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ABST RACT

In 1983. a se rious acci de n t o c c u r red i n Po rto Fel i z . S30 Pau l o . Br a sil when
the r u p t u r e o f a s t o r a ge t ank rel e a s ed 40 0 . 00 0 l iters o f vo l a t ile o r ga n i c
solvents. A l arg e porti on o f t he u nd erlYing a q uife r wa s conta mina ted i ncl udi ng
some d e e p well s a nd s hal low ha nd -dug we ll s .
So i l - g a s sa mpling wa s the technique used to e va l ua te t he degree and extent of
contamination. The me tho d is based o n the analysi s of s mall quant i t i e s of soil
va po r s extracted at shallow de pt hs. The origin of these vapors is the
un d e rlYing cont a mi na ted groundwater a nd the vapor conc entration distribution
r efl ects the degre e a nd e xtent o f aqui fer contaminati on. Other t echniques were
r e j ected since t he p hy s i c o - chemical c haracteristics of t he pol lut ants did not
a l l ow t he i r de t ecti o n by t rad i t iona l geophys i c al me t hods and t he t hick
u ns a t ura t e d zone a nd di f ficult geology would have r e s u l t ed i n e xo r bi t a n t
dr i l ing costs f or monitoring wel l s .

The use of soil-gas sampli ng allowed mapping of the pollution plume . d efining
i t s t wo-di mensional s hape and loc a t i o n . Vapor analyses at different depths
permi t t ed the es t a bl ishme nt of c o ncen t r a t i o n gradients a nd an estimation of
ve r t i c a l va por fl ow behavi or i n the un saturated z one as wel l as s u r f ace losses
by vo l a t i l i z a t i on.

Wat e r l eve l s in e xisti ng well s made i t po s sible to c o nst r uct potentiometric
surfa c e maps . defi ni ng t he groundwater flow pattern. Peri odi c groundwater
qua l i t y monitoring f urni shed data for the evaluation o f the plume migration
ve l oc i t y a nd the influenc e of rainfall on the increase of pollutant
conc entra tions in the aquifer.

The gro und wate r po l l utant c onc entrations obtained gave a go od correlation
betwe e n the tw o means.

KEYWORDS

Groundwater , soil - gas s a mpl i ng. contamination , volatil e organic compounds .
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I NTRODUCTI ON

In 1983 . a s e r ious a c cident o c c u r red in Porto Feliz. SAo Paulo. Brasil wh6r
t he ruptu r e o f a storage t ank released 400.000 liters of volati le o r gan i c
so l ve nts. A large portion of the underlYing aquifer was contaminated including
de ep well s and s ha l l o w hand-dug boreholes .
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Soil -ga s s a mpl i ng wes the technique used to eval uate the degre e a nd exten t of
groundwater contaminati on. This method i s applied f or t he f i r st ti me in
Brasil . It i s ba s ed on the ana lysi s o f s mal l quanti t i es of soil vapors
e x t r a c ted at s ha l low d epths . The o rigi n o f t hese vapors is t he underl yi ng
contaminated groundwater and the vapor conce ntra tion d i s tributi on r efl ects t he
degree and e xt e nt o f aquifer cont a mi na t i on. In many c a s e s. thi s upward f l ux of
vapors c reates a gaseous .. s ha do w" o f the underly i ng pl ume as Fi g. 1
ill ustra t e s .

Thi s study devel oped
way pollutant vapo r s
col umns and their
c hromatography.

a soi l ga s sampli ng techni que whi ch is i nno va ti ve i n t he
are c a pt ured through the use of doubl e activate d c a r bo n
s u bseq uent analYsi s and i d e nti f ica ti o n usi ng ga s

The technique allowed the rapid and i nex pe nsi ve mapping o f the con tami na nt
plume. characterizing it a s to its s ha pe a nd areal extent a s well as
establ i shing t hree disti nct c o nt a mi na t i o n zones . Analy s e s o f vapors take n at
different depths a l l owed the calcul a t ion o f c onc entration g r adien ts whi ch made
it po s s ibl e t o define the verti c a l flux o f the vapors and conseq ue n t l o s s e s by
vol atil ization to the atmosphere .

VADOSE ZONE

...
GROUNDWATER FLOW

Fig. 1. Principl e of soi l - ga s sampl i ng and vapor/gas movement
in vadose zone (after Hirata ~ aL . 1988)

LOCAL HYDROGEOLOGY

Porto Feliz i s a city of approximately 30.000 i nha bi t a n t s . l ocated in the
Valley of Tiete River. 110 km northwest of the city o f S~o Paul o. In the s t ud y
area . s out h of the city, outcrops can be seen o f the s e d i me nt a r Y permo­
carboniferous r ocks of the Itarare Subgroup a s s oc i a t ed with the Serra Geral
event of Cretaceous age (IPT , 19811.

