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ABSTRACT

T'he Egxptian copper works at Hagar-It-N*atia east ofAlexandria produces High fluonde emissions which have been responsibre
for damage to vegetation in the area close to the plant.

This study attempted t. monitor gaseous and partiourate fluoride(F) tkough the use of indigenous prants as bioirrdicators and
bi oaccumu lators (rnonitors).

Foliage sampres were colrected &om dominanr tree specieslocated up to 3 km downwind from the smerter and, were;anaryzed after
washing for their- fluoride concentrations

Anrong the natil'e trees studied casuarina was the most efficient
bi*accurnulator of gaseous fruoride folrorved by eucafutuq *inorr- andficus. High fluoride revers which exceeded the normar background (lo pg
F/g) were confined to an area 0.5 km radius.

visible injury symptoms occurred on rerativery,seniitive specieq
rmtive euurlyptus rrees and curtivated gape r,"ines were among the mosr
sensitive species sampled.

Fluoride revels in vegetation and air desreased wrtth increasine
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distance frorn the smelter. Armospheric fluoride conceritratic)ns up to 0.g
pg F/m3 was recorded occasionJry n*, the smerter but r,:onc$rtration
generaliy mnged from 0 3-0.5 pg F/m3.

A temporal trerrd was also observed with botli gasi:ous fluoride
accumulaticn inside and particulate deposition on ttre sr.uface of the
foliage with a signifrcant decr"*ase in the summer (Jiune-July) and marked
increase in the fall (october-November). hdetecrolol;ical factors
influencing fluoride fansport and dispersion were discussexl as possible
causes for this paftern

Fluoride accumulation in soil was also monitored and was found
to depend on climatic variations.

It was concluded that casuarina and eucalyp,lu5 can trc considered
as good candidates in future biomonitoring efforts and that grapevines
should not be cultivated in the area in view of their high sensitivity to F.

INTRODUCTION

Fluoride is a relatively common and abundant element of the
earth's crust. It is present in soils as fluoride, and in minerals, such as
fluorspar, biotitg apatite, hornblend, and muscovite (usllpd 1916}.

Injury to vegetation has been one of the earliest mani{bstations of
air pollution. The most significant and sometimes devastating effects
were attributd to sulfur dioxide and fluoride ga$es {Hec.k & Brandt,
1976), Although Heck et al. (1973) ranked fluoride frfth in importance
after ozonq sulfur dioxide, oxidants other than ozone {peroryacyl
nitrates, nitrogen oxides) and pesticides with respect to the amount of
plant damage produced in the u.s.,\ fluoride problems have provided
more than their share of controversies and litigation tlroughout the world.
Fluoride is also the most phytotoxic of the common air pollutants and it
may cause uliury to susceptib_le species at atrnospheric concentrations as
low as I ppb or ca. 0.8 pgF/m3 (10 to 1000 tirnes lo,ner than those of the
other major pollutants) (weinsteiq 1977 andNAs, l97l). Furrhermore,
fluoride has one unique and important characteristic, it accumulates in
plant tiszues and ingestion can cause diseasss in herbivores (weinstein,
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1979).

Atrnospheric fluoride: reaches tihe plant in the form of a gar
particulate mafter or gaseous flunride adsorbed tc; particles (Murrav.
1982) T'he most ph1'totoxic and trcst s,tr.rdieclform of atmcrsphsric fluoride
is gaseous hydrogen fiuoride {HFi. Although silico'tetiafluoride {siF+)
and fluorosilicic acid flizsiF:) ma.l.' be evolved. atmospheric reactions
orobably convefi them to F{F before thel'reach the plant ,l.Bower1 19gg)
Particuiate materials form a large proportion of present<lay atmospheric
pollutants. F seems to be present in particulate matter as either a water-
soluble salt, such as sodium fluoride, or a water insoluble complex, such
as sodium aluminum fluorosilicate (cryolite) Insoluble forms of F ae
characteristically low in phytotoxicity, and soluble particulate fluorides are
of infrequent occurrence. Therefore, phytotoricity of atmospheric fluoride
is usualiy attributable to airborne gaseous HF (Murray, 19g21

Most developed countries in the world have acllnowledged the
seriousness of the bioenvironmental impact of pollutants such as fluoride
and set standards to protect the public and its welfare. The ,'National

Ambient Air Quality standards" (NAAes) and the "New Source
Performance Standards" (NSps), established by, the united States
Environmental Protection Agency (EpA) under the 'clean Air Act"
(1971) and their subsequent amendments, are examples of slch
precautions. However, such guidelines were not set for FIF in the
Egyptian Law of the Enrironment (Law 4/1994) and ttre prime Ministerial
Decree No.: 338/1995 The establishment of air quality,standards for
protection of vegetation and other living systerns di:pends on the
availability of zuitable information about the criteria of plant susceptibiliry-
to the air pollutant in question. Economical losses in yield and/or qualiq,
of our crops due to air pollution go often undetected exc€pt in few csses
n'here sorne monitoring was performed. Also, these losses can be seldom
related to one or more specific air pollutants with any degree of accuracy
and certainty.

