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Methodology for Applying Monitored Natural Attenuation 
to Petroleum Hydrocarbon-Contaminated Ground-Water 
Systems with Examples from South Carolina 

By Francis H. Chapelle, John F. Robertson, James E. Landmeyer, and Paul M. Bradley 

Abstract 

atural attenuation proce se uch a 
eli p rsion, advection, and biodegradation serv to 
decrease concentrations of eli so lved contam inants 
a they are transported in all ground-water system . 
However, the efficiency of these natural attenua­
tion processe. and the degree to which they help 
attain remediation goal , varies consid rabl y from 
site to ite. Thi . repo1t pro id a methodology for 
quantifying various natural attenuation mecha­
nism . Thi . methodology incorporates information 
on ( I ) concentrations of contaminant in pace 
and/or time ; (2) ambient reduction/oxidation 
(redox) conditi n. ; (3) rates and direction of 
ground-water fl ow; (4) rate of contaminant bio­
degradation; and (5) demographic con ideration , 
such a the presence of nearby receptor expo ·ure 
points or property boundaries. Thi document out­
line the hydrologic, geochemical , and biologic 
data needed to asse s the efficien y of natural 
attenuation, prov ides a . creening tool for making 
preliminary assessments, and provid s examples of 
how to determine when natural att nuation can b 
a u eful component of . ite rem diation at leaking 
underground storage tank sites. 

At a site in the Piedmont Phys iographic 
Prov ince (Laurens, South Carolina), hyd rologic 
and water-chemi try data indicate that the natural 
attenuati on capac ity for benzene is approx imately 

5 percent per foot of flowpath. As are. ult, b nzen 
concentration wou ld decrea e from about 28,000 
microgram per lit r in ground war r at th ource 
area tole s than 5 microgram. per lit r 200 f t 
downgradient and prior to eli charg ing to a tream. 
Becau e of thi rapid attenuation, ontaminants do 
not pre ently impa t the tream downgradient or 
the it . In contra t, at a sit in the oasta l Plain 
Phys iographic Province (Charle ton , South Caro­
lina) hydrologic and wat r-chemistry data indicate 
that, even though the ite ha a ubstantial natural 
attenuation capacity, it may not be ufficient to 
fully protect a nearby point of ground-water 
el i charg . 

The e two ite illustrate how the efficiency 
of natural attenuation proce . e acting on petro­
leum hydrocarbons can be y tematically evalu­
at d u ing hydrologic. geochemical. and micro­
biologic method . These methods, in turn, can be 
u d to a . es the role that the natural attenuation 
of petroleum hydrocarbon. can play in a hiev ing 
overa ll ite remediati on. 

INTRODUCTION 

Monitored natural attenuation i. a method of 
using natural! occurring. contam inant-degrad ing and 
el i per ing processes . in comb inati on w ith envi ron­
mental mon itoring, to rem diate contam inated ground­
water system s. A ll anthropogenic chemical ·, including 
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petroleum hydrocarbon , chlorinated olvent. , metal , 
and radionuclide , are ubject to natural attenuati on 
proce es. However the effecti veness of the e 
proce se. ari es widely for different contaminant and 
among different ground-water y tern . The e differ­
ences are important because of the vari ety of hydro­
logic conditions that occur in hallow ground-water 
ystem . The purpo e of thi s report i to prov ide a 

methodology for a e ing the natural attenuation of 
petroleum hydrocarbon , a maj or class of contami ­
nant that have been relea ed to the environment. 
Thi s m thodology i designed to be consistent w ith 
ex isting technical knowledge and regulatory guidance 
concerning monitored natural attenuation, and is 
adapted to the hydrologic and geochemical conditions 
characteri tic of outh Carol ina. 

Th effi ciency of natural attenuation processes­
eli per. ion, biodegradation , dilution volatili zation, and 
adsorption- vary from site to site. Thi s vari abi l ity, 
however, i. not random and depends on the hydrologic, 
geochemical, and biologic characteri ti cs of particular 
ground-water y terns. Becau. e the e characteri tic 
can be measured, and because the e mea urement 
can be interpreted in a logically consistent way, the 
effi ciency of natura l attenuation can b accurately 
as e sed and documented. Thi s report identifies the 
principles governing t.h natural attenuation of petro­
leum hydrocarbon , and develop a system for applying 
thes principle that i. con i tent with Federal and 
South Carolina regulatory guidance. 

PROCESSES THAT CONTRIBUTE TO 
THE NATURAL ATTENUATION OF 
PETROLEUM HYDROCARBONS 

Biodegradation 

Biodegradati on proce · e. are an important 
component of the natural attenuation of petroleum 
hydrocarbons becau. e biodegradation can tran form 
tox ic petroleum hydrocarbon to environmentall y 
innocuous compounds su h as ca rbon diox ide and 
water. Howe r. becau ·c mo t petro leum product. 
arc a com pi x mi xture of many hyd rocarbons, and 
because different hydrocarbon. arc ubj cc t to w idely 

aryi ng biodegradati on rates, these processes mu t be 
ca r full y asses. eel in applica tions of monitored natural 
attenuati on. 

The effects of biodegradati on pro e ses on the 
mobility of petroleum hydrocarbons relea ed to 
ground-wat r ys tem , and particularl y the role of 
the e proce e in degrading and attenuating contami­
nation , have not always been apprec iated. A recentl y 
as 198 1, paper using quantitati ve mod ling tech­
nique · fo r evaluating hydrocarbon mobility did not 
consider the effect of microbi al proces e on hydro­
carbon attenuation (Yazicigil and Sendlein, 198 1 ). 

By 19 5, microbiolog i. t. had gath red clear 
ev idence that biodegradati on of petroleum hydrocar­
bon occurred in both a robic and anaerobic aqui fer 
y tems. However, the mo t telling e idcnce that uch 

proces es were important came from num rous f ield 
tudie showing that petroleum hydrocarbons w re 
electi ely removed under a va ri ety of condition . 

A . tudy in Californi a (Hadley and Ann trong, 199 1 ), 
urveyed 7, 167 water-supply well s for ev idence of 

chemica l contaminati on. Because gasoline spill · had 
occurred from thou ·ands of leaking underground 
storage tank during the pre ious 50 years, the e 
researcher anticipated that petroleum hydrocarbon 
contamination, parti cularl y benzene contaminati on, 
would be preva lent. To the surpri e of the investi ga­
tor , very little ev idence of benzene contaminati on of 
ground water wa found. A fter revi ewing the poss ible 
proce e that could remove benzene from ground 
water including orpti on and evaporati on, they 
concluded that biodegradation proce e were the most 
likely rea on for the puzzling "absence" of benzene. 

The rea lization that microbial processe were 
important in the fate and transport of petroleum hydro­
carbons in ground-water sy tem led to a number of 
inve tigations during the late 1980' . These tudie · form 
a basis for evaluating biodegradation as a natural attenu­
ation process and as a po ible trategy for remediating 
hydrocarbon contamination in ground-water systems. 

Aerobic Oxidation 

The ability of microorgani m to degrade petro­
leum hydrocarbons has been widely studied, and many 
of the bi ochemica l pathways in volved in degradati on 
have been worked out in ome detail. However, it i 
difficult t predict how complex natural y tern. , 
parti cularl y inaccess ible ground-water systems, w ill 
react to hydrocarbon contaminati on. The" hrinking" 
of plume containing benzene, toluene, eth yl benzene, 
and xy lene (BTEX ) in hallow ground-water system 
had been wide ly reported during the 1980's, o ften with 
little documenting ev idence . However, Barker and 
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others ( 1987) reported the result of an experiment in 
which about 476 ga llon (ga l) of ground water contain­
ing 2.4 milligrams per liter (mg/L) benzene, 1.8 mg/L 
toluene, 1.1 mg/L each of p-xy lene. m-xylene, and 
a-xy lene (BTX), and 1,280 mg/L chloride were 
injected into a hallow aerobic aquifer. The chloride 
was added to act as a con ervati e tracer. The re ulting 
plume was then monitored by a d nse network of 
multilevel piezometer . Sample from the monitoring 
well s were collected each day for 3 days after injecti on 
and monthly for 4 months thereafter. 

By day 53, the combined effect of advection 
and di per ion had moved the chloride tracer plume 
between 3 and 16 feet (ft) along the natural gradient 
preva iling in the aquifer, spreading the plume to about 
three times its initial size as it moved. The benzene 
component of the plume behaved imilarl y to chloride 
in the f irst 53 day , preading a it moved downgradi ­
ent. The toluene component, however, wa actuall y 
smaller at day 53 than at the beg inning of the ex peri ­
ment. By day I 08, the toluene component of the plume 
had virtuall y di sappeared; furthermore, the benzene 
component of the plume had shrunk noticeabl y relati ve 
to the chloride tracer. By vertica ll y integrating oncen­
trati ons of BTX in the plume, it wa. possible to ca lcu­
late the ma of each compound pre ent a a functi on 
of time. The mas of chloride, a xpected, changed 
very littl . The masses of each BTX compound, 
however, decrea ed rapidl y. By 108 days, the ma of 
toluene and the xy lene isomer. had decreas d to nearl y 
zero . !though benzene was more re i tant to d grada­
ti on th an the other compound . the mass of remaining 
benzene wa. virtuall y zero by 400 days after injecti on. 

This ex periment di ffered from rea l petroleum 
hydrocarbon ·pill in several way . First, the large 
mass of aliphatic and alicyc li c hydrocarbon. pre ent in 
all fuels wa. not included in the ex periment becau e of 
the mass's lack of aqueous so lubility. Thu , any effects 
of the. e compounds on BTX degradation were ab ent 
from the experim nt. However, as great quantitie of 
aliphati c compound. are not transport d downgradient 
of petroleum spill , the ex periment accurately imu­
lated condition downgradient of petroleum pill s. 
In part, because of the lack of aliphati c hydrocarbon 
in the ex periment, aerobic conditions pre ailed in the 
a qui fer throughout the ex peri rnent. Because aerobic 
bacteri a may be more effi cient hydrocarbon utili zer 
than anaerobic bacteri a, thi ex periment probabl y 
recorded d gradati on rates as high a any that would 
be ob erved in ground-water y tem . . 

The chief va lue of thee p rim nt r port d b 
Barker and other. ( 1987) i that it verified numerou 
ob erva tion. that BTX compounds wer acti ve! bio­
degraded in ground-water . y tern . Howe er, becau, 
of the a robic condition and the Ia k of an immi cibl 
hydrocarbon pha e apable of I aching BTX c m­
pound ov r time, the time required for ornplcte 
degradation in thi experiment was pr bably lc. s than 
that required in most petroleum pr duct . pill . 

Anaerobic Oxidation 

One f the fir t con equencc. of petr !cum­
hydrocarbon contaminati on of . hallow ground-water 
system is the de el pment of anaerobic concliti n. 
near th plume. One well -do umentecl xampl of thi s 
wa a crud oil pill that o curred near Bemidji , Minn ., 
in August 1979. Prior to the pi ll , the aquifer was 
aerobic (di . ol ed oxygen ~ I 0 mg/L). Soon after the 
pill , however, increased levels of microbial respira­

ti on created anaerobic conditions near the oil I ns. 
Thi , in turn , pro ided an opportunity for study ing the 
anaerobic degradati on of petroleum hyclr carbons in an 
anaerobi c ground-water y tem under fi eld conditi on. 
(Baedecker and others, 1988; 1993). oncentrati ons of 
all the BT X compounds were ob er cd to d crease 
ubstantiall y. In fact, all of the alkyl benzene com­

pound were ob erved to decrease. Becau e of the 
prox imi ty to the oi I lens, the. e concentrati on decrea es 
could not be attributed to hydrodynamic processe , but 
rather were interpret d as refl ec ting anaerobic micro­
bial degradati on (Cozza.relli and others, 1988). 