The s e di ment s of the I t arare Subgroup make up a low Yielding aquifer which i s
highly heterogene ous in vertical and horizontal e xtent . It is found to be
phreati c in some areas while s e mi-conf i ne d i n othe r locations.
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According t o DAEE (198 2>. the Tubadl o Aquifer (Itarare and Tatuil ha s a
specif i c ca pa c ity which r ange s from 0.02 t o 0.5 m'/hr/m with the maj ority of
value s be t wee n 0. 08 and 0.2 m /hr/~. the transmi s sivi ty varies between 1 and
10 m'/day. The natural groundwater quality i s normaly good al though hard i n
some area s . The t otal di s solved s o l i d s c onten t is r e l atively l ow with t he
wa t e r being classifi ed as mi xe d bicarbonate o r sodi um or calc i um bi c arbona t e .

I n the s t udy are a . we ll l og data wa s col lec ted o n 8 dri ll ed well s o f vari ous
depths (80 t o 250 mr • 5 dug well s a nd 3 s pri ngs (Fi g. 2> . Pumping tes ts
r e s u l t e d i n s peci fic capaciti e s ranging from 0. 04 to 1.9 m /hr/m a nd very low
transmi s sivities va r vi ng from 0.04 t o 0. 3 m' /day .

Fi g. 2 i s a potenc i ometr i c map o f the a rea . The e qu i poten t i al l ine s s ho w t he
USA Che mica l install ati on i s loca t e d c lose to a groundwa t er divi de and o n top
of a local recharge area. The ground water flux is in the SSW-NNE direction
follo wing the l ocal topography .

Wi t h r e spect to the un s aturated z one. it is worth noting t wo important
o bservations a t thi s point. First . there a re s us pe nde d aquifers i n the s t ud y
area due to the highly heterogeneous geology in the aquifer. Second. t he
aquifer i s c ha r ac t e r i z e d bY i ntens e fracturing c a use d bY weathering o f t he
luta c e o us material. Such fracturing . given t he a s s ociated i nc rease i n roc k
hydrau l i c cond uc t i vi t y. al l ows li qui ds t o easi l y infiltrate verti cally.

The pre sence of l e s s permeabl e layers make s it difficul t t o predict
contaminant plume move ment a nd direction. Be sides causi n g greate r l a t eral
di spers i on . the s e laye r s a re s ometime s inc l ined i n suc h a way t hat the denser
phase ( p ur e s o l ve nt > can to move by gravi t y a gai nst the general dire c t i on of
groundwater flo w.

THE SOI L GAS SAMPLING TECHNIQUE

The appara tus used i n thi s s t udy wa s especia l ly
case. Wi th respec t t o o t he r soil gas s a mpl ing
activated ca r bo n configuration f or capt u r i ng
Cons truc t i on detail s. col lection pro c edure s a nd
f ound i n Hira t a ~~ al. ( 1988> a nd Hirata (1990 >.

developed for t he Porto Fe li z
techn i q ues . i t s doubl e -tube
so i l vapors i s i nno vati ve .

me thods o f anal ys i s may be

The technical literature o n soi l-gas s a mpl i ng until the middle of the
eighties . r estricted itsel f t o de scribing the technique and the results
obtained. Af t e r 1985 . researchers began to show a larger concern for t he
physico-chemi cal characteri stics of t he c o nt a mi na nts . the po rous medium a nd
the applicability of s oil - gas s a mpl i ng . The publi cations o f Devitt ~ al­
(1987 > . Thomp son and Ma r ri n (1987>. Pitchford ~ aL (1988) a nd Hirata (19901 .
among others . are good exampl e s o f s t udies conc erned wi t h these i mportant
aspects of so i l- gas sampl i n~

As analysi s of the applicability of soil -ga s sampling and i ts l im itations
should take into a ccount the foll owing (Hirata . 1990> :

phy s i co- chemical a spe c t s of t he con t a mi na nts (in o r d e r o f priority: Henry's
La w cons t a n t . partial pre s sure. conc e n t r a t i o n and solubility. solid-liquid
par t i t i o n coeffi cient and resi stance to biodegradation) •

properties of
size. s ha pe and
aonei ,

the un saturated zone (texture analyzed as t o air porosity .
c ont i nui t y o f the pores and t he thi cknes s o f the unsaturate d

hyd r od y na mi c properties o f the a q u i f e r (groundwater veloc ity. water t a ble
fluctuati ons and lithology) •

- c ha r acte r is t i cs of t he s pi l l or acc ident ,

- cli mati c cons i d e r a ti o n.
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Localization at PorIa Feliz
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FIg . 2 - LocatIon of the study area and groundwater eQulpotenclal lines
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PRESENTATI ON AND DISCUSSION OR RESULTS