Industrial processes which utilizes fluorine containing material
can be potential sources of atmospheric fluoride. tn the rnanufacture of
aluminurn alumina is dissolved in molten cryolite and reduced
electrolltically. Both cryotite and fluorite, which is also present in the
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Drocess, i:ontain fliroride aftii are aid*d r* l,.r..ver the bauir rnr;iting pointln the ei*etr*!1nrl eeii flu'rd*e is *voiveri in gases such as hydrogen
flucride (iiF.), cr a: pa-iliciilatas inaii€{ siich as fluoride sai;i.r; {trsEpd
i 976 and Pickering r; al, i 93gj

Th*' Eglptian ccpper l{'orr.s is situated ai Ha,garrir-Noatia in
the easr sector 

'i. rrie city *f A.ierandria. This indristri*l pla_rri has long
been -zuspecir# ar; a majr;r soui{x of ilI pr-riluiion fu the arsi The main
industrial acriviry is the i:.reiring or' crude aluminum blor;ks i't*o large
smelters ear:h wirh e 20-30 tons capacity. The smerters are ah:ernativeiy
operated on a ?4hr continuous basis and both cryolite [Na:.,AlFo) and
caicium fluoride {caFr) are used in the merting proc€ss (personal
oornmunications). owing to the fact thar no strict enuironmental control
rneasures are demanded or enfnrced, as yet by the Elgyptian [,aw for the
E'nvironment (1994) each ofthe 

',vo 
aluminu* ,*.it*i* poror,, onry a 25

rn high stack, which msans that the ga-seous piume fi-om the stack could
reach the ground at a distance of about 265 m frorn th,e srnerter according
to calculations using the 'nGaussian plume" equation and the lasquill
categories (Moore, 1977\.

The area sun-ouncring the piant supports a variety,of both native
and cultivated tree and crop species, in addition to halftr *t irt borders the
banks of El-Ma[rmoudia canar and ail the drainage cana:rs i'the area.

Field surveys are the most varuabre meams r:f periodicaily
assessing the status of veg,etation in an area *,here air pollution is a
potential or real matter of concern(Tonnerjck, rggg.,Migranego etar.,
1992; and Gimeno et al.,1995). The fierd suft-ey atternpts to answer the
question" Is air pollution a potential or real matter of concem in the study
area? or alternatively - Does this area have a significant air.pollution
problem?.

Many variabres affixt the design of a field survey. The type of
emission source {point, !rs6,, or area source), the natu,re of the pouutant
emitted {gaseous or aerosors etc.), the meteoroiogicrr and topographic
condition-c existing in ihe study zu'e4 and the fype of veg;etation (farmland,
forest, annual or perennial crops etc.) (Skelly el al., lgTg). The
establishrnent cf a nrcnitcring anii surveillance program for air pollution
can be a difrcr.ult aad costly operation as it often involves expensive
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instnir*enrad'on far philic.ar or chernicar anarysis c,f ai::. {Tonnei_ick &
Posthumus. iljE7l

Son:e p,:liutants, arnong which is fiuoride, ,Dan tle rnonitord by
altemare inethods such as the measurement of accumularion in plants oi
;rnircals or b-"- lisual &ssessin€ttt of plants knoram to be sensitive
{biomo;aitoring}. prants have been uni'ersaily usecr in fierd survevs to
deterrnine the er:isrence. the accumuiati.n and the phytotoricirv of
fluoricie both as indicators a'd as monltors around inclustrial sourc€s
(Laurence. 1982. o'cc,nnor & Horsman, r9g?; Dongrr et ar., l9g5;
Boive-'n. !988; Innes & Bosu'ell, 1990; vike & Habjorg t,ils, Klumpp el
sl , 7996' an'l Karoll i99s). An'indicatorprant;is-one, whicrr exhibits
c;iear-cu1 iryu,f s)'rnptorns when exposed to phyotoxic concentrations ofa specifir: p.llutant or polrutant mixture, while a rnonitior prant (a-rso
defined "'accumulator plant" in some literature) is a plant used for
*ualitati'* and quantiiative control of enr,ironmentai pollutants. Monitor
planrs could he either "passive monitors" {one that exists in the ecosystem
alreadl'1. or "acti',e monifors" (one that is introduced into the essystemJ
1,Anrdt" i982 and llianning. r99l) Those plantsarecharactenzed b1,
their ab'lin' to accumuiate the pollutant compound without changin_e its
chemical naiure 'b1' 

nietabolisrn, with the result that the pollutant mav be
analyzed in the plant material after some time by, phl,sical,chemical
methods. It is therefore possible wirh accumulator plants to both identifl
aird quantis a pollution trurden (amount accumurated.rperiod of
exposure). The use of prants as b;ioindicators andi biomonirors
(accumulators) has been thoroughly documented. Sel-eral reviews exist
on the subject (Mannig & Fedeq I9g0; posthumus., i9g2, Steubing &
Jager i982, and Tonneijck & posthumus, l9g7).

This study was prompted by the need for more rearistic and
nationally applicable guidelines for the existing and subsequently the
acceptable le'els of the arr pollutant fluoride in Egypt ones. which would
protecl our natural resources. It aimed to estabiish thror.rgh biological
monitoring, the relationship between the rlistribution and c:oncentrations
of fluoricie in the air, plants and soil, and fiuoride emission from a
stationary rndustrial source (the aruminum srneher). The invr:stigation had
the main objective to establish a complete biom.nitorinq network
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including monitoring sites positioned in the direction of the prevailing
winds and containing both native and cuitivated local spec,es to carry out
the following tasks:

a. To determine existing revels of fluoride in vegetation and ambient
air and soil in the area

b. To identify fluoride levels arising from the existing industriar
source of fluoride

To investigate temporal and spatial variations in ,vegetation fluoride
content and possible causal factors.

