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IIlRTRflCETH - f'J~ J\IR[lOPJ'IE GEOCIIEf.iIC,\L EXPLORATIO:I TECHrHQUE 

ABSTRJ\CT 

The AIRTRflCE system is a new airborne geochemical technique 
for collecting and analysing atr.:ospheri c parti culi!te n:ateri a.l 
and relating this to the underlying geology and seocher.1istry. 
The technique depends upon the existence in the at[Dsphere 
of a dispersion of particulate material which covers a 
broad range of particle sizes. The coarser ",aterial above 
10 erlcrons diameter tends to be localized to such an extent 
that if this size fraction is used the effects of r::an-r.:ade 
pollution are not a problem in most exploration areas. In 
temperate and tropical regions vegetation is a pri~e source 
(If the particulates utilized in the system and labor3tory 
research with radioactive tracers as well as field surveys 
has demonstrated the i~:portant role played by vE£2tation in 
releasing particulates carrying heavy me~als and other trace 
elements. 

Special techniques have been developed for separating 
particulates of local derivation from th~ general ar.:bient· 
background by specifically isolating the material in rising 
therlilal pluffies. Good results have been obtained in test 
surveys over orebodies covered ,by glacial overburden and 
heavy vegetation. Elements detected include Cu, Zn. Ili, r'ln, 
Fe, Cr, Cd, Al, ";9, Ca, Ti, Si and C. Techniques for rr.easur-
1n9 uranium are under development. Tests have also been 
carried out over an oil and oas field and it has been de~on
strated that airborne anor.1alies cOI'respond I-lith the location 
of the field as well as surface rock and soil ano~alies in 
carbon isotopes and manganese. The equipment is being flm~n 
both in hel icopters and fixed I~ing aircraft. 

lNTRODUCTI ON 

In the conventional approach to geochemical exploration saffiples of soil, stream sedi~ents. 
rocks or pltmt material are gathered on a reconnaissance basis or on a close grid in order to 

. determine the regional or detailed distribut'ion patterns of minel'alizetion. The rcethods of 
sampl ing and ana lys; s have been s tudi ed over a peri od of rr.ore than 25 yea rs a'nd ha ve 1 ed to 
the establish~ent of geochemical exploration as a prime mineral exploration method (Hawkes 
and Webb 1962; Levenson 1974). Con~iderable research has also been carried out i~ hydro
carbon geochemistry, hm-!ever the techniques of geochenical exploration for oil and gas appear 
to have found widespread application only in Russia (Kartsev 1954). 

In the Hork reported in this paper investigations have been wade of the use of atrr.ospheric 
- particulate geochemistry as an exploration tool for both r..inerals and hydrocuDons, v:ith the 

aim of suppleu.enting ground geochemical n:ethods and providing techniql;2s fo)' 10-,'/ cost, large 
scale airborne reconnaissance. 

/1..'1 early proponent of the use of atmospheric particulates for airborne geochemical applica
tions lias l1eiss (~:eiss 1%7 l'.~. °atent). -I.~::iss initiall'l er')lo"('c ('. "11 t.el· re~~oj ~or 
sllckil1~1 in ail' and. an X":l'ay anillyticill technique for analysing pul,ticles on the filters. Sub
sequently he hilS lIsed a systen~ of to'.-:ed filan~ents that are dl'agccc! thiouqh the air in ol'der to 
collect particles on their surfaces. These filan-cnts arc pcriodicell:.' Hiped ilnd the f.laterial 
subscquently.)nalysed. \-.'ciss hilS ,'('ferred to the iltr.:o~,pheric ilerosols as containing mineral 
particlcs and has stilted th.1t tlte r~ethod is not applicable I~here the terrain is covered by 
heavy vegctiltion (}!eiss 1971). 

In the pl'cst'nt invcstigillion5 ,)ttenlots hav!"! been t'<Hlc to develop ne'li particle collection 
h~chniqllt-~, O",t are cap~blc of sepMatill9 and collecting particlcs that lI,we riscf) frcJlII lInder
lyin~1 ten-'1in and rcj(;ctin~ p;!)'ticlcs that have tr.)Vcllc:d suo5tanlial (:istarlccs laterally. 



Jnvcstigations have also been carried out on the contribution of vegetation to the generation 
Clf mCilningful geochemicill responses in the atmosphel'e llnd in addition there hils been substantial 
analytical chemicill reseilrch to develop app,'orriate n:ethods for USC· in atmospheric geocher~istry. 

SOURCES OF AHIOSPHERIC PflRTICULI\TES ArID AEROSOLS 

The sources of atmospheric particulntcs nnd aerosols nrc both man-made (anthl'opogenic) and 
natural, the fonr.er being a source of interference in nirbon1e geochcmical studies. Anthro
pogenic pollutant sources associated l'lith urban and industriill areas senel'ate very hieh 
loadings of atmospheric pa,'ticulates, thc effects of I:hich tend to be localized in Lh~ giant 
particle sizes (plus 10 rilicron), but can carry great distances under sor·.e ftleteor01o'liCil1 
conditions in the srr.all pal'ticle size rilnge. In urban environments the mean residence tifi'e 
in the atn:osphere of sub-r.:icron particle5 in the absence of precipitation is in the oreer of 
lOa to 1000 hours \-Ihel'eas particles in the range of 1 to 10 microns have residence t.ir,es on 
the order of 10 to 100 hours (Esmen and Corn 1971). Pollutant particles of greater th~n 
10 microns diarr.eter I·,ill therefore have rr.ean ,'esidence tir.:es of less than 10 hours anG \·:i11 
be generally localized to the vicinity of urban and industrial areas. Studies of easily 
recognized carbon and flyash spherules over the Nort.h I\tlantic, conf~rm that these pollutant 
particles do not exceed 6 microns i,l diameter over open ocean and reach larger sizes in only 
a very small percentage of the total mass of particulates in ocean areas close to pollutant 

• sources such as the Bay of I.',oine (Parkin, Phillips and Sullivan 1970). It has been estin'ilted 
that the n:ean residence tir.:e of particles in the 10':le,' t:"oposphere is about four days (?oet, 
Moore and !-lartell 1972) and it is thel'efore cleal' that in the absence of p,"ec"ipi tati 0:1 there 
can be \·;idespread migration of the mean particulate burden over distances that can on 
occasion a~ount to hundreds of miles or more. The fine particle component is the fraction 
that migrates and it is this fraction \"Ihich contains the highest concentl"ation of trace 
metals (Lee, Patterson and ~agman 1967). Approximately 45% of the mass of particles in 
non-urban air close to the ground lies in the ?ize range above 10 microns diar..eter (Noll 
and pnat 1971) and it is essential to consider only this size range if the effects of urban 
and industrial pollution are to be minimized vlnen studying the atmospheric geochemistry of 
non-urban areas." 