SQ11 -gas-SamPle~

The results of s a mpl i ng soil organi c va po rs demo nsLratp ~he va l idi ty of t t a
method for the area under s t ud y. The r esults obt ained i n f ive sampl i ng stud ies
show hal ogenated sol ve n ts in the form 0f vapor s i n the unsaturate d z one l a y ~ rs

and a lso a relati onship be t ween conc entra t i ons i n the soil g~ses a nd
c oncentr ations in t he ground wate r (log -log'. A GC-MS a na l ys i s of s oi l gases
c ollecte d wi th an a dsor pt ion c o lumn a t USA Che mi c a l Ltda . resu l ted i n t he
pos i tive identificati on of s e ve r a l o r g&:ll c c he mi c a l s i nclund ing: c hl o r of o r m.
c a rbo n tetr achl ori de . 1. 2 - d ichlor o e t hane ( DCAI . benz ene . tri chl oroethene
(TCE). a nd 1.1. 2 - tri chl oroethane. Beside s the s e al i ph atics . some a romatics
and a f ew unknown pe a ks were o bs e r ve d. Among t hese aliphati cs . c hloro f orm and
carbon te t rac horide were the speci e~ mo5~ c onsisten t l y seen i~ a na lyse - o f
soil gas e s take n do wngradi ent fr o m the a c c i de nt si te. Or ga ni c va p r
concentrations varied o ve r s i x order ~ of mng n i t ud e fro~ ~races « O. GO lug/ l)
to 1625ug/1. Trace concentrations a t the pa r ts pe r t r i lli on l e vel were
calculated base d on kn owi ng t he vol ume o f air extrac~ed ~nd the ma s s quan~ity

of cont aminant de tec t e d.

The consi s ten t detec t i o n o f c a r bo n tetrachloride a nd chl orofor m at a ~arge
number of sampl ing points i s no t only d ue t o t he ir frequent pre sence i n ~he

groundwater but a l s o t o their phys' c o - c emi cal c haracte~istics

With the idea of studi ng ho ~ soi gas conc6ntra~ions change ~ith s pa c e ar.d
tillle . a spec i a l sampl ing plan ~ as dev i s ed. Th e va r La t.Lon of vapo r
concentr a t i ons a s a functi on of t' ~e ~as de~or.strated i n a c omvara tl ve
anal ys i s of d a t a col lec ted on d i f f e r e n t, dat e s a t, t tle s a m..:. location. Fcr
e xample . at locat i on 5 . ~n t he rlha Bela fa~m . f o ur samples we r e ta ke n wi h
the fo l lowi n,J c arbon - tetrachl.or i ci", c o nc e rrt .ra t.i o ns a nd d tes: O. OQ6 u g/ 1
(11 /27 /85) . trace a mount.s (1 /22 / 87 ) . no t -de t e c t '3d : :J/25/87l and O.Ol ug/ l
( 5 / 27 / 87). Chl orofor m varied s i mil a r ; Io:i t.h -t.i me as the followi ng data
illustrate : 0.069 gil ( 11121 / 85) . not --detecte d ( 1 / 2 2 / 8 n . O.66ug/1 ( 3/25/ 87 '
and 0.03 ug /l ( 5 / 27/87 ). It is obvious f~om t , ' 3e dat? that i f c ne wa n t s to
correla t e spa tial conc e nt ration data. sa'Tlpl ing mOlS t;. to'lke place a t a l l po i :. t s
on the same da y or wi t hi n a s ho rt peri od 0 t ime ,

The results of samples t!1ken f r o m t wo l ocations sepa r atE'd 3 a nn 5 I'l fro lll a
t hird poi nt . show va riations of c hlorofor m concent rat i on of 50% a nd 90 %
respectively. These l a rge dif f e rences ~oulp reflect horizo n t a l variations 1n
the geolog y . or the impr ecisi on of t he method and/o r instr ume nt.

The hYdrogeol ogi c heterog eneity in the s tudy a rea c ould a f f e c t t he ri se of t he
co nt a minan t va po rs t o the l a nd s urfac e Factor s such a s t h presence of
s uspende d aqui f e rs. pr o nounc e d l i thologi c var i a t ions . c l a y content ~ariabi l i ty

and different moi s t ur e content s c o ul d be re ~ pongtble for t he ~t de va ~i atjon in
sampl e d c o nc e ntrati ons and the appe a rance of ho rizo n t al va por f l u xe s below t he
land surface .

The high l evel of fract ur i ng of siltstone ~ . s ha l e s a nd s o me s andstone s
observed in many outc rops i n the s t ud y area . provide exc e l l e nt hyc r oge o l ogi c
c ondi tions for up;./ard movement of va pors a nd downlo1a l 'd move rne n t of li q ui d
co ntami na nts.

Suc h r esults and obse rva t i o ns make one concl ud p. t hat the a nalYsts of soil
gases taken at isolated points means ve ry litt l e fro m a prac t i c a l viewpoint.
Sol I - gas s ampling studies should ~e done with a reasona ~l e numbe r of points

nd the da t a must be anal yz e d c on junc t i ve l y.

I n a r eas where grou ndwate r i s ~~st vu lnerable t o po l lu t i o n. de f i ned a s
c c e s s i bi l i t y o f a gi ven contaminant l oading to an aquifer ( Fo s t er and Hir a ta .