NL{T'ERIAL Al\D METHI0DS

l) THE STUDY AREA:
A) The topography:

The study area east of Arexandria is mainJy a flat region
dominated by the "El-Mahmoudia" canal and conLsists of both semi-rural
housing district on both banlis of the canal ancl cultivated land in ,'El-

Sabahia" region further to the south and to the south east.

B) The vegetation:
The natural vegetation of the region is varied. Apart from the

halfa, a coarse grass growing at the water edges, there are eucalyptus.
casuarina, ficus and willow trees of which some are spontaneous and
some are cultivated dispersively all over the study area. The region
located south and south east of the study area has, in addition to the
above native species, no other permanent vergetation of economic
significance, but consists of a very dynamic agricultural area part of this
cultivated land is the experimental farm of the.Faculty of'Agriculture,
Alexandria University. Two or three different crops are raised in this
region each year according to the tri-cycle rotation system in the area in
w'hich field and row crops are rotated with sod crop$ to maintain
productivity"

C) The climate:
The climatic characteristics of the area are lo*' rainfall and
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considerable seasonal and diurnal temperature changes, with sunshine
occurring throughout the year. The crimate is basicaily biseasonar, with
rvinter lasting from November to March and summer from May to
Septemb'er with short transitional periods intervening 

' 
Thre rainJaii occurs

iargely in the winter and consists of g - r 5 cm lnnuatty. The mean
monthly temperature in the area vary frc,m r4.1 zc in Ja.nuary to 29 9 cin July, and the mean monthry rerative, humidities vary fiom 60.9 in
January to 80.3 g'o in Jury (Meteororogicar Dept., r99l). wind direction
ma)' vary from a northwestern direction to a northeastern one especialll,
during winter m.nths. Nevertheless, the most frequent wind direction
recorded over the city of Alexandria tl'oughoui the year was the
northu'estern direction. prevailing winds have moderate speeds
throughout the year.

2) THE,{LUMINLTM SMELTER:
The "Egwtian copper works" in Hagar Er-No*tia is presentry,

the chief supplier of aruminum sheets to other companies Giant
aluminum blocks, which were previousry produced by erectrolytic
reduction from Bauxite (Arzo:), an aruminum oxide :imported from
Australia. at the "Aluminum reduction prant" in Nagaa Hammadyrupper
Eglpt, are melted in smelters for production of aluminr.rm sheets.

The aluniinum is dissorved in morten cryorire (Na3A.rF6) for the
electrolytic reduction. In addition to cryolite, the melt'5traily contains
calcium fluoride (caFz), which is used t. rower the merti'g point berow
1000 c. It is therefore to be expected that the gaseous emis,sions from the
aluminum smelter would include, in addition to carbon nronoxide (co)
and carbon dioxide (coz), silicon tetrafluoride (SiFa), hydrogen fluoride
(FIF) and particulate fluorides (weinstein et al,1990). Each ofthe two
smelters operating at Hager El-Noatia possesses a stack c,f 25 m height.
According to calculations using the "Gaussian plume" equation and the
Pasquill stability categories, the plume emanating from those stacks
would reach the ground level at a distance of about 265 m from the
smelter (Moore, lg77).
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3; T'l*E FI-[iOFeInE MONITOR.ING pROGRAtrf:
Ai Selection and distribution of the study sites;:

The desipn chosen fbr this study was the radial desien previoustry
descr"ibed by skelly et al. (1979) and Krupa and Kr:hur {i97oi for a
continuous point source {Figure l). The study sites werr: establistred
always on the southeast radial transect from the source *,hir:h according
to the meteorologicai data rqceived in 1991, is the dlri:ction of tire most
frequent wind blowing. Three preliminary monitorirrg sites u,ere selecred
to start the study in 1991. sites at distances of 1000.2000 and 3000 m
downwind from the source on the chosen transect were selerted in order
to offer the same type of permanent vegetation cover (trees mainly) and to
be truiy representative of the surrounding area.

The three monitoring sites in l99l were abandoned in the more
detailed study conducted in the 1992 season, owing to [he fact that
fluoride concentrations in vegetation samples recorded durirrg 1991 were
considerably lower than the anticipated fluoride leveis calculated on the
basis of the amount of FIF emitted from an alurninum smelter of such
capacity. Six new sites were established in l99z firllorving the results of
the Guassian calculation. The exact height of the sta.cks at the smelter
revealed that the maximum anticipated ground level o{'fluoride from the
plume of the smelter occurs at approxim ately 265 nn downwind in the sE
direction.

The monitoring sites selected were positioned at distances of
280, 300, 440, 500, 72a, 780 m downwind from the souroe. care was
given to selection of sites containing more than one of the pennanenr
vegetation species (trees mainly) under study whene.ver possible as well as
easy accessibility by major or minor roads. The site 3 km downwind was
treated as a control site in 1992 because very low fluoride concentrations
comparable to fluoride content of normal foliar tissue were recorded at
this site during 1991

B) Biological monitoring:
1- Sampling of indigenous tree species:

In the 1991 survey, t*o tree species v/ere used as passive
bioaccumulators of fluoride, Eucalyptus sp. and oasuarina
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i'ttl*trtg'lwmuw. In the case of eucal_vrptus, E. rrssirsta,vas ximerrnrr.!
substituted for I. citrirdora at sorne of the mrrruionng siies under studi.

'I 'Iohato
Co Corn

Gc Guala

G. Grape

A
I
o

L

Figure (l) A blow up map of the study area surrounding the aluminum
smelter showing the sampling sites during l99l and 1992
seasons.
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'fhe 1992 expenrnent included more plant speci es; Ficas nitida
and 'salix bch1.'lorica(rveeping willow) were usecl for sampling purposes
on the siles where they could be found.