The 'existence of high concentrations of heavy metals in atffiospheric particulates is observed 
even in regions rell.ote from civilization (Rahn and I~inchester 1971) and this is frequl:ntly 
cited as evidence of an all pervading influence of anthropogenic pollution. HO'o'ieVel', the 
presence of high concentrations of heavy metals in atw.ospheric particulates is by no n:eilrlS 
a proven indicator of the influence of pollution, since it has been found that particulates 
rich in heavy n:etals can be released fror.1 vegetation by a phenorr.ena that parallels the 
release of \'Iater by tr'anspi,'ation (Bal'ber, Beauford and' Carringer 1975). Once again the 
effects' of large scale migl'ation of particulates from vegetation sources can be r.1inimized 
by considering only particles of greater than 10 mic,'ons diameter. The release of heavy 
ll~eta1s from vegetation and particle localization \,1111 be dealt V1ith in greater detail lat.er. 

Mditi ona 1 natul'a 1 terres tri a 1 sources of part; cul ates and aerosol s incl ude the \·:eatheri ng 
Qf geological materials to produce soil particulates at the surface; the effects of wind 
erosion (flilst and Ilid:ola 1959); the formation of aerosol particulates deriyed from 
naturally occurring hydrocarbons produced by plants (l'!ent 1964; 1967); the generation of 
condensation aeros01s by 110::-,ogeneous gas reactions (Halte,' 1973); the formation of condensa
tion nuclei by evapo,'ation p,'ocesses in ·senii-al'id terrains (TI>/omey 1960) and the p,"oduction 
Qf organic particulate material by the decay, bio-degradation and ~,eatllCring of plant 
material. 

The oceans al$o provide a si~nificant source of particu)1It.es in the atmosphere. Ocean 
dedvcd pal'ticulates arc ge:lerated hy dehydration of \-lind blu.·m spri\y and the bursting of 
ai r bubbles ent ,'ai ned by \-lilVc acti on or rid n (i'!oodcock and Giffonl 1949; fi 1 ancha I'd ilnd 
Woodcock 1957; Junge 1972). Particulates of marine origin can contain up to 20~ of organic 
carbon (Hoffl::an and Duce 1971i) and in sor.le areas can conL1Iin even higher pc,'cenlil~es of 
(,r!lilldc Illiltel'ial. This i\nor~.:dollsly hi~;h concentralion of orgunic substances in Ii".il"ine 
particles is del'ivcd from tht' or9i1nic lilyer on the ocean sud ace (Gilrrelt 1%7; [largel' and 
Garrett 1970). Aerosols ~;Clleriltcd hy bu,'sting bubbles (Il'e cOilledl·,ith the ol"ganic "'uterial 
(Illanchard 1%3; 1964; )9G~i 1972; Garrett 1967; Hil1i,11lls 1967). flicro-Ol"<Jilllisr.iS can also 
he injected into llle atl::osphol'e frolJl the ocelln surface by the hubhle bUl'stin~J n-echilnisr:l 
(Carlucci ilnd 1';11i,11::5 l%S; nlilncl1,lnl nne! Syzdek 197?) and airllorne I.lilrinp. IltiCl'0-or9anislOs 
,,(lvt' heen (1b~,ervcd by the illltho," "lid his C0l1C,1guCS iI~ 1'1C11 uS others (ZoBell. Clllude ilnd 
/'!ilth('1'I5 19:{9; $lcvenwn ilnd Collier 19G2). 
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r.ElEM[ OF IlEf,'1Y r·nfllS W Pf,rmCUl!,u: rom·\ FRat·! l1I1TURI\l SU?FIICES 

lhe trallsfer of clemcnts into the atr.:lJsrherc from vegetation is of Sp~ciill int.crest in relation 
to the "pp l'j Cil t ion 0 f a tr.;os?he l"i c 9~ochcmi CiJ 1 r.l~ thOG~ i n ve~e tc: tcd terra in. rOV0::1Cn t 0 f 
elerrents into th(' illl~osphere fro;.) ccnifcrolls tree; hils b(;ell studied (Curtin. King and :.;o:;icr 
1974) Mel it has been sU9Sestcd that volatile exud,ltes arc th~ c(llTi~r. It hilS also b::-en 
sU!Jgest£d that a<:!ro:;ols o:<:y be for;::·:-d subse=luently by aggloc:cl'atio:1 processes fro:n the 
volatile~ and that they could be used fOl' geoc.hcnic(l.l si!~~;:>ling purpO$Cs. R(:cent \'lod: 
hO:'lever l'lith li!boratorY' pli!nts using radioilcti'lc zinc 65 and lead 2l() as tracel'S in the p12nt 
nutrients has indicated that the ini tial rclc<lse taf:es place in p~rtictJl(1te fonn (Seat:ford 
Barber and Carringer 1975). SC~le of this Hork. as y::-t unpublished, hi!s sho'o';:1 th~t PJrticuiate5 
in swan laboratory plants ere relec.sed do~;in2ntly in the SUb-r.liuon ranse, H';:I<'v~r'. in the 
natural cnvironn:ent p~rtic12:; lcDellcd \'lith rccJiouctive tracers c"n be relctised thl'ouch i! 

size rilll~e that is collected throush all Stc~2S of c Gulti-sta<;2 particles ir.:P2.ctor'. - it is 
'of particular significance to the pt"cscnt study to note that rcdiocctively labelL:J particles 
in size ranges up to at least as large as 10 microns in dia~eter ccn be released under free 
convection even in the absence of any \·;ind. 

lhe release of rcdioactive ~aterials from vesetation that has been sprayed with a solutio:1 
containing Strontiuf.1 89 hes been reported end it has been sho· .. 1ll that there is a steady loss of 

. radioactivity to the atms?here (t·!oarby and Squire 1953). It Has su~sested that the relecse 
might be taking place during the shecding of cuticular I';cxes but the \'/olrk \'les not continued 
by Noorby and Squire to verify this concept. Cuticular \-Iaxes abound on tile leaves of ",ost 
plants in the form of sr.:all :'/cx platelets \';hich provide the leaves \1ith a \·:ater shedding 
surface. These platelets are co;.tin!1ously relecsed by abrasio,n and the rubbing of lccves 
against each other, and in r.,any instances are able to rene\·; ther;selves (Eglinton end . 
Handlton 1967; Hartin and Juniper 1970). The use of various solvents en particulates that 
have been released from vegetation," clearly indicates that they cct"ry only a s~all Hax 
content and an analysis of the solvent extracts also shows that the wexes do not appecr 