1988) . soil -gas sampl i ng ha s t he hi ghes chances of succeeding i n t he
e tection and mapping of a pollu t ant pl ume. 3 i nc e upwar d ver t i ca l f luxe s o f

va po r s i n thes e area s wil l encounter no orohl e ms .
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T.h e_.Verti c al _Fl ux. of...Yapors ._ and_ LQ~s~ ro..The Atmospher. e

Wi t h the o bjecti ve of cal cula t ing the va po r e mi ssion flux o f c o nt a mi na nts los t
to the a tmosphe re . s i x s ma l l vapor/ ga s collec t i on we l l s at differe nt depths
we r e cons t r uc ted on the llha Bela fa r m ne ar i t s water well . To e s t a bl ish a
vert i c a l g radi ent . the vapor we l l s were pl a ced t wo t o a l oc a t i o n wi t h a
shall o w wel l at 1 10 de pt h and a de e per we l l at 2 m. The t hre e g r o up s o f tw o
wel l s each were sepa r a ted f r om e a c h o t he r by d i stanc e s from 10 t o 15 mete r s
and the diffe r enc e s i n me a sure d va por conc e ntrations were us ed t o ca lcula t e
verti cal q r ad i ent. s .

The pri ncipal t r ansport me cha ni sm f o r ga s e s i n the s ubsu r fac e . i nc l udi ng
ha l oge na t ed sol ve nt va po r s. i s mo l e c ul ar d i f fusi o n. As sumi nq c onve c t ive and
turbu l ent proce s s e s a re i ns iqn i f icant in the un s aturated z one. i t i s
r e a s ona b l e t o s u ppose tha t vapo r e miss ion f lux c alcu lati ons s ho ul d be ba s ed o n
Fi c k ' s f i r st l aw. To ca l culate the e f fecti ve qa s diffusion c oeff i c i en t . D'.
used i n t hi s law. the e qua t i o n o f Pe nma n ( 1940 . apud Marri n . 19 8 4) was
empl o ye d. To e stima t e t he diffusi vity o r the c oefficient o f a i r dif fusi on . t he
empiri c al r e l ati on o f O'Connor et a l . (1 987 ) was us ed. The va por flux i s then
calcul ated usin~

q

where C ~ and C, a re t he va po r concent r ations mea s ure d at t he 1 a nd 2 meter
de pt hs. Z ~ and ~ a nd D' i s the effective gas di f f usion c oe ff i c i e nt . def ined
by t he fo l l owi ng r e l a t i o nsh i p:

D' D .0 .66 fa

whe r e f a i s the air-fi l l ed
c oe ff i c i e n t o r d i f f us i v i ty
r e l a t i o nshi p:

poro s i t y
(em' /s) .

(L" ) and D i s
def i ned acc o r d i nq

t he
to

ai r
the

dif f usi on
f o ll owing

D 1.9 M-'I '

where M is the mo l e c ul ar we i gh t o f the cont a mi na nt.

The c a l c ul a ted va l ue s at t he thr e e l ocati ons s ho w an a vera ge vapor e mi s sion
ra t e f o r c a r bo n t e tra c hl o r ide o f O. 86 ~ 0.06ug/ m'/day . whi l e c h lorofo r m i s
5. 49 ~ 1 . 47 ug/ m' / da y . The corr ela t i o ns a mo ng t he r ati o s o f t he e miss ion f l u x
rate s of the e mi s s ion flu x ra t es f or t he f irst . s e cond and third group of
va po r wel l s were appro xima t e l y 1.08. 1. 05 a nd 1. 14 fo r ca r bo n t e t r achlori de and
0.7, 0.9 a nd 1.7 fo r c hl orofo r m. The h igher e mission flux ra t e s f or chloroform
c ompa r ed t o c a r bon tetrac hlo ri de were e xpect e d. g i ve n t he physi co- c he mica l
chara c t eri s ti c s of the tw o pr oducts .

Beginning wi th the s e e missio n flux data and ke eping the s a me assumpt i o ns a nd
r e str i c ti ons disc ussed earlie r . it i s po s s ible to establish a t otal l o s s of
vol a t i l e o rgani c s t o t he a t mosphe re o ve r t he study a rea. Thi s i s . o f course.
further a s sum i ng t he contaminated gro undwate r ha s the same conce n t r a tion over
the e n t i r e area. Co ns i de r i ng the contaminant plume occ upi e s an area 113.000 ~

<bas e d o n hor i zon t al ma pping) and the a verage e mi ssio n fluxe s for car bon
t etra chl oride and c hlorofo r m a re O. 86ug/~ / d a y and 5. 49ug/m' /day r e spectively.
the volati l izati o n l o s s e s o ve r the whol e are a a re 97 . 2 a nd 62 0 . 4 109 /day
r e spe c t ively. The s e va lue s a r e ove resti ma t~. be c aus e t he po ints of gradients
c a l c ula t ion a r e t he highe s t of t his c o nta mi na t ion a rea.
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To e stabl i sh the hori z o ntal movement and di me nsions of the plume . a network of
34 poi nts wa s i nstal led of whi ch 26 were a nal y z e d. The 26 s a mpl es were r emoved
f r om t he uns a t urated zone at a d e pth of 1.14 met ers a nd an average di stance
be t wee n poi nts of 25 to 30 me t ers .