Vegetation sampling was conducted on
the pericid from June to December in l99l and
in 1992.

a 'weelJy schedule during
from h{arch to December

At each sampling period, freestanding trees of the above species
were selected for sampling at each site so that there is unobstructed
exposure to the prevailing w'ind. Leaves were collected frorn each tree by
removing eight small branches representing the four quadrants above and
below a horizontal medial line and on both sides of a rertical medial line.
Leaves (branchJets in the case of casuarina) taken from the eight branches
(at least 3 from each) were combined to make orre single sample. Each
Ieaf sample from a tree consisted of no fewer than}4leavesandwas
considered to be representative of leaves of different ages and from both
sides of the tree, the side facing the prevailing win,C from the smelter and
the side away from it as recommended by weinstein er al. (1g90).

2- Analy'sis of, r'egetation samples:
It was previously reported that fluoride could exist in the plume

from an aluminum smelter in a gaseous form as hydrogen fluoride (FIF)
and silicon tetrafluoride (SiFa) or in a particulate fc,rrr,. Only the gaseous
form could be absorbed by the leaf tissue of a plant through the stomata.
consequently, particulate fluoride may accumulate on the leaf surface by
dry deposition. Therefore plant samples were washed in a very rr,lld (5%
v/v) solutior,r of triton x-100 in deionized water prior to the leaf analysis
in order to ensure a meaningful estimate of fluoridt: accumulation by leaf
tissue. on the other hand, the fluoride concenjration in the washing
solution was analyzed and recorded as an estimarte of the amount of
particulate fluoride deposited on leaves.

Plant leaves were washed briefly (30 sec) in the detergent
solution then rinsed in 3 changes of cieionized water. The rinsing solution
was changed three times and then pooled together, agitated thoroughly,
and a sample was measured for its fluoride content. The washed leaves
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\4iere air dried for 2-j h' then o'en-tiriecl in a forced air or,.en for r4_4g h.
at 80"c before they were ground in a stariniess steei rniil r'pass through a
4O-mesh sieve Fluoride in leaf tissues was detcrmined by the:
potentiometric method described bv Loclge il9g9t. usin5:;an ion selective
electrode (lSE model orion 9409 connecred to a digitai pH meter 0. j
gm of leaf samples were mixed with r 0 ml rISAB (Tot;r.l ionic Strength
Adjustment Buffer), reading were recordeci severar tirnres and averaged
over a 5 minutes period. F was calculated using a sodium fluoride
standard curve.

C) Air quality monitoring:
Air samples were collected using a vorume air samprer of 45

vmin capacity adjusted to draw one vmin air through a fluoride-absorbin_e
filter.

The filters were prepared by impregnating \ftatman firter paper
No 4 in a solution of 5oh (dv) of sodium bicarbonate. lt'he filter papers
were then oven dried for z4-4g hrs at gOoc and kepr in cilry polyethylene
bags until used (AOAC, l9g0)

Air sampling folrowed the same schedure of prant sampring on a
weekly basis. At each sampring occasion the air o,u, d.u*n through the
filter for 5 hrs; then the filter was dismounted and taken back to the lab
for analysis.

Analysis of air samples:

Filter papers were soaked in 5 mr of r/2-strength Totar Ionic
strength Adjustment Buffer (TISAB) for I hr before rorat fluoride was
determined using the potentiometric method (Lodge, l9S9)

D) Soil sampling and analysis:
soil samples were collected during the 1992 e>rperiment at all

sites on a monthly basis. Several subsamples were collected randomly
over a large area using a soil corer of 2 cm diameter. Subsamples
contained surface soil and soil up to a depth of 5 crn. T'he subsamples
were pooled together for each specific site to make a composite sample of
about ll2 kg. The composite samples were then dried in a {brced air oven
for 24-48 hrs at 80 c and pulverized in a mill. Aliquots (3-4) were taken
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fi.rn rxch sampra ai:d ;r'-.ar.,,zed for exlractabrc flu.ride by the
potentionretnc rne:iiorJ r.rsing an orjon {ruoride r;pecific ir;n erectrode as
reccrimend*d hv ilickenns El sl/.. I 9gg.

}TESLILTS AND DISCT]SSI0I,{

I . ![.g8ll.g$*Asuoricle in In d i gen o u s ptants:
T'he l99l rEroultorine qrograrn.

Tiuee prelinrinilry nronitoring sites were r;erected al this stage of
the sun'ev The sires were ail situated on the IiE downw-ind direction
frorn the :;rnelter at distances of 1000, 2000 and:i000 m. [t was evidentfrom the 7 monrhs monirorirrg effort (Figures z & 3), that fluoride
accumulation in both species of plants used as biomonilors (casuarina and
eucaly.ptus} w'as lower than the levels anticipated on the basis of fluoride
enrissicns from an aruminum smelter .f such capacity. Nevertheless
casuarina shorved a higher mean of fluoride accumulation (40 9114.1
fgltigllhan Eucalvptus (26 4+7 g pgF/g) at site 1000 mr.

;tt the twc other sites, 2000 and 3000 m, f: content of the foliage
-was nruch lcwer with means of l6 3+7.g and 6.911 3 prgF/g respecti"ely
for casuarina and 15 l*4 3 and 6.7+l.l pgFig fbr Eucalyptus. The
norrnai F concentration- which occurs in foliar tissues, was estimated to
he lC pgFig (ppm) or less (Vike & Habjorg, 1995) Accordingly,site
3000 m was considered at the end of the 1991-monitoring season to be a
control site for background levels of fluoride.