Furth r vidence that microbial processe · 
are in vo lved with degradation wa prov ided by the 
ob erved di tributi on of organi acid in the anaerobic 
plume. Near the oil len . fa irl y high concentration. of 
organic acid , particularl y aceti c ac id, were ob erved. 
The e acid have been hown to b intermediate prod­

uct of anaerobic benzen and toluene degradation in 
laboratory xperim nts, and their pre ence is ev idence 
that anaerobic microbial proce ses were acti ve ly 
degrading the hydrocarbon. in thi s fi eld ituati on. 
Downgradient of the oil lens, concentrati ons of the 

organic ac id decrea ed because of on umption by 
a combination of methanogenes i (Baedecker and 
other ·, 1988) and Fe( lll ) reducti on (Lov ley and 

others, 1989). 
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Biodegradation of Methyl Tert-Butyl Ether 

M ethy l tert-buty l ether (MTBE) wa introduced 

in the 1970' a an octane replacement for tetraethy l 

lead. Since that time, MTBE ha been employed as a 

fuel oxygenate to lower carbon monox ide emi ions in 

accordance with the Clean Air Act Amendmem of 

1990. MTBE i currentl y added to 30 percent of the 

ga c line consumed in the nited tate (Squillace and 

other , 1997) . Because MTBE i highly oluble in 

water, i readi ly tran. po1ted in ground- and urface­

water y. tem. , has a low taste and odor thre hold, 

and is tentatively class i f ied by the U.S . Envi ronmental 

Protection Agency ( SEPA) a a pos. ible human 

carcinogen, the potential contam ination of drinking­

water upplie wi th MTBE has rapidl y become a 

national concern. Thi s concern ha prompted the 

USEPA to establi sh a drinking-water advisory of20 

to 40 micrograms per liter (J..lg/L ) fo r MTB E. 

Because approximately 60 percent of the drink­

ing water con umed in the continenta l U nited State 

comes f rom surface-water y tems, the potential con­

taminati on of these systems with MTBE and tert-buty l 

alcohol (TBA) is parti cularl y problematic. A lthough 

contaminati on of urface-water sources w ith fuel 
oxygenate can result from atmospheric depo ition 

stonnwater runoff, and release · directly to surface­

water ystems by indu tria l and recreational acti vitie , 

the di solved concentrati on of MTBE as ociated with 

these processes are reported to be quite low (less than 

I 0 J..lg/L ) . In contrast, leakage f rom underground ga c­

line storage tanks and sub equent di scharge of con­

taminated ground water can deli ver high concentra­

ti ons of fuel oxygenates to loca l surface-water ystem ·. 

A t a gasoline-spill . ite in Beaufort , S.C. , for example, 

contaminated ground water containing I 0,000 j..lg/L 

disso lved MTB wa transported to a nearby stream 

(Lanclmeyer and others, 1998). However, ground 

water discharging to a ·urface-wa ter body mu t pass 

through bed sed iments contain ing highly acti ve 

microbi al communitie ·,which are capable of efficient 

degradati on of otherwi. ere alci tran t compounds 

(Brad ley and hape lle, 1997). Thu , th potentia l 

ex ists f r b d- ed imentmicrobial com munities to 

degrad MTB E and substanti all y diminish the effect 

of these contaminants on surface-wa ter 1uality. 

Sorption Processes 

Sorption refer · to the di tribution of a c lute 
b tween the aqueou. pha e and the . olid phase. 
The clute may be ad. orbed onto th urfaces of th 
olid matri x or ab orb d into the interi or of the sorbent 

matrix. orption, therefore, can act to remov c lute 
from elution (ad orption) or add . olut to elution 
(de orpti on). The e combined ad orption-de orpti on 
proce e are ca lled ·'r versible sorption" and can have 
important effect. on the tran port of solute in ground­
water ys tems . 

When a plume fir t de elop from a new 
con taminan t sourc , the orpti ve capac ity of the aqui­
fer ed iment i largely unfilled . A . olut mi grate 
away from the ource, they tend to adhere to aqu ifer 
sediments, and graduall y saturate the sorpti ve capac ity 
of the aqui fer materi al. Thi initially retards the trans­
port of ·ontaminant relative to the veloc ity of ground 
water. fn time, the sorpti e capac ity of the ed iment 
becomes aturated, and the effects of retardation 
becomes le sand I s. The principal effect of orpti on 
on the development of plume i to reta rd the spread 
of contaminant rather than stop it. T he. teady- tate 
configuration of plume (that is, their ex tent wh n 
contaminant deli very f rom the ource i balanced by 
the um of the nawral attenuation mechani m ) i 
independent of the sorpti on capacity of the aquifer. 
Howe er, low- orpti ve capacity aquifer wi ll reach the 
teady-s tate configuration ooner th an high- orpti ve 

capacity aquifers. 

De orpt ion, the processe by which solutes are 
released f rom contaminated aqui fer ed iment , i an 
important factor in any remediation effort. Aq ui fer 
ediments that contain large amounts of contaminant 

ma s in the adsorbed pha e, can continue to act as 
sources of contaminants fo r long period of time. 
Desorpti on over time contributes to the contaminant 
" rebound" effect commonly observed in pump-and­
treat remediation y tem once the pumps are turned 
off, and can greatl y increa. e the time needed to effect 
site cleanup. As a general rule, plumes develop rap idl y 
in low- orpti on capac ity aq uifer . and can be remed i­
ated rap idl y as well. Conver ely, in high-sorpti on 
capacity aq ui fers, plumes develop more slowly and 
take longer to r mediate. For these rea ons, remed ia­
tion . trategie hould alway. include a quantitati ve 
eva luation of aqui fer orpti on capacity. 
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Advection and Dispersion 

Advecti on refer to the migration of solute 
resulting f rom the movem nt of the fluid phase in 
which the so lutes are dissolved. !n sandy aqui fer 
with relati vely high hori zonta l hyd raulic conductivity 
(K > I 0 feet per day (ft/d)) advection is the dominant 
tran sport mechani sm for relati ve ly oluble contami ­
nant uch a chlorinated ethenes . If sub urface sedi ­
ment were homogeneou , con iderati on of advecti e 
transport alone would account for much of the tran -
port behavior o f ub urface contaminant . H owever, 
the lithology, and thus the hydraulic conductiv ity, of 
ground-water systems are highly heterogeneous. 
Because of thi s heterogeneity, olutes advec ti ve ly 
transported are subject to ari ati ons in transport speed. 
1 f it were poss ible to account fo r these variati ons, then 
advecti on alone could be used to describe so lute tran -
port. However, becau e the e vari ation in advecti ve 
tran port are o complex , it is not prac tica l to account 
fo r them in a meaningful way. 

The traditional method for incorporating 
unknown a sociated w ith advecti ve transport i by 
" hydrodynamic dispersion." Dispersion is a process 
that causes a olute to occupy a larger vo lume of 
porou. media than would be expected by advection 
alone. Jn part, di ·persian account for the tendency of 
so lutes to diffu e along concentrati on grad ients, thus 
increa ing the volume of the plume. But, el i persian i 
al o a mathemati ca l way of accoun ting for the uncer­
tainty a oc iated with hydraulic onducti vity found in 
all ground-water y tem s. T he most w idely u ed fo rm 
of th co ffic ient of hyd rodynam ic di persian i : 

( I ) 

where D is the diffusion coeffici nt (L2T-1) fo r the 
0 . 

olute in que. ti on, 1 is a dimen ionle tortuos1ty 
factor, a i the dispersivity of the porous media (L). 
and v i. pore-water veloc ity (LT-1). U nder condition. 
where o- rouncl-water now is ubstantial, the f irst term 

0 

of eq uati on I is negli gible compared to the second 
term . and the equation reduces to: 

D=av. (2) 

Thu s, the "advective mixing," or dispersion, of a so lute 
is proportiona l to how fast ground water i fl ow ing (v) 
and the ab ility of the aquifer materi al to " mix' the 
water (a). In rea lity, dispersivity is simply a represen­
tation of uncertainty in the hydraulic conducti vity of 
aquifer - and, thus, uncertainty in the ground-water 

v locity f ield. which conu·ibute · to so lut tran port. 
Because thi . unc rtainty is add iti ve with di . tance 
along a given fl owpath , di p rsi it al. o incr a. e. a 
the plume grow . Thi ca le-clependent beha ior is a 
characteri ti c feature of di per. i ity ( elhar and 
other , 1992). 

Volatilization 

When petrol um h clrocarbon . are pill d onto 
so il , they tend to migrate downward under the force of 
grav ity until reaching the v ater table. Gasolin and 
other fu I are I ighter than water and tend to pr ad. 
forming a lens of free-phase hyd rocarbon liquid fl oa t­
ing on the water table. Above thi . lens, ga es in the 
unsaturated zone tend to be at or near . aturation with 
the more vo latile components pre nt in the hydro ar­
bon. Thi · i sometime · referred to as the zone where 
the air is at ·'residual sa turati on" w ith re pectto the 
hydrocarbon. The di ffusi e tran port of volatile hyd ro­
ca rbon upward f rom the zone of res idual sa turati on i. 
one component of natural attenuati on. 

In add iti on to olatili za ti on, the un. aturat d zone 
i conducive to microbial growth . The vo lati le c mpo­
nent of hydrocarbon. , short-chained alkanes, cyc lic 
alkane , and aromati component are read il y oxid iLed 
by many k ind of oil bacter ia. The pr . ence of air 
allows oxygen to diffu e into the ys tem w ith the 
con quent potential fo r aerob ic metaboli sm. Thu , in 
addition to volatili za tion los es , there are ub tantial 
lo. e of hyd rocarbon due to biodegradation in th 
un aturated zone. 

Summing the Processes Contributing to 
Natural Attenuation 

Many fa tors affect the natural attenuati on of 
olut in ground-water ystems, as previou ly 

discuss d. The e include hyd rodynami di per ion, 
advecti on, sorption. volatili za tion and biodegradation. 
In ground-water plumes. where volatili zat ion lo se 
are neglig ible, the e proce e can be summed mathe­
matica ll y to gi ve overa ll con entrati on change. of a 
olute C w ith time (CJCICJI). In this treatment, vo lat ili za­

tion lo e from the ground-water plume are consid­
ered negl ig ibl e. In thi s case, CJCICJI is equal to the sum 
of hyd rodynamic di sper ion, 

ic . ac . p"Kdac d D--, advectton - v:;-, orptton - --:;-,an 
:~ 2 ox 11 ox ox 
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biodegradati on -kC, to give the governing equation for 
olute transpo1t as: 

(3) 

where D i the coe fficient of hydrodynamic di per ion 
(in feet quared per day), v is the velocity of ground­
water fl ow (in feet per day) pb i. bulk density, Kd i a 
linear sorpti on di tributi on coeffi cient, n is poro ity, 
and k is a f irst-order biodegradati on rate con tant 
(days- 1

) (Freeze and Cherry, 1979). The coefficient of 
hydrodynamic di persion, in turn , is proporti onal to 
ground-water velocity and ca le-dependent aqui fer 
disp r ivity a (ft). 

In the equation 3 formulation , . orpti on is 
a sumed to be adequately de cribed by equilibrium 
between the adsorbed and aqueous phases ( Kd) . 

The kineti cs of biodegradati on are assumed to be first 
order, which is a rea onable a umption if concentra­
ti ons of contaminants are low relati ve to the capacity 
of indigenous microorgani sm to use them (B kin 
and other , 1998). However, other formu lations of the 
biodegradation term based on full Monod kinetics are 
po: ible i f the first order assumption is not considered 
reasonabl e. Thi (or other) formul ati on make it po I ­

ble to quantify the effect of natural attenuati on 
proce. es in ground-water y tem . 

Natural Attenuation Capacity 

The concept of ' ass imilative capacity" is well 
kn wn in oi l cience ( harbeneau and Daniel, 1993) 
and surface-water hydrology (Chapra, 1996), and 
ref r to the capacity of a ys tem to ab orb and/or 
transform po llutant. . By analogy, a " natural attenua­
ti on apacity" ( AC) can be defined for ground-water 
·ystems a the ability to lower contaminant concentra­
ti ns along aquifer fl owpath . 