I n l oc a t ing t he s a mpli ng po ints . t he foll owing f actors wer e c onsi der e d. which
whe n a na lyzed conjunct i ve l Y e xplai n the ne tw o rk conf i gur a t i on selected:

pa thways on t he land s ur face s e l e c t e d by the liqui d contaminants at the time
o f t he accident .

- nearne s s of va por s a mpli ng poi nts t o the underly ing groundwater.

- probable r egional groundwa t er direction i n the a rea .

- a r e a topo g raphy.

With respec t to s a mpli ng point s pa c i ng. little i s wr itten in the l iterature.
It seems cl ear that the dens er the network of sampl i ng points. the better one
can define the plume configura tion. Of course. how dense the network will be
i s a compr o mi se between the costs for constructing. maintaining and sampling a
large network on the one hand an the desire for representative data on the
other. It wa s clear in thi s s t ud y t ha t s a mpl e s taken very close to each other
can generate very di fferent r e sul t s due to t he effects of lateral diffusion
and por ous medium heterogeneity, For thi s reason. each soil -gas sampling
r e sul t s s ho ul d be a na l yzed comparativelY with the others .

The diffi c ulty o f mappi ng the contaminant plume in the study are a is owed .
amon g other factors . t o the wide di spersal of the s pil led l iquid cont a minants
whi ch did not res t r i c t t hemsel ves to the perimeter of USA Chemica l Lt d a . They
flowe d along t he l and sur face in the dire c t i on os ne ighboring drainage ditches
(Hira t a . 1990) . I n thi s way. each s mall d ra i nage s e gment affected became a new
conta minant d i stribution point o r source. Thi s problem is not restricted to
the time of the s pill. a s analy s e s o f waters c o l l e c t e d i n drainage d i tchess
close to t he tanks. whi ch earl i er ser ve d a s pri nc i pal pathway s f or t he l iquid
c onta minants . s ho wed c onc entrations of 29ug/l f o r chl oroform and 6.4ug/ l for
carbon tet r aclori de. e ven f our years after t he acc ident.

Vapor concent r ations o bt ai ne d a t each sampling point by thi s method. when
plott ed on a map . can be used to establ ish areas where the relative presence
of c hl o r oform and carbon .tetracloride can be defined as high . present and
a bsent ( Fi g. 3 ) .

The z o ne of highest detected concentration is c l e a r l y in the vicinity of the
ac c iden t and its ad joining areas. The results s how al so the c l e a r presence of
high conce ntr a t i o ns of contaminants near the surface drainage ditches that
were used by the pollutants for surface runoff. It i s very likely that these
runoff cont a mi na n ts influence the soil -gas s a mpl i ng points near the drainage
di tche s .

The organic vapors moving upward through the unsaturated zone experience
lateral di spersive effects resulting in a s pr e a d i ng out of the soil gases in
t he areal plane. The resulting " gas plume " defined by s oil - gas sampling probes
1s laterally larger than the underlYing groundwater plume. There are several
po s sible explanations for this lateral dispersive spreading inclundin~ a
heterogeneous horizontal hydraulic conductivity distribution. suspended
aquifers composed of lutaceous material s and variable moisture content
throughout the heterogeneous unsaturated zone. Several authors have noted .t ha t
lateral s pr e a d i ng of soil gas can result in " f a l s e positive" readings JHirata.
~990). A careful analysi s of the case hi stories cited in Pitchfbrd ~ aL
( 1988) shows a lateral dispers ion of tens of meters. Nazaroff ~ aL (1987 .

pud Si lka. 1988) describe subsurface pressure and temperature gradi ents which
i nduc e advective transport up to 6 meters in the horizontal direction. The
pl ume o btai ne d by horizontal mapping in the present study showed a s i mi ltt ud
f o r the two products traced: carbon tetrachloride and chloroforn
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• Soil - gas sampling points
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Fig. 3 - Vapar concentration obtained by so t l -gas sampl i ng method
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Finall Y. the r e 5ul t s of s uc h 50 i l- g89 mapping s ho w 8 rel atl on5hip wi th
g roundwater s a mpl i ng r esul t s . The presence of t he c o n t a mi na nts i n the
g ro und wate r o f the Jlha Bela farm we l l (poi nt Bl and the absence of the t wo
o r q a m c s r n the Marque s farm well (point Cl and the d ug we l l of t he Paula far m
(po i n t L) s ho wed that t he del ineat i on o f t he bod y o f contaminated groundwater
is be twe en the se points whi c h i s supported by the soil -gas s a mpl i ng
concerrt r a ti ons.

Gl:ound wa t er-

Afte r accident occu r r e d at US A Chemical Ltda . s e ve r a l wa t e r co l lection e f fo r ts
were ma de to sample dee p and shallow we l l s a s we l l a s s pr i ng s and s ur f ace
d r ai ns . These s a mpl i ng locati o ns a re identified i n Fig. 2.