The conclusion drawn from this prelinrinary suryey was that high
levels of' flr.uoride accumulation in vegetation are confinecl to an area
u'ithin approximately I Km from the aluminum smelter. on the basis of
this deduction new study sites were selected for the r992-monitorins
pr0gram.

T'hj 1992 rnpnitoring proeram
In this phase ol' the study, (r n€w sites were selected on the SE

transect {28(1, 300,440, 500, 7?0 and 780 m) the porsition of ,,rrhich in

48-



r'.Feg{bflt, d S*vrr*a. ;iC :ii, I { Ig*9t.

s.p

hlonths

E il{x,-
E:0'J0

I ir;ltO

iune .luh, .4rrg
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ascumulator of ail species sampied Average F lerrels iin brilnchlet tissues
frorn casuarina trees over a l0 months period was 3.52.g j=136.3 pgFlg
dry rveight.. Eucalyptus and llcus accumulated less F than casuarina
(288 3 l8-5 2 zu:d 70.ii 1.i2. ] pgFig, respecii\/ely) as shown in Figures (4,
5, and 6). comparable ciata $'ere reporred by Harrisonr (19g3) with
poplar leaves at a 250 m distance from a phosphate-fertilizer plant.
However only eucal)?tus trees sho*'ed rnarked signs of flur:ride injury in
the form of tip and margins chlorosis and necrosis. This indicates that
eucalyptus was more sensitive to F than casuarina. This was rn agreement
u'ith the work of o'connor and Horsman ( 1992), and Bowen ( I 9gg). The
sensitivity of eucalyptus to F also explains the tower levels of F
accumulated by the leal,es (peterson, 1993) Thr: most tolerant species
are offen the most efficient accumularors of fluoride. The likely
explanation for this is that when the sensitive species are injured
(metabolically or physiologicaliy) by a given rcose of l', continued
absorption and accumulation are reduced. I\{ore,over, the threshold for
injury and the amount of accumulated F would be vastly different in
different species (Peterson, 1 993).

The data of the particulate fluoride presented in figu:res (7, g, and
9) as pgFfl of washing solution allows an approximaterestinration of the
amount of dry deposition of tluoride forms such as cryolite (Irtra3AlF6),
aluminum fluoride (AlF:), calcium fluoride (CaFr) and chiolite fNasA-l:F,o)
(N{urray, 1982). The deposition of particulate fluoride at this station
showed the same trend, as the accumulation of gaseous fluoride in the
foliar tissues of casuarina branchlets. More F was accumulated on the
surface ofthe green branchlets than any ofthe other species under study.

The superiority of casuarina as a bio-accunnurator may be in part
due to its morphology. casunrina spp. possess a \/ery abundant number
of needle-like branchlets, which allow for a greater surface area for
deposition as well as for gas exchange with the surrounding arr.

Dry F accumulation on the surface of casuarina branchlets
averaged 3615 +1317.s prgFn of washing solutio,noverthe l0months
rnonitoring period. Eucalyptus foliowed u.ith an average of z,2gl*375.4
pgF4. Ficus showed the least ability for surlace acc:umulation of F 1,359
t219.8 pgFA" willow trees could not be found for sampling at this site.

-50-



J.Pesr ConL & Envirtn. ScL 7 ( I ) { fggg).

lr tnn
I

lnrl

100

is t8{)

ld.;-10

ll,i00
t7720

ll ;311

lr4arc,h Apr Julv Aug
Months

Mar June s.p Nor kc

Figure (4): Fluoride content of casuarina branchlets (ps F/gr) collected at
different study sites in the vicinity of the alunLinum smerter
from March to December 1992.
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Figure (5) Fluoride content of eucalyptus leaves (pg F/d Alected;
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Figure (6). Fluoride content of ficus leaves (pg F/g) collerted at different
study sites in the vicinity of the aluminum smelter from March
to December 1992.
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Site 38S_.

Tliris site v,,as only partialiy in the downwinci direction. At this
distance &erii the smeiler. the only freestanding t!'ees were eucal)?tus at

30{i rn an'J f;cus at 34A nr. The trees were positi,onecl more towards the
soi:tll ihail the sc;i;rbeast transect. Consequently the content of the leaves
of both s{€sres; studied were considerably lower than those recorded at

site 28i! and lc some e)fienr e\€n lou'er than those: recrorde{l farther away
from rhe s*neher at sites 400 rn and 440 m (Figures 5 arrd 6). F content of
the leav'es ranged from 230 peF/g (Eucalyptus-May) to 29 pgF/g (Ficus-

June) with an average oi' 160.5 +34.4 and 50.i2*,14.6 pgF/gforboth
species reipectively. It is evident that eucalyptus was a significantly
superior accumulator of gaseous fluoride than ficus

Dry fluoride deposition at this site was als,o higher on eucalyptus
leaves than on ficus leaves (Figures 8 & 9). T'he amounts of fluoride
particulates on ficus leaves (75V.1t191.7 FgFn) were considerably lower
than those obsened at site 280 (1379 +224 9 pgF/l) as well as ar site 400
(1118.8 +149.3 FgF/l) lvhich is a more distant site from the smelter This
decrease in dry deposition may be due to the fact that ficus trees at this
site were a\yay from the general prevailing wind direction (SE).

However, eucaiyptus trees at 300 m did not show a similar decrease in
particulate fluoride levels (2152 *1121.9 pgFn) whe:n compared to the
280 and 400 sites (2646 +i 135 8 and 2068 +1079.3 pgF/lrespectively)

The onll'efect was that due to the distance from the smelter.