In surface-water ·y tems, as imilati ve capacity 
dep-nds upon hydrologic (s treamflow mi xing, and 
hydrodynamic di persion), and biologic (biolog ical 
oxygen demand) factor ·, and i as e. ed u ·ing 
analyti ca l or digital water-quality models. Simi larl y, 
the A of ground-water systems depends upon 
hydrologic (di persion and ad ection) and biologic 
(biodegra lati on rates) factors that can al ·o be as essed 
u ing quantitati ve models. As we have een, the ·um 

of di per i ve, advecti e, sorpti ve, and biodegradati ve 
proce. e. acting on a so lute in a on -dimen ional f low 
system i gi en by equation 3. 

ppropriate procedure for ol ing equati on 3 
depend on hydrologic characteri ti c of the ground­
water y tem in que ·ti on, and the speci fi e problem. 
being addre ed. When a contaminant plume ha 
reached approx imate teady- tate condition (that i , 
the plume is not expanding or contracting w ith time 
and ()Clo t = 0) , the orption term be omes small rela­
tive to the other three term , and the ol ute-tran port 
equati on implifie to the ordin ary diff renti al 

equati on: 

0 . (4) 

For boundary condition of C=C0 at x=O, and C=O as 

x~ oo, equation 2 has the particul ar solution: 

C(x) (5) 

Equation 5 indicate that the teady- tat so lute 
concentration decrease away from a constant source is 
dependent on hydrodynamic disper ion (D), the 
biodegradation rate constant (k) , and ground-water 
veloc ity (v). With thi s usage, a po iti ve va lue of k 
indicates contaminant lo s. The lope of the olu te 
concentration profile along a fl owpath is proporti onal 
to the value of 

[
- v + Jl4i)kl 

2D ' 
(6) 

which has units of feer 1• Thi represents the capacity 
of an aqui fer to lower contaminant concentration s as 
ground water move downgradient, and can be referred 
to a the AC of a ground-water ystem. Multiplying 
equation 6 by I 00 

NAC = [- v + Jl4j)kl 1 00 
2D X ' 

(7) 
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ex pre ses AC in unit of " percent of contaminant 
concentration decline per foot. ' In other word , if a 

y tem ha a AC of I percent per foot contam inant 
concentration will decrea e, on average, l percent 

for each foot of an aquifer flowpath segm nt. NAC 
repre ents an average concentration decrea e ummed 
over an entire f lowpath segment, and does not imply 
that a given concentration decrease will occur for 
each indi vidual foot of aquifer flowpath . 

Thi rea oning identifi 
of a ground-water tem can b u eel to achi e it ' 
rem diation. The fir t way i if the i · suffici nt t 
achie e plume containment without addi tional remedia­

tion proc dures. In thi ca e, m nitored natural attenua­
tion may b an ace ptable land-alone remedi ·tl . trate0 . 

ln many other cases, however, the may not be 
uffic ient a a tand-a lon r med iation : trateg . In these 

case , engineering m thod (for example, e ca ation, 

The concept of AC, a· 

defi ned in equation 7, i u eful 1 00 ( ~A:)--~;;;;;;:::::::=:!:::===============] because it illustrate tho e charac- a: 
w teri tic of a hydrologic y tem f-

that affect the efficiency of natural ....J 80 

attenuation. For example, if the ~ 

biodegradation rate constant is o.... 

small (.....0.001 days-1
) relative to ~ 

the ground-water velocity (- I ftld) <( 
a: and aquifer disper ivity ( 10ft) 0 

the AC of the y tem will also 0 
a: 

be small (0.0990 percent per foot o 
of flowpath). Becau e of thi ~ 

small AC contami nants wi ll z 

z 
0 
f­
<( 

60 
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0 

NAC = 0.0990% per ft 
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NAC = 4.77% per ft 
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140 

be tran ported relati ely long dis­
tance · downgradient of a source 
area (fig. I A ). Conver ely, if the 
biodegradation rate constant is 
high (0.0 1 days-1) relative to 

ground-water velocity (0.2 flld) 
and aquifer dispersivi ty ( I ft), 

a: 
f­
z 
w 
0 
z 
0 
0 

100~(B~)--~----~--~----~---.----.---~ 

the C w ill be proportionall y 
higher (4.77 percent per foot of 
fl owpath) and the transport of 
contaminants w ill be more 
restricted ( fi g. I ). 

In add ition to AC, the 
distance that contam inants are 

transported in a ground-water 
system depend on contaminant 
concentration at the . ource area 
(C

0 
in eq. 5). Jf contaminant 

oncentrations at the . ource are 
relatively high, a I ngcr ground­
water nowpath will be required 
for a given ACto reach a maxi -
mum concentrati on level (MCL) 
than if ource-area concentra­
tions ar lower(fig. IB). 

w 
z 
w 
I 
f­
w 
0 
w 
f­
<( 

z 
a: 
0 
_J 

I 
0 

80 

60 

40 

20 

0 

Natural Attenuation Capacity (NAG) 

D = 1 It 
v = 0.4 f days 
k = 0.01 days ·• 

NAC = 2.44 % per ft 

- Boundary Condition = 100J.1g/L 
(MCL reached at 95 It) 

- Boundary Condition = 50 J.lQ/L 
(MCL reached at 70 It) 

Boundary Condition = 25 pg/L 
(MCL reached at 50 It) 

·----- 5 . 0 ~tg/L MCL 

20 40 60 80 1 00 1 20 140 

DISTANCE ALONG THE FLOWPATH, IN FEET 

Figure 1. Effect of (A) natural al1enuation capacity and (B) source-area 
concentrations on the distance required to decrease contaminant concentrations 
below maximum contaminant levels. 
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in situ chemical ox idation, and in-situ bioremediation) 
mu. t be u ed to lower source-area concentrat ion to 
levels that the AC of an aqu ifer can continue to lower 
contaminant concentration to MCL' in agreement 
w ith given point of compliance. A lternatively, the 
velo ity of ground-water flow away from a contami­
nant- ource area can be decreased u ing conventional 
pump-and-treat technology which , in turn , increase the 

AC (fi g. I A ). 

This use of AC i consi. tent w ith recent 
U EPA guidance ( .S. Environmental Protection 
Agency, 1999), which tresses that natural attenuation 
is most often appropriate when u. ed in conjunction 
w ith engineered reduction of contaminant ource . 

" In the majority of cases where moni­
tored natural allenuation is proposed as a 
remedy, its use may be appropriate as one 
component of the total remedy, that is, 
either in conjunction with acti ve remedia­
tion or as a follo w-up measure." 

The manner in which natural attenuation and active 
remediation measures (such as ource removal , pump­
and-treat, chemica l ox idation, or enhanced bioremedi­
ation) are combined depends on the AC of a ground­
water sy tem. 1f the NAC is small , for example, then 
acti ve rem diation mea ures will need to remove or 
immobi l ize a high proporti on of the contam inant 
. ource to protect downgrad ient receptor from con­
taminati on. Conversely, if the NAC is large, then less 
source remova l may be required to protect downgradi­
ent r ceptor . In either case, the NAC of a ground­
water system must b quantified to effecti ve ly combine 
contaminant source- remova l methods with natural 
attenuation. 

QUANTIFYING THE NATURAL ATTENUATION 
CAPACITY OF GROUND-WATER SYSTEMS 

The A of ground-water systems repre ents 
th capac ity of an a 1uifer to lower contam inant 
concentrati ons as grou nd water move. downgrad ient 
(eq. 7). To ca lcu late A , estimates for ground-water 

I city (v), the di ·persion coefficient (D ), and the 
biod gradation rate con tant (k) are needed. Estimate · 
for these parameters, in turn , can be obtained from 
site-specific hydrologic dat·t. 

Estimating Ground-Water Velocity and 
Hydrodynamic Dispersion 

E timate for ground-water velocitie can be 
obtained from tandard hydrologic techniques. The 
basic equation is Darcy' L aw 

v = [dhldx K}ln . (8) 

wh rev is velocity (in feet per day), dhldx i the 
hydraulic gradient (dimen ionle ) a. determined from 
aquifer water- level mea urements, K i the hydraulic 
conducti ity of th aquifer ( in feet per day), and n i 
aquifer poro ity (dimensionle ). M any method ex ist 
to quantify K, including pumping te ·ts and lug te ts. 
The mo t suitable method i commonly di tated by ite 
characteri stics . Values for aquifer poro ity can be 
mea ured from undi turbed sediment core., but can 
just as accurately bee t imated from th tex ture of the 
aquifer material (Freeze and Cherry, 1979). 

Di persivity can be directl y mea ured by tracer 
te t · in which the di per. ion of a nonreacti ve so lute is 
mea ured along a ground-water flowpath. In a compi ­
lati on of mea ured di per ivity value f rom the litera­
ture, Gelharand other ( 1992) howedthatdi per i vity 
increases in proportion to the length of the flowpath. 

Measuring Sorption Capacity 

The sorption of organic so lutes on aquifer materi ­
al is traditiona ll y measured u ing methods imilar to 
tho e described by Schwartzenbach and We. tall ( 198 1 ) . 
In brief, sample of approximately 5 grams of dried, 
sterilized aquifer materi al collected f rom the field ite in 
que tion are pl aced in eparate vials and amended with 
aqueous olutions of known petroleum-hydrocarbon 
concentrations. The vials are then equi librated with th 
sediment for approx imately 12 hours on a shaker table 
to continuou ly stir the olution. Samples of the liquid 
fraction are then analyzed for the petroleum hydrocar­
bons being considered. The amount of ad ·orbed 
compound is then estimated as the difference between 
the amount added and the amount pre ent in the l iquid 
fraction after equilibration w ith aquifer ediments. 

dsorbed concentrations are then regres eel against 
di . olved concentrati ons to obtain adsorpti on i otherms. 
When adsorption is I in ear, that i , concentrations of 
aqueous and ad orbed petroleum hydrocarbons can be 
fit to a line, ad orpti on can be described by the slope of 
the aqueou -adsorbed concentrati on plot. The . lope of 
thi · straight line, Kd , i a semiquantitati ve indicator of 
lhe tendency of the compound to orb. 
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Measuring Biodegradation Rates 

Microbial uti l ization of sub trate (contaminants) 
conform to enzyme aturation (M onod) kinetic 
according to the Micha lis-M enton equation 

V = { v111ax I( Kv + S) ] (SB), (9) 

where V i the rate of ubstrate uptake (moles of ub-
trate per time per gram of cell. ), v

111
ax i the max imum 

rate of substrate uptake, K.
1
. i the sub trate oncentra­

tion at which 1 = Y2 vmax, S is substrate concentrati on 

(moles per liter), and B is the amount of cell (gram ). 
A t low ub trate concentration where S ~ K (that is, 
substrate uptake is not limited by enzyme ava i labil ity), 
and when the microbial population i neither increa ing 
or decrea ing with tim e, the M ichaeli -M enton equa­
ti on i approx imated by fir t-order kineti cs 

V ~kS, ( I 0) 

where k i a ra te constant (units of t -1) . In many 
sub trate- limi ted ground-water y tems. fir t-order 
kineti c are an adequate approx imation of contam inant 
degradati on. and thi approach has been widely u ed 
to simulate . c lute- transport of organic contaminant . 
This simpli f ication, however_ i not recogn ized a appro­
priate for si te with ( I ) high contaminant concen tra­
tions(> I mg!L) where the availab il ity of degradati on 
enzyme is substan tially less than the avai labi l i ty of the 
contaminant (Bekins and other , 1998)_ (2) contaminant 
concentrations that are toxic to microorgani ms, 
(3) more than one substrate that limit microbial degra­
dation rates, and (4) microbial popu lations that are 
increasing or d crea ing. 

One approach to measuring biodegradation rate 
is to co llec t aquifer materia l, con. truct 'ta tic or f low­
through microco. ms in th laboratory, and measure the 
decrease in concen tration: of particular compound , or 
the production of 14C0

2 
from radio- lab led compound 

( hapelle and others. I 996) . The e methods are advan­
tageous becau e they can be app lied to a wide range of 
hydrologic . y. tcms and becau e ab iotic controls can be 
u ed to separat biot ic fr m abiotic effect . However, 
the laboratory approach intr duces uncerta int i due 
to sediment di. turbance and difTicultie. in reproducing 
in s itu condition . 

Two method. for e timating biodegradation rates 
from field data are a di per ·ion-model approach 
(Chapelle and others, 1996), and a conservati ve-tracer 

approach (Wiedemeier and other . 1996). Both m th d. 
were develop d spec ifica ll for di olved BTEX 
compound . 