Wi t h t he goal of i de nt i f Yi ng the compounds present. a wa t er s a mpl e wa s
ana lyz ed usi ng a Hewl e t t - Packa r d GC - MS and t he r e s ults i ndicated the presence
o f t he s a me vol a t i l e o rganics fou nd i n t he s o i l vapors .

Analys ing t he concen t rations of c a r bo n t e tra chl o r ide a nd c hl o rofo rm i n a
s a mple f r o m a well o n the Ll ha Bela fa r m pro pe r t y (point Bi . one no tes a
vari a t i on of thre e o r ders of magn itude from 1983 t o 1987. Dur ing thi s per i od.
the concent ra tions of thes e volatil e s rea ched f our d is ti nct pe aks . pri nci pally
in the peri od f r om 19 83 t o 1985 when the r egion e xpe rie nced t he highe st amount
o f r a infall . Th i s seems to s ugges t a r el ati onshi p betwe en t he ri s i ng o r ga ni c
c oncentra t i ons and the i nc rease i n r a infall .

An analysis of t he organic vapor concentr ations take n at the J lha Bel a farm
s ho ws the hi ghe s t va l ues at t he e nd of 1 988. These pe aks seem to refl ect the
pre s enc e of the center o f ma s s of ' t he contamin a nt plume. The apparent
i nve rsion in concentration val ues bet~een c hlorofo r m and carbon tetra c hl o ride
could indicate tha t the center of mass of t he chloroform ha s a l read y passed.
Unfortunately. sampl ing wa s not done at the a ppropriate time to establi sh this
fact. Chloroform. however. ha~ a muc h lower o rganic carbon partition
coof ficie nt t ha n carbon tetrachloride a nd so o ne wo u l d e xpect its reta rded
seepage velocity to be significantly higher than ca rbon tetrachoride.

As s umi ng the above to be va l i d . the contamination at the Jl ha Bela well ( poi n t
ID coul d be e xp lai ned i n the f ol l owing way: the initial concentration
origi na ted either wi th t he runo f f o f the l iquid pollut a nt s along the dirt road
and d r a ina ge ditches near the f arm ' s wel l ( a nd thus woul d appear soone r than
o ne would e xpect ba sed on the date o f the acci dent) o r t he r e we r e o t he r
re l e a s e s whi ch occured be fo re t he major a cc i de nt . as o ne of the e mpl oy ees of
USA Chemical Lt d a . claimed. The appearance of t he h i ghe s t c o nc e n t r ations . a t
t he end of 1988. is mo s t li kely re lated to t he ver t i c a l i nfiltration whic h
occured at t he USA Che mical Ltda. l oc ati on.

Co nside r i ng the December 7 . 1988 s a mpl i ng date a s cor respondi ng to the cente r
of mas s o f the contami na nt p l ume a t the J lha Bela f a rm and t he s t a r t i n g
l ocation as be i ng USA Chemi c al Ltda . . the r eal veloci ty would be O. 12 m/day .
Using thi s r e sul t a nd hydro geologic data i n the literature f or estimating the
effective porosity . one can cal c ul a t e an average hydraulic conducti vi t y f or
the aquifer of 1.7 m/d ay . In a si mi l a r way. if the above a na l ysis i s cor rect.
the center o f ma s s o f the conta mi na n t plume s ho ul d r e a ch the Marque s fa r m in
1995.

Corre1a tl on-O.L.B.es..ul.t s of Soil -Gas Sa mp J i ngJli t h Gro und wat e r Cone.ent..I:.aUons.

Begi nni ng with the principal t ha t ~ol ati le organics i n t he unsa t urated zone
o r i g i na ted i n the contami ned groundwat er plume. one e xpects t o f i nd a
r elationship be tween soil -gas concen t r ation of a gi ven volati l e o rgani c and
g r o und wa t e r c oncent ra tions of the s a me c he mical . t aking i nto accoun t . of
course. geol ogi c a nd hydroge o l ogi c variability (Fi g. 5) .

A compa r i s on of concen t rations of c hlorofo r m a nd c a rbon t e tra chl o r i de in
g ro und water and cor respondi ng soi l vapor samples t a ke n within a hori z on t a l
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di~ tanc~ o f 25 met&rs f r om th& ground wa t e r well. s ho wed e xc&l lent coeffici ents
of 0.9 and 0.8 r e spectively. It i s t r ue that the number of o bs e r vation points
was r e d uc ed in o r de r to conf i r m thi s correlati o n but the proc e d ure
ne ve r t hel ess s ho ws t hat on e c a n secur e ly esti ma t e t he gro u ndwater
concen r ati on at a gi ven l ocati on within one or t wo o r de r of magni tude bas ed
on t he soi l - ga s concentrati o n di rec tl y above a nd a r the s a me a rea l positi on.