·to be the major carrier of r.:etals. 

ln considering the ~echanis",s of ele"-ental release from plant surfaces it is important to 
note that such surfaces c.:;:tain salts th<!t can be readily leeched cut by rain or ce°(/ (LeClerc 
and Breazeale 1908; Long, 5";el1 and Tui:ey 1955; Clep2nt, Jones end HopiJer 1971). !·jhereas 
[;lost studies are concerned \'lith the leac.hing of Major elef'!ents Sl!<:h as K, :13 and Cl, the 
\-Triter and his colleagues have confirr.~ed (to be pu~iished) that the heC'"vy r.:etal t:'ace elc:r.ents 
such as copper, lead and zinc may also be leached fro;.; the surface of lecves \·:ith sir.ulatec! 
(\c\'T or rain. It seer;.s highly probcble that the deposition of ele:;:ents et the surfcce of leaves 
is re1cted to the trcnspirctien process in \'ihich soil solutions carrying dissolVed salts are 
taken up by the plcnt roots, but the evapol'ation from the leaf surfaces is confined to the 
release of essentially pUl'e Ilcter. SO .. :2 of the SilltS in up:'lard c1gration througll the p1ant 
ilre utilized in the r.orl':3.1 r:.etabolic processes of the plant, howcver certain ele:::ents Ray be 
enriched in the vicinity of the leaf surfaces. 

1\ prelir.linary ~tudy is being carried out lIsing ne\·;1y available equipr;ent on the distributio'ns 
of )9 ele~ents in soils, plants and vegetative particulates en two sites in the Bancroft area 
of Ontario, Canada. The region is on2 of pre-Ccr.-:bricn scoloSl)' and one of the sites carries 
pegrr:iltitic uranium 8ineralization \·:hile the otiler has only background values in urcniuf.1. 
Jlnalyses of the A and r, zone soils, bark, necdles and b,"a:1ches of cGr:ifers and cecicuau5 
trees \'lel'C studipcl as He11'as the particulates generated by this veg2tction, Pal'ticulates 
were saf11pled by filling lal'se plastic bags l'lith vegetation r.aterial end collecting the 
pal,ticulate r.!ilterial releJsec by csitating the begs. HiS~ volIJ:;e suction si:lT.pling 172thods Here 
used c;~tJloying a sr.ial1 cyclone th::reby providing sufficient r~Jterial for pt'ccision r::u1ti-
clement analysis. . 

Results are shol'/n in Table 1 and indicate certain 'interesting features. For example the 
c:oncentt,,,tion of r.1ar.y eler.:ents in th~ particulates relea5ed froi:: brcnches and needles is 
c:o£i1pill"able Ilith the concentration of these rler-cnts in soil. HO'o'/.:!v2r. in the cast! of Fe. (\1, 
li and U these ele;;:ents are substt!ntic:lly deplet!:o in the pl~r.ts \'lith respect to the soil 
c:ollcentratioOls but the pilrticulotes released by the olants fn ~2!1:!1°,~1 an~ enrichcd in 
c:o:ili><ll"isOIl llith the pl(lnt cOr'.centrations. It se:;;:;s as if the \'~s0tiltion r.:ini:r.i::cs th:- upt<~!:e 
of these cle;::0nts i:nd ilt tilt! 5(1;:"(' tir.:e lends to fllrth2r clil::inllte thi!l;l by shedding enrici:cd 
pilrlicuL~tcs. lhesc cl('I:'2nts LC'lc1ng to t.he n0:1-bi(l~!2nic cl~5s U:i:!t occupy il cet"tilin t"eslrictcd 
area in t: ionic r,l<iills/ionic d:i\r<jc diilg,'illIl (Hutchinson 1'J t,3; r.rl1o;;s 1972). 

It \·;)11 illso be ohsC'l"\'ccI tlut ur<lnit:/:1 r.linerilli7;:tion is r:>orc ioeadily c!~tected in the pc1,~ticuli\te 
fi,i)teri~l lhan in the V{}~0t"tion froi:' \lllich it is derived. 
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, TAi3LE I 

ANALVStS O~ SOILS. PLANTS AND VEGETATIVE PARTICULATES 
(Figures quoted ar'c p<:rts per million dry weigl1t) 

SAt·1PlE SHe: 1 - Ui\~"HUM AN011,AlY 

Zn Ni Cr Co Cy Ag, 1'10 Hn Fe* Sr Cil' ~~g K Nil. A1* Ti* ? 

9.4 84.2 13.7 64~1 5.5 9.7 1.6 19.7 250 32290 11.1 1695 16a9 2000 353.7 1089G 1500.S 472.5 

1.1* 

4.S 
12.5 52.5 5.9 74.3 7.6 7.9 1.6 27.5 134 43552 5.5 727 1431, 2800 375.0 13572 1932.7 503.8 13.5 

0.9 45.9 6;0 6.6 NO 5.0 NO ~O 288 102 17.4 543'7 396 ' 1200 ~D 0.3 310.7 < .1 
2.9 35.9 7.3 ND 3.9 3.2 1.~ 3.0 176 119 8.7 2746 254 1200 122.2 

109 

77 ~D 205.3 <.1 

1.5 74.1 24.2 56.~ 1.3 3.2 O.S 3.3 716 314 30.2 10159 768 2800 149.1 199 3.4 600.0 

8.0 66.1 18.4 13.6 4.4 22.6 4.6 4.3 61 1643 5.0 532 j2S 800 108.0 605 32.0 382.4 
0.1 

0.6 

4.1 122.4 5.6 7.3 1.1' 11.1 1.1 3.9 173 476 47.5 10BG5 435 3200 207.4 308 24.6 305.3 0.2 

0.4 126.S NO 9.2 9.6 4.1 3.2 7.7 112' 297 34.3 B169 474 3600 11.4 913 0.3 206.1, <.1 

1.8 58.9 37.1 71.2 6.2 2.3 2.1 

14.4 105.1 NO 19.5 a.7 25.S 3.4 

2.5 79.S 'S.S 7.3 2.1 7.0 1.0 

4.7 92 

5.9' 117 

2.0 737 

2.0 70.5 NO 21.8' '6.6 11.1 1.9 6.3 ~33 

204 12.0 2983 184 1200 130.7 ND 

929 23.3 6340 392 2400 137.8 469 

195 29.1 8804 1157 2400 a1.0 135 

NO 127.5 

lS.5 282.4 

1.723G.S 

723 27.7 7595 940 2800 44.0 405 29.3 287.0 

,. SAt·1P.LE SITE 2 - BACKGROUND SITE. 