M any studi es hav document d biodegradati on 
rate con. tant fo r BTEX compounds in r c nt y ars. 
Compi lations of thi s data (Wiedemei r and oth rs, 
1996) uggest that biodegradation rate · of p trol um 
hydrocarbon are urpri ingly simi lar in ground-water 
ys tem. that otherwise ha ever different chara teri.­

tic . ln parti cular, if the ox ic/anox ic natur of th aqui ­
fe r is known, biodegradati on rate for BT X om­
pound and MTB E can be predicted fairly wel l. Oxic 
condition pre ail when con entrations of di. so l cd 
oxyg n are higher than 2 mg/L. A nox ic condi ti ns 
pr va il when disso lved oxyg n con cntrations arc 
below 0.5 mg/L. Mi xed ox ic/anox ic condition . . which 
are common in ground-water . ys tem. , arc indi ated 
by di ol ed oxygen concentra tions b tween 0.5 and 
2 mg/L. 

METHODOLOGY FOR EVALUATING 
MONITORED NATURAL ATTENUATION 

Preceding sections of thi · report have . hown: 
( I ) that petroleum hydrocarbons are ac ted on by a 
variety of natural attenuati on pro esse · in ground-water 
system that include di per ion, . orption, and biodegra­
dation; (2) that petroleum hyd rocarbons are subj ect to 
both aerob ic and anaerobic biodegradati on pr cesses. 
and that the fficiency of the e biodegradation pro e .. e 
depend on the di tribu ti on of redox proce · e. in the 
aquifer: (3) that the e natural attenuation proces es can 
be quantified in term of a AC, which depend · on the 
interaction or di per i e and biodegradati ve proce. es; 
and (4) an example of how the e concepts can be applied 
in th field wa given. I n thi ecti n, these concepts are 
combine I into a general methodology for asse. 111g 
monitored natural au nuation. 

Data Requ irements 

A methodo logy for evaluating mon itored natural 
attenuation. and the data req uirements needed to mak 
thi assessment, are shown in figure 2. This methodology 
is designed to beg nerally applicable to all ground-water 
y ·tem , and is in tended to aid the dec i. ion-making 

proce for usi ng natu ral attenuati on as a part of site 
remed iati on. 
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1. 
Deliniate Contaminant 

Source Areas 
Choroctenze contaminant source orea[s) includ ing: 

1 . Presence/absence of NAPL tNon-Aqueous Phase Lrquid). 
2. Area/Volume of contaminated aquifer 

sediments. 
3. Concentration/moss of contomnonts. 

2. 
Define Contaminant 

Plume 
Characterize extent and concentrations 
of contaminants emanating lrom source areas. 

, ________________________________________ ___ 

3
·Aquifer Characteristics 

7. 

Measure hydrologic characteristics needed to 

determine roles and directions of ground-water 
flow including: 

1 . Aquifer hydraulic conductivity 
2. Aquifer porosity 
3. Hydraulic gradients 

Measure sorptive copocrty of oqu1fer sedments. 

ispersive Characteristics 
Estimate aquifer dispersivity from scale of the plume. 

G. 
edox Characteristics 

Measure redox-sensrtive woter-chemstry 
characteristics to determine distribution 
of lEAPs tTenrunal Electon Accephng Process) In the aquifer. 

Biodegradation Processes 8. 

9. 

Determine the presence of reductive. oxidative. or 

comelobolic biodegradation processes. ---
iodegradation Rates 

Measure biodegradation rates by using laboratory 

methods or by tracking contaminant transformation 
along aquifer flowpoths. 

Evaluate Natural Attenuation 
Capacity (NAC) 10. 

Given oqu1fer dispersion [D). ground-water velocity [v). and 

biodegradation rote [k), calculate natural attenuation 
capacity from lhe relation: 

NAc = r I ·+·;~J ~ HX> 
2D 

Reduce/Remove 
Contaminant Source 
by Engineering Methods 

Is Natural Attenuation 
Capacity Suffic1ent To 
Protect Downgrod1ent 

Receptors? 

No 

Yes 

Monitored Natural 
Attenuation 
Technically 
Feasible 

Figure 2. Methodology for evaluating monitored natural attenuation . 
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M ethodology includes the fo l lowi ng tep : 

I. D elineate the ource area. Without knowing the 
location of contami nated aquifer diment in the 
source area (that i the part of the aquifer origi­
nally contaminated by petrol um hydrocarbon ), 
w ithout knowing the approxi mate area or volume 
of contaminated aqui fer sediment. and w ithout 
knowing aqueous concentrati ons of a contaminant 
at the . ource areas, eva luation of monitored natu­
ra l attenuation is not technical ly fea ib le. 

2. Define the areal and verti ca l x tent of the contami­
nant plume emanating from the source areas . Doc­
umenting contaminant concentration change 
wi thin the plume is e pec ia ll y impo1tant, a wel l 
as documenting the pre. ence or absence of chlori ­
nated ethene tran formations occurring in the 
plume. Mo t of the uncertainty as ociated w ith 
e timating degradati on kinetic come directly 
from uncertainti es a oc iated with contaminant 
concentra ti on changes in the plume. 

3. Quantify hydrologic characteri stics of the aquifer 
inc luding the areal and vert ica l distribution of 
hydraul ic conductiv ity and poro ity. Jn addition, 
prepare potentiometric map to indica te direction 

of ground-water no and h drauli gr·1di nL. 
U e D arcy' Law (eq. 8) to estimate th rang of 
ground-wat r tlow rate at th si t . 

4. E timate aqui fer di . per i it from the . ale of th 
plume and fr m the heterogen it of aquif r 
h draulic conducti it . 

5. Estimate orpti e chara t ri ti cs o f aqui fer scd i­
m nts u ing laboratory partition measur mcnts. 

6. Characterize th ox ic/anox ic natur f th system. 

7. E timate biod gradation rates for indi idual petro­
leum hydro arbon · in th plume of n ironm ntal 
con rn , uch a. benzen or MTB E, u ing ei th 'r 
a di spersion mod I approach or a con. erva ti ve­
tracer approach. Laboratory e timat s of biodeg­
radati on rates are meaningful on! if the redox 
condition. pr sent in the field ar ad quat ly 
duplicated in laboratory mi ro osm . . 

8. Estimatethe Cof theaquifer (eq.7) , whichgiv s 
AC in unit o f percent comaminati on lo. s per 

foot of flowpath , and where v i ground-water 
ve locity, D is th oeffic ient of hydrodynamic di.­
per ion, and k is a fir t-order biodegradation rate 
con ·tant. A a general ru le, a AC between 0.005 
and 1.0 percent per foot o f nowpath indica tes 
re lati ve ly inefficient natural attenuati on (fig. ). 

w 1 20 -------.-------.------~------.-------.------.-------.---. 
(f) 

< w 
cc 

u 1oor---~------:---------------------w 1'-
0 '. ll)err;c · -
z '. t1.t. lel)t N 
0 1 oO'. aturaf A 

80 1 e,..:; ltenuat · 
1:::;: I- '. !ely ton 

CC 
........ z I ~(fi• 

W 1 tc; 
I- U I ('...,__ el)t "' z 60 \ ''lo. ·vCJtu,. 
~ ffi \ /<S>">t CJ! A.ttel) 
z o._ \ "Vc:; Uation 
0 z ' tv~""'! u- 40 \ "' 

-<itt. w ', el) 
1:::;: ' (;$t· 
........ , to!) z ' 

20 
~ 

~ ---------- ----

-- NAC = 0.001 m·' 

- NAC = 0.005 m·' I _ 

NAC = 0.01 m·' 
- - - - NAC = 0.05 m·' 

z 
0 u 

----
O L-------L-----~L-----~------~--------~-~-~------~------~--~ 

0 20 40 60 80 1 00 1 20 1 40 

DISTANCE ALONG THE FLOWPATH, IN FEET 

Figure 3. Effect of natural attenuation capacity (NAC) on contaminant concentration declines 
with increasing distance along a flowpath. NAC less than 0.005 ft ·1 indicates inefficient natural 
attenuation, NAC between 0.01 and 0.005 ft ·1 indicates moderately efficient natural attenuation, 
and NAC between 0.05 and 0.01 ft ·1 indicates efficient natural attenuation. 
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Conver. ely, a AC of more than 1.0 percent 
per foot offlowpath indicates relati ely efficient 
natural attenuation ( fi g. 3). 

9. In thi . tep, a decision is made. I f the AC of a 
ystem is ufficient to lower plume cone ntra­

ti on to peci f ied level (usually MCL's) at spec­
i f ied locati on in an aquifer (usua ll y a en iti ve 
receptor or a property boundary), monitored nat­
ural attenuation i an appropriate tand-alone 
remedial trategy. However, if source-ar ea 
concentrati on are too high for the ACto lower 
contaminant concentration ufficientl y, engi­
neered ource-area remediati on will be required. 
Source-area remediation can invo lve contami ­
nant removal (excavati on) in situ oxidation, in 
situ reduction, and/or pump-and-treat technol­
ogy. In thi s ca e, the goals for ource-area reme­
diati on can be identified by the AC of the 
system. (f AC i low, contaminant concentra­
ti ons in the ource area may need to be lowered 
sub tantially to reach remediation goals. Con­
versely, if the NAC i. high, contaminant concen­
trati ons in the ource area w ill need to be lowered 
less to reach remediation goal . In either case, the 
fl owchart continue to cycle back to the que ti on: 
" I the AC uf fi cient to protect downgradient 
receptors?" unti l ource-area concentrati ons are 
_ uffic iently low. Once ource-area concentra­
ti ons are sufficientl y low, natural attenuati on of 
the re ·idual contamination i fea ·ible. 

Screening Tool for Evaluating Natural 
Attenuation 

M any of the step in the methodology given in 
fi gure 2 can be eva luated in a simplified fashion using 
an interacti ve computer screening too l prov ided w ith 
thi s report (di k in 1 ocket at back of report). With thi s 
screening too l, the u er input. certain ire-spec i f ic 
inform ati on including the hydraulic conducti vity, 
hydraul ic gradient, length of the fl owpath between the 
contaminant source and the r gulatory point of 
compliance, tex ture of aqui fer materi al (sand or clay), 
and ox ic/anox ic conditions of the . ite. The u er also 
ass igns an M CL at the regulatory point of compliance. 
The t olthen a. sign a di persivity based on the 
length of the ·pec ified fl owpath, a poro ity based 
on aqu ifer mat ri al texture, and biodegradati on rates 
bas d on the particular hydrocarbon under consider­
ation and the ambient ox ic/anox ic condition . . 

The creening tool then calculates ground-water 
ve locity and the NAC of the aquifer in unit. o f percent 
per foot of fl owpath . Finally, the too l ca lculat · the 
contaminant concentrati on in the source area th at will 
degrade below the MCL at the spec ified regulatory 
point of compliance using equation 5. 

For example, i f the hydraulic conducti vity (K ) 
equals I ft/d, the length of the fl owpath equals I 00 ft , 
the hydraulic gradient equal 0.0 I , and an M L of 
5 IJ giL are entered- and if a robic conditions are 
pecif ied the contaminant of con ern i spec i fied as 

benzene, the aqui fe r material i specified as clay, and 
the "calculate" button i clicked- the too l will ca lcu­
late a ground-water velocity of 0.0286 ftld, a of 
27.46 percent per foot of fl owpath , and then indica te 
that a benzene cone ntration of 60,000 IJ g/L at the 
source ar ea would degrade below the M L of 5 pg/L 
at the point of compliance. The tool w ill not allow 
contaminant oncentrations at the ource to exceed 
the solubility limit of th parti cul ar hydrocarbon in 

0
a oJ ine, which i 60,000 tJ g/L fo r benzene. In thi s 
cenari o, even i f benzene concentrati on at the ource 

area are at th solubility limit of benzene, the 1AC of 
thi s sy tem i o high (27 percent per foo t of f lowpath) 
that the M CL of 5 pg/L will not be exceeded 100 ft 
downgradient. 

I f the condition are changed from aerobic to 
anaerobic, however, the r suit i much di f ferent. In thi 
case, the AC drops to 3.39 percent per foot of f low­
path , and the max imum concentration of benzene 
allowable at the ource area is 147.65 IJ g/L. In other 
words, benzene concentrati on above 147 .65 pg/L will 
re ·ult in M CL's being exceeded at the regulatory point 
of compli ance. Thi example illustrate the importance 
of environmental condition at the ite fo r asses ·ing 
the efficiency natural attenuati on, and show why 
accurate site characteri zati on i so important. 