Site 440 :
All the species under study were sampled at this station. Ficus

leaves collected from trees at 400m distance in the SE direction were
considered a part of this site. Willow on the other hand could only be

sampled at this site and was absent at all other sites of the monitoring
program, therefore samples were collected from willow found at 400m
distance in addition to those samples taken from the actual monitoring
station at 440m.

Cazuarina accumulated the largest amount of gaseous F in the
range of 206.7 peFle (October) to 146 VgFlg (July). At this site, the
species arnnged in descending order in term of efficiency as gaseous F
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siation at 440in

{lasuar"ina accumuratd the iargest amount .fgitsecus F in the
range of 206 7 +rsr/e {{}crober) ro i46 irsFrg {Jury) r\t this site_ the
species zuranged in desccnding; arder ;n term of effic:ienc.v as gaseous F
accumulators were as forlo*,s casuarina, eucailptur;, wdrow trren ficuswith averages ol'177 I *lT.g. l65.l *32.9,gg.4*22.4,63 9*9 9 pgF/g
respectively {Figures 4, 5, 6 and 10) Willow teaves sarnpled at 4o'm
accumulated higher gaseoL,s F than those sampied ar 44om (.Fig. r0). This
decreas€ in F content of the plant tissues was a function ol.the increased
distance from the sourc€.

similar data were ohserved with particurate fruoride. casuarina
had also the highest surlace F dep.sition of ar the species rstudied at this
site (1168 i +l52gpgEL)(Figure 7)

It was e'ident from this snidy that ficus (Figures 6 and 9) wasthe least successfur of the tree species serected as bio-accumulators for
either gaseous or particurate fluoride This courd be due to the \L?r),
surface of the reaves, which in the case of particurate fluoride would, to
some enent, decrease the chances of particulare adsorbance onto the leaf
surlace and also makes gas exchange more difficurt. In add:itiorq it courd
increase desorbance and wash 

'ut 
of the accumurated particres from the

leaf surlace and thus allow for loss of accumurated fluoride
\\'illow on the other hand accumurated a fair amounl of

particulate F externally (Figure l li, The average of dry deposition was
1469 '*196.2 and nA7 +t,t I pgF/g for willow sampted rt +,lO and 440rn
distances in the SE transect respectively.

Sites 500. 720 and 780:
only casuarina and eucaryptus were existent al these sites. Data

presented i* Figures 4 & s show that F content ofthe tissues in both
species followed the same trend of accumulation obsened at the sites
nearer the smelter, with casuarina being the superior accumulator of
gaseous fluoride. concentrations of fluoride decreased with increasing
distance from the smelter. fu site 7g0 the levels of F in the ribliar tiss:esdid not exceed, but were actually rower than those recorded in the
previous season (1991) at I Km distance from the smelter and averaged
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Figure (10). Irluoride content of willow leaves
different study sites in the vicinity
fronr March to December IggZ.

(:pg Frlg) aollected ar

of ttre alunninum smelter

2ii00

150|i

i 00r,

50()

ti

l,larch AFr June Jull' Aug Srp Oct. Nor

llonths

Figure (ll). Fluoride concentration in the washing solutions ofwillow
leaves (pg F/litre) collected at difiFerent study' sites in the
vicinity of the aluminum smelter frorn hdarch to December
1992.
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distance casuarina branchleJs accumulated significantly higlrer F on their
sufaces than eucaliptus ieaves.

'fhe general spatiar trend of the sun'ey q,,as a decrease in
vegetation-fluoride levels with increasing distance from the aluminum
smelter. Gaseous fluoride accumulation was highest at site 2g0 m
follow'ed, in descending order, b1. the revels at sites 440, 300, 500, 720,
780' and 1{100 Levels at more distant sites were at or be'low the ttreshold
for aocumulation and rvere considered normal background levels
(o'connor & Horsman, 1982 and vike & Habjorg, l9g5). '\/egetation at
the sites situated to the south of the smerter showed lower F accumulation
than sites positioned in the sE direction (downu,ind direct;ion) since the
Nw was established as the direction of the most frequent wind prevailing
into the area according to the meteorological data obtained from the
Egyptian Meteorological Dept. (1991) This data supports rhe belief that
the most frequent dispersion of F in the plurne emitted fiom the aluminum
smelter occurs tolvards the southeast direction throughr:ut the year. The
highest fluoride levels in the form of particulate fluoride were also
recorded at the srre (280 m) dormu'ind from the smelter where the
maximum ground level from the plume was expected by calculations from
the "Gaussian Plume".

Gaseous as well as particulate fluoride accumulaled by all the
tree species under study at all sites followed a temporal trend of decreased
levels during the summer (June and July) and increase<! levels in the fall
(September, october and November). A correlation between this annual
trend of fluoride accumulation by vegetation and the annual fluctuation in
rvind speed and direction and other environmental factors could be
established

wind velocity is a major factor influencing the horizontal
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over the vegetarion in the doimwind direction (IJS-Epr\ 1976) The
reduction in winci speed during the monthofJune(4.i rrr/sec)andJuiy,
(.j 6 nl'sec) coincided u.ith a notieeabre decline, in vegetation-fluoride
lfl.els both within and on the external surfaces of'the lear,Bs. Converselv
the increase in u,ind r;elocity during the fall rnonttrs (5_6 nl,sec) was
concomitant wirh higher levels of both gaseous anti particulate fluoride
Sirular results were reported by o'connor and Florsrnan lll9g2), Bowen
i lqSB) and Vike & F{abjorg ( 1995) As wind grow stronger, fluoride
emissions ,are transporled faster and to greater clistances downwinci. ln
addition" higher wind speeds allow a grearer abitity ro cairT/ pafticulates
(El-shaziey, I 989 and El-shezley et al. ( I990). Siumrner clecline in foiiar
fluoride CIoncentrations could also be artributeci to restricted fluoride
uptake crused by stornatal closure due to the increased rates of
transpiration. A similar phenomenon was reported where summer water
deficits caused the stomata to close and subsequentlv related to a
restnctecJ f'luoride uptake (Bowen, 1988).