, ~Cd Zn Hi Cr Co Cu Ag ~\o t"n Fe* Sr Ca Hg K Na A1 * Ti p 

3.S 35.2 8.5 29.6 3.9 ,4.1 1.0, 7.3' 134 12445 8.5 14~3 1G85 1600 349.0 7056 809.1 332.4 

4.3 35.2 16.2 51.4' 4.6 3.0 o.a B.9 190 13944 '7.G 1158 15913 2000 240.1 B436 8Ga.7 358.8 

1.6 1,8.9 NO· ND NO 4.7 NO 2.4 190 

2.13 %.0 5.4 3.3 1.8 5.0 0.4 2.2' 223 

0.9 33.8 NO NO 3.2 2.9 1.6 10.1 261 

136 25.5 5938 442 1GOO ~~ 173 1.0 2%.9 

167 27.9 6GOO 464 1600 76.7 186 10.4 304.6 

76 10.1 4507 525 2400 39.0 135 ~~ 273.6 

13.7 65.-1 12.7 12.6 . 0.5 1\3.5 2.7 2.0 59 1607 G.6 702 ~60 NO 1~~.9 901 130.4 526.7 

4.0 51.0 10.5 7.3 3.4 12.0 2.6 5.5 
I' 

0.6 40.2 ND 9.2 7.1 4~7 2.1 7.7 

,1.6 15.1 10.9 NO 

15.6 1,13.7 3.9 22.5 

3.2 02.0 ?G NO 

4.2 61.0 i2.4 49.3 

7.(3 1\.1 2.G I' 6.7 

9.0 15.2 

3.2 5.9 

7.9 12.0 

3.e! 
1.6 i 
2.71 

8.3 

1\.5 

0.3 

01 

90 

17 

GO 

653 

22G 

451 72.4 l!i707 3ltl 1,000 71.0 302 

221 97.1 18027 367 5600 2.8 167 

B.O 229.0 

3.0 1i7.1 

ND G.2 800 

937 2-1.2 1\784 

102 30.5 951\3 

4154 23.0 4370 

69 1200 161. 9 t:n -1.4 94.7 

31\2 21\00 (,2.5 411 23.2 195.1, 

1059 2000 27:>. G 77 1..7 232.6 

1212 2800 133.5 1979 21,3.2 no.:! 

<.1 

1.6 

<.1 

0.8 

U· 

0.4 

<.2 

<.1 

<.l 

<.2 

0.3 

0.2 

0.1 

<.2 

0.4 

<' , .. 
: 0.1. 



A further example of this phenomena Has noted in some tests over a sr.lall deposit of massive 
sulphides carrying copper and zinc in the Pre-Can:brian shield of I·:~nitoba. There \'las a 
~lOclerate geochemical anor.:aly in the soils, but conventional bio-geochemistl"y for copper and 
2inc in the vegetation 9ave no indication of the ,lnomaly ~/hile tllel"e Has positive indication 
in particulates released from vegetation collected in large plastic bags. Furlherstudies 
are continuing to guttier r.:ore ca~e histories on the relationship betl',een element concentrations 
in soil and vegetation and the particulates released by that vegetation.' 

The role of vegetation is likely to be a very significant factor in any approach to airborne 
geochemistry, since plant surfaces cover an area OIany tim2s their area as seen on an a~rial 
photograph. Even in sparsely vegetated terrain, the total plant surface <lrC~ can represent 
a slzilble proportion of the land/air interface and in tewperate regions having r.:oderate to 
heavy vegetation cover, the interface is dominated by plants. Since this pl?nt COV2r" projects 
into the boundary layer and is exposed to the mi cro-cl ir;:ate of ci rcul ating con-:ect i ve CU1Tents 
and surface I':inds, it provide'S a major contributio;l to the total particulate bU1"(;::n in vegetuted 
tempel'ate and tropical regions. FUI'thermore, although SC;-:1e of the organic content of 2~",osrheric 
particulates in the small size range is derived from the condensation and exid~tion of plant 
volatiles such ~s terpenes (Went 1967), tHenty percent or r;:ore of the atmospheric particulate 
burden is norrr.ally cor.:posed of non-volatile organic n:aterial (t:cup.ann, Fonseluis and ;':anlman 
1959). It is the plus 10 micron fraction of this non-volatile organic waterial that is the 
main information carrier for the AIRTRACE system in vegetated regions. 

With regard to the sources of inorganic particulate material in the at~osphere in relation to 
metals and mineralization, it is obvious that I'leathered and dusty soil surfaces are a prolific 
source. The geocl'em; s try of some of these surface pa rt; cul ates has been s tudi ed and Fi C!. 1 
shows analyses for metal and coppet' in the top fe\-/ millir.'eters of surface dust sampled in a 
traverse across the nickel orebody at Agnel'/ in \'!estern Australia. 

A number of case histories have been studied of surface dust sarrpled across mineral deGosits. 
Where residual soils are present there is invariably an anomaly which ~ore or less parallels 
the conventional B zone geochemical anomaly. However, the problem of obtaining a grol!nd sample, 
in areas of even modest vegetative cover, that is truly representative of airborne particulates 
is difficult because of the unknown·mix betl'leen soil surface derived particles and plar;t surface 
derived particles. FurthenTlOre even in the case \-,here the soil .:>urface dominates there r.:ay be 
a certain bias imposed by the selective ,l'Iinno'tling of particles according to their aerodynamic 
shape and density. ' 

Heavy metals are alSo released' from the ocean surface by the bubble bursting r.:echa~isrr. due to 
the trace If.eta) enrichrr:ent.in the sea organic surface rr.icl'olayel' (PiotrO\'lic2, Ray, Hoffr.cn and 
Duce 1972; Szekielda, Kupferrr:an, l~ler:1as and Polis 1972; Barker and Zeitlin 1972). Ho'·,ever 
flot all of the trace r.~2tals in the marine atrcosphCI"e are derived from the ocean surface, since 
the finer metal carrying particles If.ay originate from land sources (Hoffr.cn, Duce 2nd r.cffrran 
1972). It is not kno'tln whether the trace metal content of surface orpcnic films and of overlying 
atmospheric particulates will increase in the presence of mineral deposits located beneath 
shallO\·/ \·later. 