The screening too l is de ·igned to gi ve user 
es timate of how a particular hydrologic y. tem will 
respond to releases of petroleum hydrocarbons. 
Becau e the tool makes many assumptions and esti ­
mates, u ing it as the so le bas is fo r eva luating a site i 
not appropriate. Rather, it is designed to give overall 
e timates. The data assumption used by the tool for 
ass igning poros ity are given in table I ; the assump­
ti ons used for disper ivity are given in table 2; biodeg­
radation rates a umption are given in table 3; and 
max imum contaminant concentration , based on 
contaminant . olubi l ity, are given in table 4. 
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Table 1. Porosities assigned to different textures 
of aquifer materials within the natural attenuation 
screening tool 

Aquifer material 
texture 

Sand 

Mixed sand and clay 

lay 

Assigned porosity 
value 

0.20 

.27 

.35 

Table 2. Dispersivities assigned to flowpaths of 
differing lengths within the natural attenuation 
screening tool 

[<, less than; >. greater than] 

Length of flowpath 
(feet) 

< 100 

IOG-200 

20(}-300 

300-400 

400- 500 

500- 1,000 

>1.000 

Assigned dispersivity 
(feet) 

I 

2 

3 

4 

5 

10 

20 

Table 3. Biodegradation-rate constants assigned 
for different redox conditions within the natural 
attenuation screening tool 

[MTBE, methyl ten-butyl ether] 

Biodegradation-rate constant (days-1) 

Contaminant Fully Aerobic/ Fully 
aerobic anaerobic anaerobic 

BenLCnc 0.01 0.005 0.001 

MTBE .006 .001 .003 

Toluene .05 .03 .0 1 

Xylene 008 .005 .005 

aphthalene .05 .03 .01 

Table 4. Maximum solubilities of contaminants 
allowed by the natural attenuation screening tool 

[MTBE, methyl ter1-butyl ether] 

Contaminant 

Benzene 

MTB · 

Toluene 

Xylene 

aphthalcnc 

Maximum solubility limit 
(micrograms 

per liter) 

60.000 

5.000.000 

20.000 

20.000 

20.000 

APPLICATION OF NATURAL ATTENUATION 
METHODOLOGY TO TWO SITES IN SOUTH 
CAROLINA 

Two ga oline-. pill site . one ea h in Laur n and 
Charle ton, S.C., were cho. en tor pres nt two of the 
most common en ironment al . etting in th e State. 
Differences in aqui fer compos ition and charact ri : ti s 
can affect contaminant migrati on and an nuating 
factor . The Lauren ite (fig. 4) i. underl ain by a 
saprolitic water-tab le aquifer typi al to the Pi dmont 
Phy iographic Prov ince, and account for ab ut 63 
percent of the State's land area. The harl e, ton sit 
(fig. 5) is underl ain by a . andy urfi cial aquifer typica l 
of mo t area in the Coastal Plain Ph ys iographi Prov­
ince of South Caro lina, and accounts for about 35 
percent of the tate' . land area. 

The Laurens site (fig. 4) , known as th former 
orth Harper Street Briti . h Petroleum (BP) . tati on, is 

located on .S. Highway 22 1 ( orth Harper trcct) 
just w ithin the northeastern city limit of Lauren . . 
The area surrounding the . ite i characteri sti c of Pied­
mont upland topography, con. istin g of rolling hi ll s and 
ridge bi ected by moderately steep tream va lleys. 
The north we tern pan of the site, adjacent to onh 
Harper treet, i relati ve ly fl at, and the use of fi II mat -
rial is vident, parti ularl y beneath the location o f the 
form r ervice-stati on building. Th is area is paved w ith 
a. phalt and concrete. The land urface of the itc 
gentl y slope toward the outheast w ith elevati on 
ranging from about 659 ft above ea I vel in the north ­
we tern part of the property to about 647 ft above sea 
I vel in the outheastern part of the property. A small , 
unnamed tributary to the Little Ri ver i located about 
30 ft from the a tern corner of th property and f low 
toward the south . 

The Charleston it ( fi g. 5), kn own as the fo rmer 
Oa is gaso line ser ice . tati on, is loca ted we. t of the 

shley Ri ver on A. hley Ri er Road (South Caro lina 
Highway 6 1) in the northwe. tern part of the ci ty o f 
Charleston. T he site and . urrounding area is topo­
graphicall y fl at w ith land-surface elevations ranging 
from I 0 to 13 ft above sea level. Church Creek and 
Bu ll Creek, tidall y in flu need tributari es of the 
Ashley Ri ver, are located approximately 2,000 ft 
northwest and 3,000 It southeast of the site, respec­
ti ve ly. T he it is bound d on the outhea. t and . outh ­
we t by drainage di tches that converge at the south 
corner of the property. Approx imat ly 40 percent of 
the site's land area, specifica ll y the northern corner of 
the propert y, i: paved w ith aspha lt. 

Application of Natural Attenuation Methodology to Two Sites in South Carolina 13 



MW-7 
Property boundary 

Grass 

MW-5 
0 

Approximate loc atio n 
of former serv1ce 
s ta tio n building 

MW-1 
0 

f 

. 
GP1S & D 

. 
GP2S & D 

GP3. M¥t-3 

A pprox ima te 
loca t1on o l 

fo rme r U ST's 

•GS11 

GS6 ' GS~ • 
• • GS10 

GP4S & D MW-S 

GS1• GS~ 0
o •GS3 

DW-1 

eGS5 

•GS9 Asphall 

Asphall M~~2 GS~ Concrete 

MW-4 
0 

App ro x1ma te 
· ..-.~ locatio n o f 

\_ ____ ../ 
form er pump 

ISlands 

N o rth Harper Street (U .S. Highway 221) 

Base modified from Alpha 
Environmental Sciences, Inc., 1997 

0 

$ 
~ 

Ui 
(D 
E 
0 
~ 
() 

GS6 
• 

EXPLANATION 

USGS OBSERVATION WELL AND 
IDENTIFICATION NUMBER 

DW-1 PREVIOUSLY INSTALLED OBSERVATION 
o WELL AND IDENTIFICATION NUMBER 

MW-7 PREVIOUSLY INSTALLED OBSERVATION 
0 WELL AND IDENTIFICATION NUMBER 

GP3 GEOPROBE OBSERVATION WELL 
AND IDENTIFICATION NUMBER 

X 

)( 

X 

X 

X 

X 

X 

X 

'I' 

X 

X 

X 

0 

0 

)( )( 

OMW-9 

20 

)( 

OMW-10 

40 
..L 

60 

Bnck 
house 

Porch 

80 FEET 

20 METERS 

Figure 4. Study area and location of wells and boreholes at the Laurens, S.C., site . 
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Historical Backgrounds and Previous 
Investigations 

Gaso line. pill from leaking underground 
storage tank (UST' ) and associated underground 
pipeline have re. ulted in contamination of water­
table-aquifer oil s and ground water by petroleum 
hydrocarbons at the Charleston and L aurens ite . 
lnve ti gati on regarding the removal of the T' 
and the assessment of contaminant di ·tributi on were 
prev iously completed at the e sites. Review of hi . tori ­
ca l document provide important insight into current 
conditions at the site and provide a ba eline for 
. ubsequent investi gation. 

Laurens Site 

The Lauren site (fi g. 4) wa operated a a 
commercial service tation known as the orth Harper 
Street BP ration. Currently the site i unu ed, and on ly 
the foundation of the ervice- tation building remain 
The ite contained three gasoline UST's that were 
r moved in December 1991 , along with a ociated 
underground piping. Initiall y, the tanks were reported to 
have had torage capacities of 4,000 ga l, 2,000 ga l. and 
I ,000 ga l (A lpha Environmental ciences, Inc .. 1996). 
However, a later report (Alpha Environmental Science , 
Inc. , 1997) indicated that each tank had a 6,000-ga l 
apacity. pon remova l of the UST's, mall hole in the 

bottoms of two of the tanks were noti ced, and oil 
below the tank showed indica tions of petroleum­
hydrocarbon contamination . Additionally, a leak in the 
underground piping wa. detected in the vici nity of the 
fuel-dispen ing island close. tto the ervice-station 
building. 

pprox imately 200 cubic yard of contaminated 
so i l containing up to J ,324 parts per million total 
petroleum hydrocarbon s (TPH ) was removed from 
the site (A lpha Environmental ciences, Inc .. 1996). 

round-water elevati ons were approximately 22ft 
below land surface. ground-water sample co llected 
from the exca at ion contained TPH (2 1 ,543 1-1 gfL) and 
total BTEX (34, I 00 1-1 g/L) (Alpha Environmenta l 

cicnccs, Inc., 1996). 
Monitoring well s MW- 1, MW-2, and MW-3 

(fig. 4) were installed, and ground water from the 
well s was sampled (Alph a Environmental Science , 
Inc., 1996). Elevated concentrati ons of BTEX com­
p unds, MTB E, and naphth 'llene were detected in 
wat r from all three well s. Water from we ll MW-2 
contained the hi ghest concentrati ons- total BT X 

(87.920 pg/L ), MTB (2 480 pg/L) . and naphthalene 
( 1, 130 1-1 g!L) (Alpha Environmental Sciences, I nc., 
1996). Other than naphthalene, polycyc lic aromat ic 
hyd rocarbon (PAH) ompound were not detected, and 
the occurT nee of free-pha petrol eum was n t 
ob er ed. 

Slua or bail -down tes t were performed at two b 

monitoring well to pro ide e timates of aquifer 
hydraulic characteri ti . The resulting hydraulic 
conducti vity va lues were es timated to be 0. 11 ft/d at 
well MW- J and 0.15 ft/d at well MW -3 ( lpha Envi­
ronmental ciences. Inc. , 1996) . The re ult of addi ­
tional lug tes ts performed for thi s tudy are tabulated 
in table 5. 

Additional asses ment in lving the install ation 
of eight add itiona l monitoring well s (MW-4 through 
MW- 10, and DW-1. a deep hori zon we ll paired w ith 
MW-6) wa initiated in earl y 1997 ( lpha Environ­
menral Science. , lnc., 1997). Prior to the in lall ati on 
of the additional monitorin g well s, direct-pu h meth­
ods w re u ed to co llect additional oi I sample. and to 
co llect ground-water sample · for f ield ana ly i u ing a 
ga chromatograph. Four soil sample. were co llec ted 
from four corehole fo r BTEX and MTBE analy. is. 
The highest con entrati on. of petro leum hydrocarbons 
in . oils were detected beneath the western corner of 
the ervice-station building fou ndation and beneath the 
former UST location (fig. 4) . Ground-water amples 

Table 5. Estimated horizontal hydraulic conductivity values 
at the Laurens and Charleston, S.C., sites 

Site Test Test 
Hydraulic 

location 
Well 

date No. 
conductivity (k) 

{feet per day) 

Charleston MW-2 9/09/98 20 

harlcston MW-3 9/09/98 20 

Charleston MW-5 9/09/98 40 

Charle. ton MW-6 9/09/98 40 

Laurens MW- 1 5/22/98 3 

Laurens MW-2 5/20/98 3 

Laurens MW-3 5122/98 .5 

Laurens MW-3 9117/98 2 .4 

Laurens MW-5 5/22/9 

Laurens MW-5 5/22/98 2 8 

Lauren. MW-7 5/20/98 3 

Lauren. MW-7 9/ 17/98 2 

Lauren. MW-8 5/20/98 I 

Laurens DW- 1 5120/98 2 
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were collected from fourteen location . panning the 
property, including fi ve locati ons on the adjac nt prop­
erty across Creamer treet. The highe t concentration. 
of petroleum hydrocarbon in ground water were 
detected in ample co llec ted from the former UST 
locations. Petroleum hyd rocarbons were al o detected 
in ground water f rom areas downgradient from the 
former ST locati ons, as well as area on the property 
across Creamer Street. The eight additional monitoring 
wel ls were in tail ed at locati ons based on the r suit of 
the direct-pu h screening method . 