..
D
D' Condit ion of /
'0 equi librium for one
: given A or B /
g substance /

e
c:..
u
c:
o
u

c;.
2 tan:

/
/

/

/
/

/
/

Substonce with weak adsorpt ion
- weak retardat ion

Tendence of aproximot ion of
the equil ibrium condition
-in funct ion of time

Substance with strongh adsorpt ion
- str ongh retardat ion

Limit o f ins t rumental de tec t ion

(109) Concentrat ion in 9roundwoter

Fig. 4. Theor e tical relatio nship betwe en gro un dwa t er and soi l- gas
concentra t ion ( a f t e r Hirata . 1990)

The be ha vi o r of volatil e organi c s in the un saturate d zone is a functi on o f the
phy si c o - chemi c a l characteri sti c s of the s ubs t a nce involved ; t he porous medium ;
and t he in t e r action of t he o r ga nics wi th t hi s medium. Each o r ga ni c c he mic a l
behave s uniquely wi t h r e spect t o volabiliza tion. a dsor p t ion and
biodegradati on . Organic vapors moving ve r t i c a l l y upward s uf f e r adsorption
(solid-l iquid partitioning) s i mi l a r to the s a me proce s s in the s a t ur a t e d zone.
The un s aturated z one. however. ha s a nd additi onal partiti oning proces s between
the l i qui d a nd the vapor which i s de scribed by Henry ' s law. Thi s results in an
un s a t urated zone retardation factor which i s a functi on o f Henry ' s law
constant. the partition coeffici en t for soli ds/ l i qui ds and the water and air
contents of the s o i l pores . The net result is a slower vel ocity and a higher
r e s idenc e ti me in the un saturated zone with the po ssibility of increased
biode gradati on . Adsorption betwe en sol i ds and liquids can be quantifi ed by the
par t i t i on coe f f i c i e nt whi ch i s a f un ction of the frac t i on o f o r ga nic c a r bo n in
the s o i l ( oxides and fine sediments can al s o play a rol e >. Although not
compl etely understood. the phenomenon ba si c ally i nvolves the interaction of
elec trosta t i c fo r c e s. hydrogen bridging and Van der Wal l ' s f orces. Fig. 5
s hows c o r re l a t i o n curves between conc entrati ons in the vapor and the
grou ndwater f or different degrees of ads orpti on. In a non-equilibrium
situat i on . the larger the degree o f ads orption. the larger i s the retardation
with a c o ns e quent tendency of the curve to lean in the direction of the
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gro undwa t e r a xi s . I n t he end . t he cur ve of a gi ve n c he mica l wil l t end to l i ne
its e l f up wi t h its specif i c equi l ibrium curve whos e s lope i s a functi on o f i t s
Henry ' s law cons t a nt. Consequently . o ne wo ul d e xpec t the equilibrium c u r ve for
carbo n t etrachl o ride t o be l e s s incli ned t ha n the c u r ve f o r c hl o r ofo rm s i nce
Henry ' s l aw constant f o r t he f o r me r i s 0.38 i . 0.03 k Pamz I mol whi l e f o r t he
la t t e r i t i s 2. 0 ~ 0 . 4 kPam' I mol . The be ha vior of the vol a til e o r ga ni c s in
thi s study . however. does no t f oll ow t hi s theory. Thi s coul d ind i c ate that
equil i br ium conditions have not be en a t t a i ne d Ye t wi th t he vol a t i l e o r ga ni cs
sti l l under t he influe nc e o f ads o rpti on . r e s ul ti ng in r etarda t i on of t he
arr iva l of c a rbo n t e trac hl o r ide. The l o we st es t i ma t i ve concentration in
groundw a t er us i ng t he me thod o f s o i l -gas s a mpl i ng a nd a co r relati o n c u r ve will
be a func t i on o f the l a bora t or y i ns t r ument l owe r detecti o n l im i t f o r t he
vapors o f inte res~ Soil ba c t e r i a ca n co ns ume bi ode gra da bl e o rganic s i n the
un s atu r ate d z one r e s ul t ing i n non-detectable c o nc e n t r a tions usi ng soi l- gas
s a mpling me thod s a t t he l and s u r f a c e . Th i s i s c ommonl y s e e n . f o r e xample . in
gas ol i ne c ontamina t ion cases when upwardly mov ing benzene is consume d before
it r eache s t.he l and s ur f a c e . In s o me cases . s o i l bacteri a ma y co n ve rt an
organi c vo l a t i l i z i ng f ro m t he g round water s u r f ace into a no t he r produc t .
r e su l t i ng i n t he mea~urement at the l and s ur f ace of s u bstances whi ch do not
e xist i n t he groundwate r . Exa mpl e s o f t hi s a re t he conve rsion o f car bon
t e t r a c horide t o me thyl ene chl ori de and t he r e d uc t i on of tr i chl oroe thyl e ne t o
the ca r cinoge n . viny l c hl o r ide.