• r·iETEOROLOGI CAL FACTORS f,,'W co;nROlS 

1-lhen carrying outatr.:ospheric sampling of particulates for airborne geochef:1ical purposes it is 
essential to ensure that particles being collected are of local deriv3tion and thi:!t th2j have 
flot been transported long distances. This requirement can be met partially by collect~ns only 
giant p~rticles of greater th~n 10 microns diameter, but this in itself is not co~plete1y 
satisfilctory since p<:!rticles can still be collected that. have travelled r.:any miles. Sp~cial 
techniques can be lIsed for obtaining a highly localized sar;;ple providing that there is strong 
vertical o',ixing and the air is vigorously lifting particles fron: the atr;.ospheric intel-f~ce to 
appropriate sampling altitUdes. lhese co~ditions lend to arise I·:hen there is sunshine end 
adiabatic or super-adiabutic conditions in I:hic!! the ten~perature deCI"C3SeS adequately y;ith 
increasing altitude. LOI~ level inversions in I~hich the normal lapse of the ter~pcr()tllre is 
revel"sec! provide vel'y unfaVOI"able conditions Vlhich rives l"ise to suppression of mixing and the 
tl"appiny of atn:ospheric particulates at the inversion layer. 

Under the correct survey wnditions of sunshine and li<)ht Hinds, convective plulr.es arc fOfllled 
which orc bilsicillly non-rotJtin~l coll1l1:ns of ri$iJl~1 \,:ilrl11 air I·:hich tl"avel at it lOI-ICI' velocity 
than the r.1CJn Hind speed (l"ylol' 1%t:; I:itir.:ilr, [l:JSSiflqer 1970; Dtl~sin!',!l' 1972). Th(~sc pluli:cs 
arc tillcd in il dl)',:ll\lind direction ,mel 5hOl'/ f11Jxil::\JI:l vprticill flux on thEdr lCcloing ed<]c (Fi~l. 2). 
night.s n1,1(le \'dth il h,\>' flyin~ aircraft .currying cquipment· fOI".I!;cilsl1rin,) tl'f1IpCl'cltun~ fluctuations, 
vertical acccler,1tion ,lnd particulcltc 10ilding :;110\'1 c10:;e cOlTe1.1tion Detl'/C'cn ,1]] of these [/<11',1-
~let('rs (ria. 3). 1(:ri;peruturl'5 I~erc Ifle,lsurcd ill h:o l('vels, l'lith onc sensol' in tlie ilirCI",1ft ilnd 
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the other 100 feet belo." in a tOHed bird. These sensors shoH the extent of vertical structure 
in the ~/arm therillal peilks and they also indicate thilt heilvy dust 10ilding arc carded aloft 

- by these rising verticill then:1al structures. It hils .il150 been noted that I .. hen flights are folilde 
over a 1,1\;e the thermal structures passing I-lith the vlind from land to Hilter, tend to so.ootn 
out ~Iithin 1,000 feet of the shoreline. Clusters of dust particles hm'lcver CilO t-etain coh(!rence 
for distilnces of at least one mile. lids strongly suggcsts th,1t Ilhen pockets of concentrated 
particulates are closely associated I-lith parcesl of \'iarm air, then these particles have r.:oved 
only a short distance fror;] their ground source. Support for the concept that th(! r.lixing lone 
contains parcels of particulate matter of predominantly.locill origin surrounded by particulates 
from more distant sources is in part provided by the incependent Observation th?t the size 
distribution spectra of particles can vary ~lidely in irr.mediately adjacent air serr.ples (Graedel 
and Franey 1974). 

)n the AI RTRACE equi pment major emphas is has been placed on the deve 1 opr:.ent of r.-~ thods for 
separating the particulates in rapidly rising warm air from tho particulate burcen in the cooler 
surrounding air. A very satisfactory thermal s\,litching sar.:pling techniQue has been evolved and 
this is outlined in the section describing the AIRTRACE airborne equipreent. 

'then the thermal sl'iitching and sampling system ;s used it irr.;nediately becor.;es apparent that thel'e 
. are often pronounced differences in the chemical composition of the adjacent warm and cool air 

samples. Geochemical anomalies will appear on both sets of data, but there is often a displace
ment dOl-tn',-tind of the anomalies derived from cool air particulates, the displacen:ent being a 
function of the terrain clearance and I-lind velocity. 

The over-riding neer for son-.c means of selectively sampling predominantly local material and 
rejecting the ambient background becomes obvious if one examines the mechanisms that contribute 
Jililterial to the near surface particulate loadings, There is a small qlobal or continental 
background that occurs entirely in the minus 10 micron fraction that is derived from 
fallout of material that has spread in the stratosphere and upper troposphere. There is 
also a regional background that falls out from the middle troposphere in a size range 
mostly Hithin the minus 10 micron range.. Finally there is a local backsrovnd generated in the 
lone of mixing which covers the entire size range up to 100 microns (Fig. 4), The ratio of 
regional to local background ~aterial is strongly controlled by ~eteorological conditions. In 
c()\'el'ing the climatic l'anSe from stagnant_air throush moderate mixing to stro:lg dxing, the 
contribution of local background to the total burden increases drastically (Fig. 5). At the 
same tirr:e the increasing tilemal plume activity creates colun-ns of particulate:; dcll in Vel'}.' 

local material that is scmpled by the AIRTRACE equipment as described above. 

In addition to day to day variations in mixing conditions there ;s also a marked diurnal cycle. 
At night tir.,e I-Ihen convective mixing ceases and still air conditions prevail there is a steady 
settling- of particulates I-.'ithin the lO;-ier troposphere. In the r..orning if the sun is shining 
and adiabatic or super adiabatic conditions prevail cctive If.ixing \'Iill con:r.ence, building up 
by mid-morning to high levels. - This \'lill raise particles into the air in then~al plumes at 
velocities which can amount to several metres per second and there will be a continuous increase 
in the p~rticulate burden. The upward flux of particles during active mixing is much greater 
than the dOl-1m-lard flux since the latter is controlled substantially by sedir.entation. By 
early afternoon even some of the giant particles o.ay have moved considerable distances laterally 
making it ir.lperative to reject the background material if sampling resolutions of fractions of 
a mile are to be achieved. 

In general the great variab'ility of the conditions l'ihich effect the contribution of regional 
material to the local particulate burden indicates the difficulties of gathering reliable data 
lInless a thermal plume s3fi1pling technique is employed. 