Ground-water ample · were collected for labora­
tory analy i of BTEX compounds, MTBE, and PAHs 
from all monitorin g well s in tailed at the . ite and adja­
cent prop rty (A lpha Environmental ciences, fnc., 
1997) . Free-phase petroleum was not ob erved in any 
of the monitoring well . Concentrations of BTEX 
compounds and MTB E exceeding re pective ri . k­
based creen ing levels (RBSL) (South Carolina 
Department of Hea lth and Environmental Control, 
1995) were detected in ground water from MW -6 
(8 1 ,620 !J g/L total BTEX and 59.500 pg/L MTBE), 
MW-2 (63,850 1-1g/L total BTEX and 4,650 !J g/L 
MTBE), MW-3 (7.389 1-1 g/L tota l BTEX and 829 ~J g/L 

MTBE), and MW-1 (2, I SO !J g/L total BTEX and 
65.6 !J g!L MTBE). Benzene concent rati ons exceed-
ing the RBSL were detected in wat r from MW-9 
(5 .79 1-1 g/L ) and MW- 10 (95 .6 !Jg/L), located across 

reamer Street. aphthalene. the only PAH compound. 
was det cted in MW-3 (33 1 !Jg/L), MW-6 (544 pg/L ), 
and MW-2 (630 ~J g/L) . MTBE wa detected in water 
from deep well DW- 1 (2.65 1-1 g/L ). . ingl surface­
water . ample wa. collec ted from th ·tream. and the 
only petroleum hyd r carbon det cted was MTBE 
( 1.3 1 ~J g/L) . Petroleum hydro arbon wer not 
detected in water from well s MW-4, MW-5, MW-7, 
and MW-8 . 

24-hour pump test wa conducted in a t mpo­
rary wel l located in the vicinity of MW-4 to provide 
e timates of . urfi cial aquifer characteri ti c . flow 
rate of 0.5 ga llon per minute (ga l/mi n) wa. maintained 
throughou t the test. sing variou as. umption , uch a. 
a sa turated aq uifer thi cknc. of25 ft , a hyd raul ic 
gradient of 0.04, and an aquifer materi al poro ity of 
30 percent, the follow ing e timates were obtained: a 
tran smi ssivity value of 57 ga llons per day per foot 
(ga l/d/ft); a storativity va lue or 0.23: a hyd raulic­
conducti vity va lueo fO. 0 ft/d; and a .eepage veloci ty 
of 14.9 feet per year ( ft/yr) (A lpha nviron mental 

ciences, lnc., 1997). 

Charleston Site 

i te was operat d a. a commer-
ial ga. oline r i tat ion. named th Oa is, until 

December 1991 . Current! , the ite fu ncti on. a 
Charl e ton uto R pair. Fi T's were remo ed 
from two area at the form r Oasi ga. tation in 
December 1991 (G neral ngineerin o Laboratorie . . 
199 1) (fig. 5). One area, lo a ted abou t I ft northw 
of the ga -stati on bu ilding, contained one 2,000-ga l 
and two ,000-gal ga oline T' . . Upon their 
remova l, no perforations were noted: howe r, th 
exca ated oil. . bowed i. ual and ol factor indi a­
lions of petroleum contamination (General ngineer­
ing Laboratories, 199 1 ). Approximately 350 ubic 
yard of oil was exca ated. Soil. were removed to 
12 ft below land surface (b l. ) . Ground wat r was found 
at 8 ft bl , and a p troleum been wa noti ced on th 
water-table sur fa ·e . The depth to ater during tank 
removal was low compared to m re recent ater-1 v 
data co lle ted at the ite. nusuall y low water levels 
due to drought condition w redo umented in th 

harleston area during late 1991 (Yr ble. ky and 
other ·.J995).Th xca ati on wasba kfilledwith 
clean f ill materi al ; however. some ontaminatcd soil s 
were left in place. 

Soil sample. for the analys is of BTEX and TPH 
content were oll ec ted from the exca ation, the 
di pen ing-pump island, and the connecting piping 
trench. Sample co llec ted from the excavation and the 
piping trench contained concentration of toluene (up 
to 1.1 80 microg ram per ki logram (!J g/kg, dry weight)) 
ethylbenzene (up to 2 14 pg/kg), and total xy lene 
(up ro 1.350 !J g/kg) . Benzene and TPH were nor 
detected abo e elevated detection limit. up to 31.3 and 
3, 170 pg/kg. respectively. naly is of the oil sample 
collected from b neath the pump island , however, 
howed concentrations of toluene (up to 43.400 !J g/kg), 

erhy lbenzene (up to 18,800 !J g/kg), total xy lene (up to 
13 1,000 !J g/kg), and TPH up to 57 1,000 pg/kg). 
Benzene wa not detected abov an elevated detection 
limit of 4,820 pg/kg. A ingle ground-water ample 
wa co llected from the center of the excavation and 
concentrati on were detected as r l low. : total BTEX 
(58,200 !J g/L ). TPH (278,000 !Jg/L), and lead (273 pg/L); 
MTBE did not exceed the detection limit of2,000 !J g/L. 

Two 550-ga l ST's used to contain fuel oi l and 
wast oi l and located directly behind the gas-: tation 
building, also were removed (General Engineering 
Laboratorie 199 1 ). umerous perforati on were 
no red in these tank , but the ·oi Is did not appear to be 
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affected by petroleum c ntamination. About 50 cubic 
yards of oil wa removed to 8 ft bl , and the hole wa 
backfi l led with clean fi ll material. Ground water was 
not found in the excavation. aphthalene and TPH 
analy. e. of three ·oil sample collected from the 
bottom of the excavation did not indica te mea urable 
contam inati on. 

Based on the ev idence of petroleum contamina­
ti on found during UST-removal acti itie , an inve Li ­
gation to a e. the ex tent of contaminati on was 
initiated (General Engineering Laboratori e , 1992; 
1993a). Four monitoring well s (MW- 1 through MW-4) 
were installed, and soil samples were co llected with a 
sp lit-spoon sampler every 3ft for lithologic de crip­
ti on and phomionization-detector creening. Ground 
water co llected from the well s was analyzed for BTEX 
compounds. Total BTEX concentration ranged f rom 
le. s than detection limit at MW-3 to 19,850 )Jg/L at 
MW - I . The highest benzene concentration (2,580 )J g/L) 
was detected in water from MW-4; a concentration of 
139 )J g/L was detected in water from MW-2. 

After initiall y sampling the four monitoring 
well , an expanded a. se ment wa initiated (General 
Engineering Laboratories, 1993a). Ten temporary 
well s dug with a hand auger were installed to further 
addre s the horizontal ex tent of contamination. 
Gr unci-water ample · for BT X analy i were 
collected from the open auger hole , and the holes 
were backfilled after . ample co llecti on. Ele ated 
BTEX concentrati on were detected in two of the 
temporary well s loca ted in the southernmost and 
northernmo l gras · island. , re pecti vel y adjacent to 
Ashley Ri ver Road. 

Based on BTEX concentration data collected 
!'rom the four monitoring well s and the temporary 
wells, four add itional monitoring well (MW-5 
through MW- ) were in tail ed (General Engineerin g 
Laboratories, 1993a). Well PW - I was in tailed nex t to 
MW - I and was screened in 'i deeper hori zon than the 
other we ll s at the site. · ollow ing the in tallation of the 
add itional moni torin g well s, ground-water sampl es fo r 
the analysis of BTEX compounds and lead were 
co lle ted from all monitoring we lls. As was ob rved 
in the pr vious sampling event, elevated BT X con-
e ntrations were detected in water samples from well. 
MW- 1, MW-2, and MW-4. Lead wa detected in 
water from all well s at concentrat ions rangi ng from 15 
to 24 1 )J g/L. Because the highest lead concentrations 

occurred at wells where BTEX compounds were not 
d tected, it occurrence wa attributed to aqui fer solids 
a opposed to leaded gasoline (Genera l Engin ering 
Laboratories, l993a). 

egative-d i placement slug te ts were performed 
at three monitoring wells to provide estimate of aquifer 
hydraulic characteristics. The re ulting hydraulic condu -
tivity va lues ranged from 32 to 36 ft/d at well. MW-2, 
MW-4, and MW-6 (General Engineering Laboratori , 
1993a). 

Fo llow ing the completi on of the expanded as ess­
ment, ground-water ampling wa continued on a quar­
terl y ba is (Genera l Engine ring Laboratorie , 1993b, 
1993c, 1994). One important f inding of these monitor­
ing event included the appearance of free-pha e 
petroleum (approx imately 0.32-ft thick) in well MW-4 
(General Engineering Laboratorie ·, 1993b) where product 
recovery effort were initiated. Free-pha petroleum 
wa not detected in any well s during ub equen tmoni ­
toring even ts: however, elevated con entrations of 
petroleum hydrocarbons (up to 36,480 )Jg/L total 
BTEX) per isted in well MW-4 (Genera l Engineering 
Laboratorie . 1993c, 1994 ). Add itionall y, MTB wa 
detected in water from MW -4 at a concentration of 
ll ,900 )Jg/L. Similarly, levat d BTEX concen trat ion 
(up to 9,9 10 pg/L) per i. ted in we ll MW -I. Benzene 
was detected at a concentration of I ,8 0 )J g/L in water 
from well MW-2 during th fir t quarterly monitoring 
(General Engineering Laboratorie . 1993b) , but wa not 
detected in MW-2 during subsequent ampling event 
(General Engineering Laboratorie , 1993c. 1994 ). 

Data-Collection Methods 

Standard methods were u ed to coll ec t and analyze 
most of the data presented in this report. I n orne ca e 
involving the co llection of ground-water data, however, 
relatively new method. were u ed. A lthough con idered 
nonstandard, sufficient technical documentation of the 
methods i ava i lable and referenced. Specific methods 
are di scussed in the following section 

Temporary Well Installation 

total of seven temporary monitoring wells, 
includ ing three screened at a deeper horizon in the 
water-tab le aquifer and paired with shallow-screened 
temporary well , were in tailed at the Laurens ite. 
These we ll s are identified by the prefix ·'GP" fo llowed 
by consecuti ve numbers l through 4 (fig. 4). Well s GPI , 
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GP2, and GP4 were installed in pair (separate ho le ) 
and are further identifi ed to denote relati ve depth. The 
suffi x " S" denotes the shallowest of the pair, creened 
to bracket the water table, and the uffi x '·D" denote 
the deepe t of the pair, w ith a full y aturat d screened 
interval. Temporary well were in tailed at location 
along certain flow line or in area where data gaps 
potentially ex isted. At the Charle ton ite, eight tempo­
rary monitoring well were installed in the sha llow 
urficial aquifer with screened inter als po ·iti oned to 

bracket the water tab le. The e well are identified by 
the prefix " GP-'" followed by a on ecuti ve number I 
through 8 ( fi g. 5). 

II temporary well. were in tailed u. ing direct­
push methods, and were constructed w ith I - inch ( in .) 
inside-d iameter PVC monitor pipe and slotted creen 
ections. At most locati ons. a tee] drive point and 

probe rod wa hydrau li ca ll y hammered into the su rf i­
cial aquifer to the de ired depth. lmm diately fo llow­
ing probe extrac ti on, the screen an I ri er pipe wa 
in en ed into the open hole and pu hed by hand to 
refusal. A so lid PVC drive plug at the bottom of the 
screened ection faci litated in ertion. If the des ired 
depth of the well was not achie ed by hand pu. hing, 
the PVC pipe was hydraulically pushed to the des ired 
depth. At two lo ati ons at the Charl eston site (GP-7 
and GP-8). we ll were con . tructed in holes where 
ontinuous core had been collected by direct-push 

methods (corTe ·pondi ng to coreho le location. GPS-4 
and GPS-6, respccti ely). Clean f ilter . and wa poured 
down the ide. of the hole to fi II the annular pace to 
ab ut 2 ft bls. Granular ben toni te, which wa. placed in 
the annu lus above the sand pack to abou t 8 in. bls, was 
hydrated wi th deionized water to create a seal. The well 
w rc f ini shed slightl y above grade u ing a am- locking, 
watertight manhole cover and sand-cement pad. 