Another seasonal trend was observed udth rnost rree species at
most monitoring sites but was more evident and consistent with data
concening particulate fluoride than with gaseous fluoride levels. Levels
of extemal fluoride deposition recorded in the earl,y' spring, rnainly lvlarch.
and during December were usually below the annual average at any site
and with nrost species studied. It is a fact that monthlv means rainfall
increases markedly and gradually from Deoemtrer 1o February The
decrease in external fluoride levels may have been caused by rain washing
of particulates fluoride from the leaf surfaces. 'rhe low levels of
particulates recorded in March are easily explai:ned as a result ofthe
continuous wash out of sur:face fluoride by hear,y rains, which the area
receives during winter months. values of particulates fluoride
accumulation recorded during December were only slightly below average
probabiy because rainfall is at a minimum ,curing November and
December which causes only a partial wash down of dry deposition.

The above discussed temporal trends were true for casuarina
(Figure 7), eucalyptus (Figure 8) and uillow(Figure 1l) Ontheother
hand, ficus did not closely follows the same pattern.

Gaseous fluoride, was not consistently lower in March and
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Decembe:r, but deciine in F content of the rear,es at the rrnd ofthe raini.
rvinrer s{}ason couid be linked to rhe leaching out of absorueo nuoiJe
from fbli:ir tissues {Bowerl 19gS).

Jlala presented in Figure (r2) shou'the F c'ntent of sonne plant
species. 

"rriuch 
r,vere cuitivated in the area of'the alunrinum smelter at the

time of rhe sun'e], at differe't sites. Among the prant species sampred
grapes accumulated the gSeatest amount of gaseous F despiite the fact that
they were, located at site 400 m. The mean F content ofgrape leaves (z7r
pgFlg) lvas higher than the amount accumulated by casuarina amd
eucall,prus ar this site ( 1 77 .l and 166 9 ygFig) respective$.

Guava and remon sampred at site 2g0 accumur*ted 175.7 and
165.6 pgFig respectively', thus they were less eftcient th;*r casuarina oT
eucallptus but superior to willow and ficus. No compa.rison could be
draw'n for tomato and corn, which were both sampled 

"t.it. 3g0 because
tlrey existed for a short period of time only and could not be compared*ith tree species with perrnanent leaf cover which c*urd absorb F
throughout the year.

Grape (at site 400) and gua'a (at site 2g0) reaves showed similar
rates ol exrernal deposition of particulate F (33a3 3 anrj 3g75 pgf/l
respectively) to casuarina. Lemon (at site 280) on the other hand shor+.ed
lower dry F deposition (zg4r 7 pgFD as was recorded with eucaryprus
The same temporal trends observed with the native tree species discussed
above were followed by the cultivated species. Gaseous as well as
particulate fluoride accumulation in and on the leaves showed a marlied
declined in July (Summer) and a significant increase irn September,
october and November (Figures 12 and 13) rn additiorr, dry fluoride
deposition decreased considerably in December as a cornsequence of
rainfall

The results of the air sampring are summarized i'Figure (14).
From these data a temporar variation in gaseous fluoride in the air can be
established showing increased levels in the fall months (october,
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November and Decernber) and decreased levels in the summer months
mainly in June and July. This annual f'luctuation in F r;oncentration in the
air u,as in agreement rvith the temporal trends obse,rvecl witxr fluoride

fffirgo c;a," 
'

'W :g0 Lemon

ir: +oo Grape
rL.] J6u I omato

S_,lq lqy _,

Sep Oct

]\Iontlr-s

Fi-uure (l?): Fiuoride contents o{. leafsamples fieimtlifferent plants (pg
F/g) collected at different study sites in the vicinity of the
aluminum smelter from March to December lgg2.

lm-zto cu-a*_]
je zao Lemon i

rlJ 400 Grape

itr 380 Tomato
iE 380 Corn

S.p Oct.
N{ont}r-s

Figure (13): Fluoride concentration in the washin,g so.lutions of different
plants (pg F/litre) collected at diffenent study sites in rhe
vicinity of the aluminum smelter from March to December
1992.
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contents of the reaf tissues of biomonitoring tree species, prelious!'
reponed. It can also be ascribed to annual variatic,ns kr meteorological
faclors such as wind speed ancr armosprreric stability and r*ixperarure.

