA).

Amas de microsuies carbonées et soufrées observé par MEAB.
Photo : M. Derbez (LISA).

From th e results of the study it is possib le to
affirm that the city of Tours is influenced by two main
so urces of pa rt ic le em ission s: a marine source

-marked by the cons iderable concentrations of Na,
Mg , CI a nd Smarine and an anthr op ic source
cha rac teri sed th e high levels of Sexcess and BC
measured on the site. It follows that the particu late
content of the atmosphere var ies as a function of the
contribution of one or the other of the said sources. It
is equally clear how meteorological cond itions play
an impo rtant role: with a depression in the south­
west sector , air masses that have stayed over the
Atlantic Ocean arrive at Tours, causing an increase
in the amount of marine particles in the air (halite or
po lyhalite crysta ls , either isolated or in agg lome­
rates). Co nversely , in th e absence of wind, with
stro ng atmospheric stability, in winter, and only in
strongly anticyclonic conditions, the amount of anthropic
pa rt ic le s inc reases. T he latt e r are compo sed
essentially of smal l isolated particles of ammonium
sulpha tes (pr incipa lly mascagn it e) , c luster s of
sulp ha ted car bo naceo us mi c rosoot emi tte d by
automobiles, which are responsible for the measured
levels of BC, and finally, a few fly-ash. Sulphate is also

POLLUTION ATMOSPHÉRIQUE W 177 - JANVIER-MARS 2003

associated with terrigenous or biogenic particles.

Thus, the importance of the amount of sulphate
particles in relation to other types of particles, as weil
as their dual origin, must be taken into consideration
in arder to determine the mechanism of formation of
the gypsum cement of the black crusts encountered on
the tuffeau and stained glass windows of the Saint­
Gatien Cathedral in Tours. However, the constant and
significative decrease of the amount of atmospheric
sulphur during the last decades leads probably to a
subsequent dec rease of sulphate particulates and
conseq uently to a decrease of the development of
gypseous black crusts.
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Figure 21.
Smooth hyper-ferriferous f1y ash observed by ASEM.

Photo: M. Derbez (LISA).

Cendre volante lisse hyperferrifère observée par MEAB.
Photo : M. Derbez (LISA).
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