Water-Level Measurements 

Water lc Is were measured at both . ites en 
various dates to characteri ze the ·hape and lope of the 
water-table urface at each it . M easuring points were 
e tab lished at the tops or the PV ca ing at all monitor­
ing wells, and the el vation of ach mea. uring point was 
determined by differential leveling to provide a common 
datum for water- lc el comparison at each ite. The dan11n 
u. ed at each site wa arbitrary based on measuring-point 
elevation of I 00.00 ft at well MW-2 at the Lauren site 
and 10.00 ft at well MW-8 at the harleton site. 

The depth to wat r, relati ve to the . tabli . heel 
mea uring point at each w II. wa · mea ur d t th 
neare t 0.0 I ft u ing an electri c water- le cl indicator. 
Multiple measurements wer tak n at each w II to 
en ure accuracy and to ensure that equilibrium had 
been achi vcd . part icular! in well. wi th full sa tu­
rated screened inter al. . 

Hydraulic-Conductivity Measurements 

egati v -d isplaccm nt, or ri sing-head, ·Jug t sts 
were performed at se eral w li s at each si te to pro ide 
e timate of horiz ntal hyd rauli c conducti ities in the 
water-table aqui fers. t the harl eston . itc, wat r- Ic I 
fluctuation · were monitored during each test using a 
10-pound-per-square-inch pre ·ure transducer and a 
data logger. t the Laur n · ite, water- lev I r covcrie. 
were low enough to mea ure wi th an electric wa t r­
Je el indicator. Howe er. well. MW-3 and MW-7 were 
retes ted at a later date u ing a data logger and pressure 
transducer to mon itor water- le cl flu tuati on . A ll test 
data were analyzed u. ing the 8 uwer and Rice method 
(Bouwer and Rice I 976; Bou• r. I 9 9). 

Slug te ·t at th baric ton site were comp leted 
at m nitori ng wells MW-2, MW-. . MW-5, ;111d MW-6 
on September 9. I 998. lug tests at the Lauren. site 
were comp l ted at monitoring well s MW-2, MW-7, 
MW-8. and OW-l on May 20. 1998. and at monitoring 
well MW- I , MW-3, and MW-5 (two te ts) on M ay 22. 
1998. Additional te ts w re performed at well MW-3 
and MW-7 at the Lauren site on September 17. 1998. 

Gasoline-Range Organ ics Measurements in Soils 
and Sediments 

Soil ample w reco llec ted with dir ct-pu h 
methods at both ·ires for lithologic de cription and 
laboratory analy is of ga c li ne-range organic (G RO) 
ontent. Two-foot-long core am pies w re co lle ted by 

hydraulically hammering a l - in . inside-di ameter. thin­
wa ll , . tainle. s-s teel coring tube with a retractable, 
piston-type probe tip to the desired beg inn ing d plh. 
The probe tip wa then released from its locked posi­
ti on, and the coring rube was advanced 2 rt while the 
probe tip remained stati onary. The so il ample wa 
then r tri eved; a clean co ring-tube assembly was 
advanced to the previous terminal depth. and the 
proccs · wa · repeated for each sub eq ucnt ample 
co llected. An acetate tube liner fac i l itated ·ample 
ex tru ion. 
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Soil samples were co llected from 8 locati on at 

the Charl eston site on February 3 and 5, 1998. Soil ­

sampl ing location at the Charleston ite were identi ­

fi ed by the prefi x " GPS-" followed by consecuti ve 

numbers I through 8 (fi g. 5). Soil ample were 

co llected f rom II locations at the L aurens site. Soil -

ampling locati on at the L aurens site were identi f ied 

by the prefix " GS" followed by con ecuti ve numbers 

l through II (fig. 4). Samples were collected from 

locations GS I through GS7 during January 12- 13 

1998, and from locat ions GS 8 through GS II on 

February 4, 1998. Each sampled interval (2-ft length) 

f rom an indi vidual location was f urther identified by 

the central depth where the core was collected. For 

example, sample GS5- 17 was collected f rom locati on 

GS5 at the L aurens . ite, and the am pled interva l was 

from 16 to 18 f t bls. The land-surface elevati on of 

each oil -sampling location was determined by 

di fferenti al leveling to provide a common datum for 

litholog ic and chemica l data compari son at each site. 

The datum used at each site was arbitrary based on 

measuring-point elevati ons of I 00.00 ft at well 

MW-2 at the Laurens site and 10.00 ft at well MW-8 

at the Charl eston site. 

Soil sample fo r laboratory analy i of GRO 
content were obtained from vari ous depth interva ls 

det rmined by relati ve depth po ition and indicati ons 

of contamination by petroleum hydrocarbons. Four 

to f ive sample were collected for analys is f rom each 

hole at the Charl eston site, and three to nine ample 

were ollected for analys i f rom each hole at the 

L aurens ite. Seven plit- poon . amples were 

co llected for repli ca te analys is. ample were 

co llected in wid -mouth gla s j ars and packed tightl y 

in the j ar to minimize air pace. The j ar · were then 

sea led with Teflon- lined cap and were immedi ately 

pl aced on ice where they remained until deli very to a 

South arolina Department of Hea lth and Environ­

mental Control certifi ed commercial laboratory for 

analys is. Samples were analyzed for GRO content 

using USEPA method 5030/80 15b (U.S. Environ­

mental Protecti on Agency, 1986; 1996) and percent 

solids using U EPA method 160.3 (U.S. Environ­

mental Pr tecti on Agency, 1983). Resulting GRO 

concentrati ons were r ported in mi rogram per 

kil ogram. based on dry weight. 

Ground-Water Chemistry Data Collection and 
Analysis 

Ground-water samples were collected for labora­
tory analy i and for f ield parameters from monitoring 
well s at both ites. Samples were co llected from the 
Charle ton ite during June 24-25, 1998, and from th 
Laurens ·ite during June 16- 18, 1998. 

A ll well were purged and ground-water samples 
were co llected using a peri talti c pump. A length of 
high-den ity polyeth ylene tubing, used in conjuncti on 
with the peri staltic pump, was d dica ted to ach w II to 
eliminate th pos ibility of cro s contaminati on. Each 
well was purged of three ca ing volume prior to sam­
pling. The l - in. in ide-diameter PVC monitoring-well 
pipe at the Laurens site were low to recover, so the 
well s were pumped dry three time prior to ampling. 

Ground-water sample were co li cted and 
analyzed for BTEX compounds and MTBE using 
USEPA method 8260a (U.S . Environmental Protecti on 
Agency, 1986; 1996) at a South Carolina Department 
of Hea lth and Environmental Contro l certi f ied com­
mercial laboratory. Samples were co llec ted by slowly 
filling 40-mL vo latile organic compound vials taking 
care to minimize agitati on and potential volatile 
organic compound losses from aeration of the sample. 
The samples were preserved w ith hydrochloric ac id 
and sealed w ith Teflon- eptum caps. The sea led sam­
pl es were inspected to en ure the absence of trapped 
air. I f bubble were present, the ample was di sca rded, 
and another sample was co llected. The sample were 
immediately pl aced on ice fo r . torage until deli very to 
the commercial laboratory. Trip blank accompanied 
all amples from time of collecti on until deli very to the 
l aboratory. Samples were tracked using the chain-of­
cu tody procedure of the laboratory. 

A naly i of MTBE in ground-water samples al o 
was accompli hed u ing gas chromatography/mass pec­
trometry (GC/MS) with direct aqueous injecti on (DA I) 
(Church and other ·, 1997) . Tert-butyl alcohol (TBA) 
and Jeri-buty l fo rmate (TBF) also were analyzed by the 
D AI-GC/M S method. The DAI-GC/MS method has 
·hown analyti ca l agreement with conventional purge­
and-trap method. for MTB E detection over a w ide range 
of concentrations; moreover, the method is capable of 
concurrentl y detecting MTBE and TBA in water at 
concentrati ons less than I f1 g/L (Church and others, 
1997) . Samples for M T BE, TBA, and TBF analy is by 
DAl -GC/MS were collected by slowly filling 20-mL 
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headspace via l in a manner minimizing ample agita­
tion . A Teflon -lined butyl -rubber stopper was crimped 
over the opening of the vial, leaving no headspace in the 
vial. The ealed sample were in peeled to en ure the 
absence of trapped air, and am pies were di carded and 
recollec ted if bubble · were pre ·ent. The sample were 
not pres rved with ac id, but were placed on ice until 
deli vered for laboratory analys is at the Oregon Graduate 
In titute of Science and Technology, Beaverton , Oregon. 

Ground-water sample for the analy i of meth­
ane and di sso lved inorganic carbon (DJC) were 
co llected by injecting 5 mL of fi ltered water through 
the eptated topper of a sample- rin sed and sea led 
20-mL headspace vial. A y ringe wa used to pass th 
water through a 0.45-micron porous-membrane fi lter. 
Sample were immed iately placed on ice for storage 
until ana lyzed at the U.S. Geologica l Survey South 
Carol ina Di . trier laboratory. Methane in the ample 
headspace was quanti f ied by thermal-conductivity­
detection gas chromatograph y, and di olved methane 
concentrati ons were calcul ated usi ng Henry's Law 
coefficient (Stumm and M organ. 198 1 ). Laboratory 
preparati on of DlC sample included the addition of a 
42.5 percent phosphoric ac id olution. Head pace D! 
was quantified by therm al-conducti vity-detecti on ga 
chromatography. The DI C concen trati on. were 
correct d for atmospheric carbon dioxide (C0 2) 

pre cn t in ambi nt-air amples . which were co llected 
daily in the f ield . 

To determine concentration of inorganic ion , 
ground-water . ample. were collected in sample-rinsed 
polyethylene bottle. after u ing a . yringe to pa the 
sample water through a 0.45-mi ron porous-membrane 
filter. The sample were not acidified and were packed 
in ice until analyzed at the .S. Geological Survey South 
Carolina District laboratory. Cations and anion were 
identified and quantified by ion-exchange chromatography 
u ing chemica l . uppre sion and conductivity det tion. 

Replicate ample repre enting greater than 10 
per en I o f the total number of sample collec ted at each 
ite also were co li cted for each type of laboratory anal­

y. is. Replicate sample were coli cted from monitoring 
well s MW- 1 and MW-2 at the Charle ton site and from 
monitoring well MW-2 and MW-3 at the Lauren · site. 

Concentrati ons of di sso lved oxygen, ferrous 
iron ,. ulfide, and manganese were measured in the 
fie ld using Chemetri cs co lorimetric-te t kits. D i solved 
oxygen wa quantified using the rhodazin -D method 
for concentrati ons lcs than I mg/L ( hemetri c ·, Inc., 
1984; Ameri can oc i ty forTe ling and Materi als, 

1994) and the indigo- annin m thod for con entra­
tion great r than I mg/L ( ilb rl and other , 19 _) . 
Ferrou iron and di ol e I ·ulfide oncentrat ion , ere 
determ ined using the phenanthroline method (method 
3500-Fe-D) and the meth I n -blue method (method 
4500-S2-D), r . pecti ely ( meri can Pub lic Hea lth 
A ociation and other-, 1 998) . The peri odat m th od 
(method 3 l 4C) wa us d to determine eli so l ed 
mangane e concentrat ions in ground water ( m ri an 
Pub lic Hea lth A soc iation and others, 1998) . Wat r 
temperature and pH w re m a ured in the field u: ing 
a digital pH meter quipped vvith a combination pH 
electrode and an automatic tcmperatur ompensa tor. 

Hydrogeology 

Laurens Site 

The water tab le beneath the Laurens site o urs 
in a layer of re idual so ils ( apro lit ) that were form d 
by the decompo it ion of crys tallin rock. The saproliti 
water-table aquifer i underlain by parent b drock, and 
a transitional zone of partially weathered rock ex i. ts 
between the two units. The upper part of the bedrock 
probably c main. water-bearing fractures and fracture 
zones compos ing a deeper fl ow sy ·tem that i. hyd rau­
li ca ll y connected with the sapro l itic aquifer; however, 
the ex tent of bedrock fracturing and interconnection of 
the two fl ow y tem ha not be n inve ti gated at thi 
. ite. Whil drilling well DW- 1 into the low r part of 
the aprolit aquifer, b clrock wa thought to be about 
38ft bls ( lpha Environmental Science . Inc., 1997). 