Turning to the seasonal Reteorological constraints plac~d upon the AIRTRACE system, these depend 
lIpon the region of operiltions. \-Ihereils strong n:ixinq can· occur at all t);;:es of lhe year in 
t/arm climctes, lhere are ilreas I':het'e r.luch of the I-tinter is unsuitable. Ilo',iever, satisfactory 
operations have been 1!chieved in Canada at tempCI'iltures I-Iell belo~-I zero fahrenhei t I-lith tolal 
sno\-/ coverage on the ground. It appears that if ~unshine is present strong r,'ixing can OCCUt' 
even under these winter conditions and iln adequiltc particulate burden for airborne geocher.lical 
surveys can be provided by evagreens and the branches of dcciduoll$ vegetation. 

lhe n:etcorologicill constraints are of course far less onerous if the flTRTf!/\CE system is used for 
assessing regional geochemistry. lhis approilch hOl'/evel' has only limited applications. 

A1ImOr~'l( [QUI f'f:[ftT rOR TilE Al RTr-ACE S YS1E11 

I'articul,\te collection i~. carried out in the fllfm:f,C[ ~,y~t(,tII I-lith enertil1l devices and tJoth 
CYc)0Ill-$ ill1d louvrrd collenol-s ,ll'e 1'11;;l1o,Yrd (Sterll )(J&i:). l.iqht. \/riclhl cyclone~ call he 
nli1IH1fMlllred to ",1l1dlc ~,t'v\'rill hll"dred cubic fcd of ,IiI' p('r minute \Iith (-(,od col1l'clion 
('ffici('l\c), (01' the r('(lIli~.ilL' [l.wticlc: 5ile$,111(1 lOIIVI'I:d collr:ctol's Cilll t'c.)dily h,~ndlc ,1il' 

VOiUillL'S of as fllUcll it:; 12,OO() tliOl/'iiHld cllbie feet PI'!' !'linutr in illl airborn!.' !'y~,l(:r,I. III onc 

CII 5 .. 
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rrr,bodir.;ent of the systcm p<~rticl(>s arc concentriltcd into a airstrcilr.l ilnd pilssed to il device 
"thich tr'i\flsfers them into en Argon canicl' ~()S (Bilrrin~:!r 1971',). Spectroscopic ilnalY5is is 
then carried out directly in flight on the pilrticles (r.;ilrring~r 1973(il); 1973(b». ihis 
technique is primarily applied to the reCilsurernent of volatiles sucll as hydr~c~rbons enJ 
mercury. 

On£! of th~ principle reC'thoC!s used is to impilct the Pill-ticles onto a special tilpe C!nd to 
'analyse this tap~ on a post flisht basis •. The key factor in the syslcw. is the eforcr::entio:1cd 
separation of the incoming stream of particles into rising and falling air cO~:f1cnenLs (E>arf'inccr 
1974). This selection is 2.chieved by th~ use of fast I'csponse thcl-D!al celeclol's ilt the air -
scoop inlets in conjunction with a suitable electrical filter, a digital d~lay lin~ system and 
solenoid valve switching. Celays arc adjusted appropriately so that switching of the p~rtic10 
stream can be accurately ti~ed in relation to the transit delay for th~ particles pa~sina 
through the pipinS of the system. This technique ena~les very smll air- par-eels to be s~"'pled 
\-lith a resolution in the oreer of five feet. Samples are integrllted into hot and cold srots 
on the tape using collection intervals that can be selected at either 5 or 10 seconds. 

. . 
The effectiveness and precise resolution of this plume sampling technique is a function of th~ 
choice of the 10"'ler level of particle size collected, the selection of the I'!ave filter functions 
applied to the temperature sensor, and the sensitivity settings 'of the ther;::al s\-iitciling thl'csholds. 
The optir.rization of these paran!eters has to be based upon extensive exp2rir..~ntation. 

The equipreent is usually ~ounted on a helicopter (Fig. 6) and surveys are carried out at altitudes 
of 20 or 30 feet above the tree tops. This altitude turns out to be quite practical and is in 
fact used very comr.only in crep spraying operations. Ilavigation of stand?rd grid surveys at a 
quarter mile spacing for ex~~ple, can be achieved in ~ost terrains using conventional navigation 
from a photo-"-osaic, providing that the navigator is skilled. Alternatively electronic navisa
tion can be employed. 

The equipn:ent ;s also being opereted in fixed ~;ing installations I'lhere surveys Gre carried out 
at 200 feet aHitude. t,t this alt'itude the equipn:ent is \'iell suited for clir.1ates hhere there 
is very strong r.lixing such as in South Africa or Australia. 

The basic P.IRTR[,CE systen: is err:ployed in conjun.ction ,·lith other geophysical equiprr:ent such as 
magnetomi!ters in helicop7.ers and an Erl-s:,'stc:m in the case of a fixed \·:bg instalhtion. 1n
flight r::onitoJ'ing is pl-oviced by a rr.ulti-channel analog recorder for optical r.l~asul-e ... ents of 
the parti cle stream, th2n;:al I;:onitoring etc. 

ANALYTICAL SYSTH\s 

One of the problems of airborne geochemistry is the very small (!rr;ount of material that is 
collected. This makes it n2.cessary to lise extren:ely sensitive analyt.ical techniques. RelatiY;ely 
simple cquip;;:ent has been ceveloped that provides inflight analysis of ~dsorbed hydrocarbon wd 
mercury and there ere SOil'.e valuable applications for this approach. !lo·.·le'ler c.S research on 
all'borne g90chemistr'y has proceeded it has beco:r.e obvious that a system capc~le of analysing 
for a large nu"-ber of elerr:ents \'lOuld provide the optirr:um. Specifications for such a system 
include n:ulti-eler.:ent caoG~ility, very high sensitivity, I'tide dynal7lic rense ar-,d high speed of 
operation, These requirer.::nts are extrer..ely difficult to ",=et in real ti:ce analytical equip:::~nt 
due to the pl-oblems of ":2isht, pO'der consulrption, cOil:plexity and the difficulties of opel-ation 
and J;laintenance in an aircraft. It \','as therefol'e decided to G=velop a po:>t-flisht analytical 
system. 

In considering possible systems, one approach that at first seems obvious would be the use of 
X-ray fl vores con co <lila lys is. Un fortuna te 1 y hO\~evor; even the r:os t adv2!:";ced 0 f these sys tefils 
have inadequate sensitivity for the particulate levels that are encountered under some climatic 
and teIT(~in conditions and furtherr.'ore the tir.:e ta~en for sar.:ple analysis tends to be long 'in 
comparison \'lith the tir,!2 tcken to collect sarr.plcs. 