CONCLUSIC~!S

So i l - ga s s a mpli ng i s a ne w tec hni q ue devel ope d t o indirectly de f i ne t he
contaminati on o f aquifers by vo l atil e or ga ni c sol ve nt s . It invol ves t he
shall ow-depth extracti on o f s mal l qua ntities of soi l - ga ses. The gases are
analy z e d in t he fi e ld o r i n the l a bora t o r y f o r vo l a t i l e o r g a nic c ompounds
whi c h o r i g i na ted in the underl ying groundwate~ The physi co - c he mical processes
behind t he detection o f soi l - gases i nvol ve the vo l a t il i z a t i on of o rganics from
the groundwa t er pl ume wi th s ubse q ue nt up ward mov ement by mo l e c ul ar diff usion .
establi shing a concentration g r adie nt whi c h r e sults in me a sur abl e
conc entra ti ons at t he land s u r f a c e. One objecti ve is t o cor rela te the
c onc entrati on s f ound in t he gases wi th concentrations f ound i n t he
groundwater. If a correlation can be establ ishe d . o ne ca n use the soil - gas
t e chnique t o i ne xpensi vely ma p out the long itudi na l and l ateral e xt e n t o f a
con t ami na t ed gro undwate r plume . The cos t savi ng s i n fewer monitoring we l l s can
be s u bs t a ntial . The t e chnique is a lso us ed to i ndicate where o ne mi gth wan t to
plac e future groundwater monitoring we ll s t o max imi z e i n fo r mation o btai ned.

After r e s earc hing and t esti ng in t he la bo rato r y a nd the f iel d . i t wa s po s sibl e
devel op a soi l - gas s a mpl i ng method ol og y involving the de sign of an a ppa ra t us
to collect soil -gas e s . e stabl ishment of s a mpl i ng protocol s a nd the adap t ation
of l aboratory a na l ys i s tec hni q ue s . The me thod deve l oped in thi s s t udy i s
innovative i n i t s us e o f doubl e a ctivated car bon col umns f or the c a pt ur i ng a nd
c onc entra t i on o f o rgani c s o i l vapors .

Soil -ga s s a mpli ng was us ed f or the f irst time i n Br a sil in t his s t ud y of the
environmental acci de nt which occ ured in Por t o Fel i z . The r e sul t s o f e va l ua ti ng
the quality of t he aqui fe r wi th t he me thod s ho we d good r e sul t s . The t e chnique
all owed the evaluati o n of the e xtent of t he acc i de nt with r e s pe ct t o
gr ou nd water pol l u t i on by helping to de fine the s ha pe of t he g ro undwater p lume.

The us e of thi s me thod permi tted the definiti on o f t hree conce nt ra tion zones
in the s a mpled vapors ; high . present a nd abse nt. It is important t o r emember
t ha t the area s of hi ghe s t concentra tions were in t he vi ci ni ty o f t he d r a i na ge
ditche s and the land ne ar t he ruptured t ank where t he s pi lled liquids ran off
a nd infiltrated on the d a y of the acci den~ .

It was possibl e . with a prec i sion c o ndi tioned on the number of g rou ndwa t e r
amples. to c orrelate the conc e n t r a tions of chloroform and car bo n

t etra chloride i n groundwa ter with concent r a t i ons f ound in soi l- gases taken
from a radius o f l e s s than 15 m from the groundwater s a mpli ng well . Th­
c o r re l a ti on coefficients were O. 9 a nd O. 8 respectively for c hlorofo r m a nd
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c a r bo n tetrnchorida. Sc:c e xce Ll e n t c c r r -e La t.d o n indicates a smaller role wa 5
p l a ye d by geolog i c hete rogeneiti e s than was expected.

Fro:n the ds t,a o btai ned. i t i s co nc l ud -sd t.ha t, th pollutants a re moving in a
prefe n t i a l d ire c t i o n from SSE to NNW. accompanying the regional g rounwater
=10 10' d i recti o . An a n , l Ysis o f 3 r oundwate r collected at t he Ilha Bela far~

gi ves a s eepage g r oundwate r vel ocity f or the cente r of ma s s of the p l ume of
0 .1 2 ml c ay .

Th~ rp. 5ults o f s a mpl i ng so il- gase~ in vapo r wells at. 1 and 2 m d e p t hs c a n be
us e d t o establ i sh vapor flux e mi s s i o n rates fo the a rea . assuming mo l e c u l ar
d i ff us i on i s : h~ p rincipa l mechanism o f transport in the u ns a t ura t e d zone. In
t. no t. c < of he rlha Bel a fa rm. the vapo r f l ux emi e s Lon rates were 0 .001 !.
0. 0 C') ' lg/ m' / d a y and 0 . 008 t 0 . 00 2ug/ m' / d a y f o r carbon t etra chl oride and
chl oroform r especti ve ly . Using these va l ue s a nd conside ring a n a r e a of 11 3.000
m' f or t he ar e a of he contaminated plume . there is a loss t o the a t mosp he re
of R 4 and 113ug/ da y for chl oroform and ca rbo n te t r ac hloride respe ctively.
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