wind speed is concerned mainil'with the horizoniral movement of
the air containin-s the pollutant. and thus afTbcts the horizcrntai tlispersigr
of the pollutant l-ower values in wind spee<i are nonnalS recorded in the
sununer. Frorn table tr wind'elocit\, values were 4. lniisec. fbr June and
.1.6 m/se:c for Juh" coriversely', higher *,ind speedr; are obsened Ln fali
months (5-6 rn/sec.i. The reduction in rvind

velocity in the sr:mmer coincided u'ith decear;ed L,:r,els of F rn the
air 'l'tus could be sirnplS' expiained as a result of decrease<i horizontai
dispersirin and transport of qaseous fluoride from the source over the
study area. In the fall, stronger horizontal movenrent of the arr results in
higher levels of gaseous fruoride (Harrison, 19g3).Atmospheric stability is
also a Very impcrtant factor affecting vertical mixing and vt:rtica! pollution
dispersio'. A good deat of the armospheric turbulence is associated with
thermal lurbulence. in which mixing is enhanced due to remperature
r.anations berween different altitudes (US_EP{ 1976)

fhe seasonal change in temperature affects the rate of vertical
mixin-e and dispersion of a polrutant. In summer months ,when the sun is
shining, the surface of the earth is warmed effectively. This heat is then
transfen'ed by conduction to the atmosphere near rhe ground. increasing
the air temperature as a resuit. This warmer, less dense air:.then rises and
the cooler, denser air of the upper atmosphere descends Any pollutant
emitted into the air under these conditions is caught in this vertical rriring
and dispersed rather rapidly. The result of the convectively unstable air in
summer months (June, July) was in fact concomitant with low levels ol.
gaseous F in the air (Figure l4). on the other hand. the starbility.of the air
prevailing in {bll months due to the cooled weather resulted in more
convectively stable air conditions causing less vertical n.rixing and less
dispersion and thus higher levers of gaseous fluoride in the air (De
Temmerman et al., I 936).

4-Monitoring Fluoride in the Soil:
The background values for F in the soil (1445 pgF,g) within the
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regicln where the smelter is located w.ere compararrle t' normal leveis
founrj b'y other investigators (Polomaski el al.,l9g2and Fuhler, etal..
ie82).

T'he le'ers of Iruoride in soir sampres colrrscted at 4 of the survey
sites iFigr-rre l5) shovoed an inverse relationship with distance from theaiu*inurn smerrer in the direction of the pr.uuiling winds. Fruoride
conc:enrrarions in rhe soii corl.ecte<J at site 320 (r2.3 ipgFls) were lower
than those coliected at a further site frorn the industriur pLt (rg5pgF/g at
sire 400.) ,4\s preriousry mentioned, site 300 was pa.tiity shifted frorn the
SE direction and positioned more towards the S dir,ectiorq in that case less
atmospheric deposition of particulate fluoride wo,uld be expected at this
site.A tempcral trend crruld be observed from these data. I::luoride levels
in soil samples colrected duri'g the fall and early winter: (september_
December) were the highest recorded data througfout the study period,
'ivhereas values for June were rower than uur.r!.. This pattern was
similar to the temporar pattern of fluoride revers in uegetation previousry
discussed. The amount of totar fluoride in soir is m,aiiy a funciion of dry
deposition of F particulates carried by the air from the smelter (t{unay,
1982). The high wind velocities which canbeessociaredwiththefall
season cause higher amount of suspended F particuilates to be transported
downrvind over the area (El-Shazery,l9g9 and Er-Shazrey et ar.,r990),
allowing for more dry deposition on the soil surface. Thginverse is true
for the summer season u'hen the lowest wind speed varues are usuaily
recorded. Another significant source of soil fluoride is the wet deposition
of particulates as well as gaseous fluoride which can be ascribed to the
rainfall washing both forrns of F from the air (Murray, lggz) and also the
accumulated particulate fluoride from plant leaf surlhce. Ircreases in soil
fluoride due to wet deposition were noticed i' the present survey
especially during December when the rainy season beginsand the month
of March which marks the end of the rainy season in Eglpt. 'rhe fact that
those two temporal increases in fluoride concentration in soit coincided
with a drop in the accumulation of particulate fluoride on the leaf surfaces
of all the plant species under study, further supports the idea that wet
deposition is an important factor in increasing soil F l,evels.
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A nrajor inpur of F into the soi! may result fi.om decaying plant

tissues (mairrily leav'esi which contained elevated fluoriele concentrations
as a resuit cf uptake fi"orn the atmosphere Fluoride may pass into the soil
following leaf abscission laliout riecay and incorporation :into the soil.
How'ever. this source of soil F v;as not very likellr in our survey. Tree
species found in the siudl' area were rnostly evergreens, which lose their
lear,es very graduaiiy and at a very slow rare tliroug;hout the vear, unlike
the deciduous trees which shed all of their leavesr at the end of the fall
season and which are native in colder and temperate c:lima.tes.

CONCLUSION

The fluoride concentration reported in this study were generally
in agreement with earlier reports in other studies of fluoride in vegetation,
air and soilin similarly polluted area in larious parts of the world.

This study shows that the present survey design, involving
sampling of vegetation within a I Km radius around the smelter is
adequate in'v'iew of the dispersion of the plunre &orrithe smelter's stacks.
However, a few more sites are needed in the upwind directicln from the
smelter to allo*'the measurement of fluoride in the air monitoring into the
study area and in vegetation not subjected to plume exposure For reasons

of comparisons. Also this could rule out or corrfirm the existence of
another source of fluoride pollution to the area.

Casuarina and eucalyptus are highly recommended candidates for
additional biomonitoring efforts in the area. Ficus anclwillow on the other
hand, could be sampled in only a few sites and are less successful

biomonitors than casuarina or eucalyptus. Therefore., they' could be

eliminated from any future-sun'eylng program rvithout reducing its
effectiveness.

Grape in the area was damaged badly and surffered losses in yield
and growth. It is our re{ommendation that grape should not be cultivated
in the area in the vicinity of the smelter and that other crops shr:wing high
tolerance to fluoride injury should be considered.
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