'The solution that h~5 been cr.1ployed is the use of lilsel' nporization in conjullction ,·lith inductively 
courled p1i\~la:\ spectl'oscopic analysis, These hlo techniques lIsrd to~:"th,!r provi(!(' a \'01'y ';liCe 
dYI1<1r.lic ri!nse, hiSh srnsitivity, Sir.ll1lt'HWOllS 1.:ulti-elcli:cnt caj1ilbility fOI'r .. ore thiln a dO:2n 
clcr.:ents, ~:ood line~rity and.111 <1nalysi.,-tir.;('! of seconds pCI' sMp12, -[he o;"~I'dion{11 ('q~lr"Lnt 
is CClpJb1c of functioning in u fully illlloc'()tic Ii:o(!e ~nd tll2 O~ltp,lt is on r:'~(;r.(~UC t.:!pe hlwl-C it 
is directly ilvilililble fOI' usc in the prep<1l'i1tioll of 1I!,1PS by C(1r.:~Jllterizcd r,:.::otiJocs. 

1\11 rei!c!inq:; on the cquipil'nt !Jcilr iI fi>:eCl l'el~lioll$hip to the [;':lS$ of ench e1e:;:~nt presellt on 
the anillyt)cill t,1pe ~,o tli,lt i\fly p,)ir of el('w(,lIts eMI be: rillioed, llll~ linhH'ity of,th':' Sy~,tl'~ is 
dcn:ollst 1-') tu! by ri~l. " ,llId !) \'illieh ~h()' .. t the pl(Jt~ ()f silicon vcr:;lI:; tit~r.il:r:' '1I1d ZInc V(~I'S\I> 
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titllnium in a minus 200 mesh soil sample throu9h a ~O:l range of lOildings. Ihis deqree of 
precision is duplicllted for most of the clements thilt lire recorded and applies to both 
organic and inorgilrl"ic IIldtrices. Elements currently being ilnalys{'d lnclude Cu, Zn, Ni, Cr, 
Mo. fe, Ti, !·19 , Ca, lIa, K, Cd, Si and C. It is hoped to expand this list shortly and to 
include uranium as well as certain volatile clements. 

With regard 'to data handling, in a simple approilch it is possible to plot the ratios of a 
given clenlent pair such as copper and titanium to look for copper anomalies. flo\vever in 
practice a ",ore sophisticated ~ethod is used in vl!lich linear I-egressions are en:ployed to plot 
the variations of elements such uS copper against six othel- pre-selected elerccnts. lhis 
provides a very satisfactory appro<tch that is giving good results, but a number of othe)
possibilities remain to be tested. These include statistical rr:ethods such as faclor and 
cluster analysis. 

FIElD P-ESllLTS 

An interesting example of the early research \'Iorl: carried out \'lith the system was in a truck 
mounted version of the equipment I';:lich \'I{IS traversed across a sn:all orebody at Lif.1erick, 
Ontario. This mineralization \'las substantially coven~d by trees \-;i~h very little exposed 
soil present. An irr.portilnt feature of the area \\'as the presence of a seepage zone located to 
one side of the mineralization and Hhich provided a strong cold extractable anomaly in the 
soils. The truck traverse results, which were ,obtained with an atomic absorption analytical 
system, are presented in Fig. 9. It Hill be noted that the main fdRTRf~,CE ano.'1aly occurs over 
the seepage zone and that the ano;;~alies Here present both in the absolute cO:1centratic:ls of 
metals in the atmosphere and also in the copper/zinc r;;etal ratio. Since the area is heavily 
vegeta.ted, it seems allT,ost certain that the anon~aly rr.ust be fP.ainly bio-geociler;;ical in ot-igin. 
Bulk collections of aerosol that were subject to sink and float separation in carbon tetra
chloride (density 1.60) indicated it very high pl'oportion of organic material being present. 
This substantiated the bio-geochemical nature of the particulate anomaly. 

/In example obtained I'lith the current equip~ent operct1ng under very difficult geochenical 
. conditions is sho;m in Figs. 10 and 11._ This sun'cy \'laS flo'tln OVer a deposit recently 

di scovere:d \'lith the mrVT airborne [11 system by 5e 1 co I·;i nl ng Corporat i on i:nd Pi ckens 1':ather 
Incorporated in B roui 11 cn tov/f1sh i pin northern Quebec. The depos it is l-eported to co;;;pl'i 5e 
3 sepa)-ate zones \'lith cn unofficial com!:Jined tonnage in excess of 50 million tons. The fil-st 
zone discovered contains cn estimated 35,400,000 tons of Ore averaging 0.39% cappel', 2.30% 
zinc, 1.04 oz. silver and 0.009 oz. gold and lies beneath a minin:um of 30 feet of glccial 
overhurden. Ore gl-ades' i n the other hlo zones are reported to be much higher in coppe r than 
the fit-s t 20ne and they occur at greater depths. 

The anomaly map \'las derived by a l1'u1tiple ,-egression techniqu'e carried out on a line by line 
basis fo,- copper and zinc and in addition spatial filtering I'las employed to smooth out noise 
and generate a 'contoul-ed map. 

The area vIas flo\~n hlice, both times under far from ideal \'leather conditions, since in this 
region \~eather conditions are frequently ,-ather poor. Nevertheless, clear cut deline2tion 
of an anomalous zone \,ias obtained on both fl i 9hts in each case sOr.lellhat di spl<:ced but clearly 

. relating to the 10c<ltion of the airborne Ul conductor. These results'tal:en in conjunction 
':lith airborne geophysical data provide a definite indication of a drilling target in a region 
\111i ell con tai ns 1 a)-gc ntllr.be rs of barren HI conductors that norma 11y ha ve to be di sproven by 
expensive drilling. 

An interesting examp)e of the fI.1RTRACE system app1 ied to a hydrocarbon target is sho~m in 
Fig. 32. This travel-SO \'laS chosen to cross ~, geochemical anoil:aly in carbon isotope ratios 
identified by T. Donovon of the U.S. Geological Survey (Donovan 1974). The survey covered, 
the Cement field in Okl,:hon;J I'Ihicil is named fo)-'the cewentiltion by cal-bonate of ~hc ~urfilce' 
roc~s over pJrt of the oilfield. These surface rocks nol only show anomalous ClJ/C 1Z values 
but also a l~wn9i\lleSe anoll!illy. A ground tl-uth survey carried out by collecling fine pJrticulilte 
mJterial from the surf<tce on a tril\'CI-se line indicuted a definite anonlJly in the Milll<jilncsc/iron 
rlltio (lCI-OSS the oilfield ilnd this Has subseqllently duplicated in airl>o\'Jlc traverses I'd til the 
IIlRTRflC[ systclil. Additionill tests Ihwe heen curried out over other oilfir-lds using the AIRTfJ'IC[ 
techllique for hy(/l-ocaril011 \'01.1liles (Bart'in~1Cr 19i'3(il))<,nd strong hi~lhl.v loc<tli7.cd <:1101:1<tlie5 
have been observed - son:e apparently relating to faul ts und other structures over 011 fwlds • 
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corHIIlUlIlG RES[AP.CII 

II programn:e of research on botanical aspects of t1irborne geochemistry is continuing in the 
Botany Department of 1l11perii1l College, London under a post-c!octorille fellOl'lship lIgrccr-ent "lith 
\1. Beauford, a post-gr<1fluJte scholarship I~ith I,:. Luton and llith consultinu assistance from 
J. Barber, f1eader in the departll:ent. Current "Iork is on the factors affecting the release 

,of particulate'S from veuctation in situ as related to seJsonal and diurnal factors, rrcteorological 
conditions, plant gro~ltii ccnditions etc. 

Research is also continuing on the atmospheric geochemistry over oi1fi~lds and the applicJtion 
of the ATR1PJ,CE techniques to hydrocarbon cxplori1tion. On the analytical side, nel'/ f'cthods of 
fingerprinting using spectro-f1uoromctric and n:ass spectl'ometric approaches, are being studied 
in the laboratories of Barringer Research. 

OPErJ\TI ONP,L .PLANS 

The AlR7PJ\CE equipment is nm'l being used operationally in parallel \'lith continuing testing ovel' 
.an increasing range of environments. Certain promising applications re~ain to be tested, 
including the use of the system for uranium, coal and kin,berlite e::plol'ation. 

The system is being operated by t1insearch Surveys Limited fOl' minerals and Barringer Hydrocarbons 
limited for hydrocarbon exploration. Both cOlr.ranies are joint ventures betl':een I>.nglo f.rr.erican 

. Corporation and Barringer Research Limited. 

CONCLUSIONS 

The AIRTPJ\CE system for airborne geochemical.prospecting has been evolved over a period of yeal's 
in a series of parallel research progran!rr.es on particulilte collection end sampling techniques, 
n:eteorological controls near the ground, analytical methods, biogeochemical studies, and ground 
truth geocheOfiical prograrr;n:es. Son;e of .the earlier field studies and cese history prograr.J1:es. have 
been made obsolescent by the 1 ater cleve 1 opment of greatly i r::proved co Hecti on n!ethods, thel'ma 1 
s~litching techniques, r.:ulti-eleffient analyses, etc. There is em ir."rrediate necessity th2refol'e 
to gather a great deal n:ore data l'/ith all of the nel'l technology. :'!evel'theless a scientific 
basis has been cstablished for the development of multi~element particulate anomalies over 
areas that are partly or co~pletely covered by vegetation as well as in the more obvious 

, regions of soil exposure. Surveys carried out over knO'.'In mineral deposits in areas covered' 
by glacial overburden and vegetation have yielded positive results. Furthermore the possibilities 
for atmospheric geochemistry being of value not only for mineral exploration but also fOI' hydro
carbons has been demons tra ted and anOr.1a lous effects have been seen in both organ i c anG i norgan i c 
parameters ove r I:nO\1n oil i:nd gas fi e 1 ds. 

One of the more obvio~s potential applications of atmospheric geocher.1ical exploration could be 
in the areas having difficult access such as tropical rain forests. It Hill be of great intel'est 
for example to see the effects of deep tap roots and high transpiration rates on the ovel'lying 
atn'Ospheric geochemistry •. 

Son:e reccnt preliw.inary field data indicatcs that the principles of biogenic enrich,,'.:r.ts i'!nd 
depletions bell-Ieen plants cnd soil have a pal'allel in,the clll'ichr.·,ent factol'S beil':een [Jlants and 
the particulates they release. II full undcl'standing of this phenon:ena should in the future 
(1))011 a more fundilmental approach to the interpl'etation of data gathered ovel' vcgetated 
tCl'ri.lin. 
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'CONCENTnATION OF ELEMENTS IN SOILS, PLANTS, AND PLANT 

PARTICULATES, OVER Zn MINERALIZATION, DEER LA1<E,ONTARIO 
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PARTICULATES. OVER Zn MINERALIZATION, DEER LA1<E. ONTARIO 
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(1) 
B Horizo:\ 

Soil 

CalC',llation 

Elc..~ent 

Fe 38,020 

A1 11,925 

Cr 40 

Cd 11 

Mo 29 

CU 37 

Ni 18 

Ag 4.5 

Zn 406 

Co 10 

K 2,230 

Na 264 

l':g 2,159 

Sr 8 

P 540 

Mn 375 

Ca 1,915 

T1\BLE II 

AVERAGE CONCENT~'TIONS OF MET1\LS AT 7 COLLECTION SITES 

IN SOIL, PLlINTS AND PLMfr P1\RTICUI.JI.TES (PPM) 

(2) (3) (4) (5) (6) (7) 
Conifer Branch Particulates from Enrichment. Enrichl'1\ent Enrichment Soil/Pla.'\t/ 
Cl.."ld Needles Conifer Branches Soil to Plant Plant to 'Particulate Partfcl!late 

and Needles Pllrticulate to Soil Enrich::-'cnt/ 
Depletion 

(2)';' (1) (3):- (2) (3):- (1) (3) (2)';' (2) (1) 

147 7,043 0.004 47.91 0.19 12,392 

239 2,620 0.02 10.96 0.22 547 

2.3 44 0.06 19.13 1.10 332.7 

1.8 67 0.16 37.22 6.09 227.5 

2.4 8 0:08 3.33 0.28 40.28 

'10 64 0.27 6.4 1. 73 23.68 

6 32 0.33 5.33 1. 78 16 

0.7 1.5 0.16 2.14 0.33 13.78 

77 131 0.19 1. 70 0.32 8.97 

2.4 5.1 0.24 2.13 0.51 8.85 

299 336 0.13 1.12 0.15 8.38 

102 248 0.39 2.43 0.94 6.29 

705 1,136 0.33 1.61 0.53 4.93 

13 15 3.25 1.15 1.88 0.71 

1,017 1,365 1.88 1.34 2.53 0.71 

308 119 0.82 0.39 0.32 0.47 

5,796 4,332 3.03 0.75 2.26 0.25 