Accord ing to the g olog ic mapping of elson 
and other ( 1998). the metamorphic bedrock beneath 
the Laurens ite and the urrounding area is biotite 
gneiss of the L aurens thru st sheet, w ith po. sible zone 
of intru i e biotite granite gneis . The mineral compo­
sition of the biotite gnei s is predominantl y pi agio-
cia e. quart z. and biotite w ith varying tex ture and 
layering ( el on and other , 1998) . 

The oils recovered during sampling acti vitie 
were generall y described as micaceou · clayey . and, 
andy clay, and clay. Dark-brown biotite wa. abundant 

in most cor d interva ls below 6 to 8 ft bls. Some zone 
were charact ri zed by quartz and plagiocla ·e gravel and 
. and with vary ing amounts of biotite and clay. A 2- ft -
d ep zone of w athered granite, con i ting of gravel­
sized grain · (up to 0.05 ft) of quartz, pl agioc la. e feld­
spar, and biotite in a white clay matrix , was observed in 
corehole G 4. 
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Hori zontal hydrau lic conducti vitie of saprolite­
aqui fer ediments were e timated by aquifer te ting at 
the Lauren site (table 5). timated hyd raulic conduc­
ti vity va lues ranged from 0.4 to 8 ft/d, with an average 
value of 3ft/d. The average hydraulic conduct ivity 
determined during previou in e tigation at the ite 
was 0.19 ft/d (A lpha Environmental Sciences. Inc .. 
1996; 1997). 

Ground-water recharge to the water-tab le 
aquifer beneath the Laurens ite and urrounding 
area occur through loca l in filtration of prec ipitation. 
Sa ed on measurements recorded at the Lauren 
weather station, located about 2 mi les (mi) west of the 
site, the average annual precipitation during 196 1- 90 
wa 48.54 in/yr (National Oceanic and Atmo pheric 
Admini trati on, 1999). Total annual precipitati on 
measured at the Lauren. weather station during 199 
was 50.83 in . Sim i lar to conditions ob erved at the 

harleston Airport, however, month ly precipitation 
totals during the ummer and fall of 1998 were sub-
tantiall y lower than normal. The recharge rate at the 

Lauren si te is not known. However, the average 
an nual recharge in a orth Carolina Piedmont basin , 
which is partially underlain by a similar rock type, was 
e timated by hydrograph eparation techniques to be 
6.7 1 in . (Daniel and Harned, 1998) . 

Ground water at the ite primaril y discharges to 
the small . tream east of the property (fig. 4). Evapo­
transpiration al. provides an important mechani m 
for water remova l from the aprolitic aqui fer. A erage 
annual e apotransp iration dur·ing 1948- 90 wa 26 to 
30 in. in the Laurens area ( herry and Badr, 1998). 

ddi tionall y, ground water from the saprol i tic a qui fer 
cou I I recharge the deeper, fractured-rock flow sy tern , 
depending on the ex tent of hydraulic connection. 

The depth to the water table beneath the Lauren. 
si te varies from about 14 to 17 ft bl. in the paved area 
adjacent t North Harper treet to about 6 to 9ft bls in 
the ea ·tern 1 art of th pro1 crty where land-surface 
clc ati ons arc lower. The water table f luctuates in 
rcspon c to rainfa ll infiltrati on. Water-level fluctua­
ti ons of about .5 ft were ob erved in well s in the 
we tern part of the tudy ar a, wherea fluctuations of 
abou t 2.5 ft were observed in areas of lower land­
surface elevati ons in the eastern part of th study area. 
The highest water levels observed du ring thi s in ve. ti­
gati n were measured on March 3, 1998, whereas th 
lowest wat r- le el condition · wer ob ·er cd on 
Sept mb r 9, 1998 (tab le 6). 

The dominant direction of ground-water flow is 
toward the . outheast (fig . 6 and 7). However, a more 
southward direction of flow was evident during low 
water-table condition. (fig. 7), as compared to high 
water-table conditions (fig. 6). Add itionall y, the slope 
of the water-table urface during low water-tab le 
conditions i much gentler than that ob er ed during 
period of high water levels. The hyd raulic grad ient 
between well s MW-2 and MW-7 ranged between 
0.0 12 and 0.025 ftlft during low and high water-level 
condition , re pecti ely. 

Charleston Site 

The unconfined . ur ficial aquifer beneath the 
Charle ton ite con ists of Quatern ary terrace deposit. 
of the Wando Formation of upper Plei tocene age. 
Wando Formation . ediments w re depo ired in vari ous 
environments, inc luding barrier, ba kbarrier, and 
fluvial depositional environment , repre enting three 
transgres ive/regre ive cycle (Me artan and others, 
1980). Ln the vicinity of the Charle ton i te, . edi ments 
of the Wando Formation have been described as clayey 
fine sand w ith clay, and, and shell layers deposited in 
a backbarrier environment (McCartan and others, 
1984; 1990). This de cription i con i tent with the 
surf icial aqui fer sediment ob erved at the ite during 
oi l- am piing act ivi ti c ·.Genera ll y, the sed imen ts 

beneath the site were found to be very fine to fine and, 
ilt, clayey sand, and clay. Soil from the 9- to 11 -ft 

depth interval wer generall y not recorded due to the 
pre ence of well- orted, water- aturated and . Layers 
containing hell materi al were ob erved in core 
ample from about I 0 to 18 ft bl . 

The Wando Formation unconform ab ly overli 
the upper Oligocene and upper Eocene-age depo it of 
the Tertiary Cooper Group (herein referred to a the 
Cooper M arl ), which include the A hley Formation, 
the Parkers Ferry Formati on, and the Harleyv ille Forma­
tion (Ward and others, 1979). The indurated, irregular 
eros ional surface of the younge t of these deposit , the 
Oligocene Ashley Formation, prov ides the basal contact 
for the Wando Formation. The Cooper Group is made 
up of dense, phosphatic, calcarenite and calci lutite. 
Based on gamma-ray logs of nearby well. (one located 
approx imate! y 2 m i west of the ite ), the thickness of the 
Cooper Group in the vicinity of the Charleston site wa 
e timated to be about 300ft (Park, 1985). Sediment of 
the ooper Group is den e enough that only a few feet 
of thickne .. i suffi cient to retard the vertical movement 
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Table 6. Measuring-point elevations and relative water-level elevations at the Laurens, S.C., site 

[MP , measuring point ; TOG , top of casing ; NA, not applicable] 

MP elevation 
Depth to water Water-level elevation 

Well Date (in feet ; datum is (in feet; datum is Remarks 
arbitrary) (In feet) 

arbitrary) 

MW- 1 3/6/9 100.65 14.04 86.6 1 1P = Black mark TOC 
6116/9 100.65 14.32 86.3 
911 7/98 100.65 17.54 3. 11 
411 3/99 100.65 16.38 84.27 

MW-2 3/6/98 100.00 13.43 86.57 MP = Black mark TO 
6117/98 100.00 13 .76 86.24 
9117/98 100.00 16.97 83.03 
4/13/99 100.00 15.8 1 4. 19 

MW-3 3/6/98 94.29 9.50 84.79 MP = Black mark TO 
6117/98 94.29 10.12 84. 17 
9117/98 94.29 12. 17 82. 12 
4/13/99 94.29 11.1 6 83. 13 

MW-4 3/6/9 100.34 13.63 6.7 1 MP = Black mark TO 
6116/98 100.34 13.91 86.43 
9117/98 100.34 17.22 83. 12 
4113/99 100.34 16.05 4.29 

MW-5 3/6/98 9 1.65 6.8 1 84.84 MP = Black mark TO 
6116/9 9 1.65 7.40 84.25 
9117/9 9 1.65 9.40 82.25 
4/13/99 91.65 8.4 1 3.24 

MW-6 3/6/9 98.05 11.75 86.30 MP = Black mark TO 
6116/98 9 .05 11 .98 6.07 
9117/98 98.05 NA A Dry hole 
4113/99 9 .05 14 .05 4.00 

MW-7 3/6/98 87. 9 8.54 79 .. 5 1P = Bla ·k mark TO 
6116/98 87.89 6.03 8 1. 6 
9117/98 7. 9 7.04 80.85 Mcasur.;mcnl suspect? 
4/13/99 7.89 6.45 8 1.44 

MW- 3/6/9 91.28 7.64 83.64 MP = Black mark TO 
6116/9 91 .28 8.23 83.05 
9117/98 91.28 9.98 8 1.30 
4113/99 91.28 9.04 82.24 

MW-9 3/6/98 90.96 8.45 82.5 1 MP = Highc. l poim TO 
6118/9 90.96 9.25 8 1.7 1 
9117/9 90.96 10.44 0.52 
4113/99 90.96 9.56 8 1.40 

MW- 10 3/6/98 97.19 11 .87 85.32 MP = Highc 1 poim TOC 
6118/98 97.19 12.42 84.77 
9117/98 97 .1 9 15.7 1 8 1.48 
4113/99 97 .1 9 14. 12 83.07 

DW- 1 3/6/9 9 .3 1 II. 7 86.44 MP = Black mark TO 
6/16/9 98.3 1 12. 12 86. 19 
9117/9 98.31 15.42 2.89 
4113/99 98.3 1 14.23 84.0 

GPI 6117/98 9.79 7.50 82.29 MP = Black mark TO 

9117/98 89.79 8.60 1.19 
4/13/99 89.79 8.07 1.72 

GP ID 6117/98 89.79 7.5 1 82.28 MP = Bl ack mark TOC 

9117/98 89.79 8.56 1.23 
4/1 . /99 9.79 7.93 1.86 

GP2 6117/98 91.9 8.36 83.62 MP = Black mark TO 

9117/98 9 1.98 10.24 81.74 

4/13/99 9 1.9, 9.4 1 82.57 

GP2D 6117/98 9 1.95 8.3 3.57 MP = Black mark TO 

9117/98 91.95 10.23 8 1.72 

4/1 3/99 9 1.95 9.27 82.68 

GP3 6118/98 94.95 10.72 4.23 MP = Black mark TOC 

9117/98 94.95 12.78 82.17 

4/13/99 94 .95 11.76 3.19 

GP4S 6117/98 98.29 12.26 86.03 MP = Black mark TO 

9117/98 98.29 A A Dry hole 

4113/99 98.29 14.25 84.04 

GP4D 6117/98 98.33 12.38 85.95 MP =Black mark TOC 

9117/98 98.33 15.53 82.80 

4113/99 98.33 14 .35 83.98 
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of water (Park, 1985). The Cooper Group is underlain 
by the middle to upper Eocene-age Cro Formation, a 
dense, partially . ilicified calci lutite. The den e, areally 
ex ten ive depo: it of th ooper Group/Cro Forma­
tion make up an effective confining unit known a the 
Santee Limestone/Black Mingo confin ing unit. Data 
collected from a corehole located about 5 mi southea. t 
of the Charle ton site ind icated the total thickne s of the 
Santee Lime. tone/Black Mingo confining unit is 342ft 
(Campbell and other , 1997). Because thi. inve tigation 
concerns contamination of the surficial aquifer and the 
Santee Limestone/Black Mingo confining unit effec­
tively isolates the surficial aquifer from deeper water­
bearing un its, hydrogeologic un it deeper than th 
Santee Limestone!B iack Mingo confining un it are not 
di cus ed in thi s report. 

The su rficial aquifer sediment beneath the 
Charleston site were reported to be about 8- to I O-ft 
thi ck (General Engineering Laboratories, 1993a); 
however, cores collected during this inve tigation and 
ongoing geologic mapping in the area indicate a thick­
nes of about 18 to 19 ft. The ba al contact of the 
Wando ormation typical! y is marked by the occurrence 
of black phosphatic pebble , and the top of the A ·hley 
Formation i typically den e and moderately indurated. 
Den e calcarenite indicative of the Ashley Formation 
was not found in any of th corehole made during thi 
investigation, which ranged from 9 to 18ft bl . Phos­
phate pebble. were only ob erved in a ample from 17 
to 18 ft bl at the deepest corehole, GPS-1 (fig. 5). Land 
surface at th i location i about 12 ft above ea level ; 
therefore th ba al con tact, a · uming the contact is ju t 
below the 18-ft d pth , would be about 6ft below ea 
level. This elevation i · con i ·tent with recent geologic 
mapping of Quaternary deposits in the near vicinity. 
Two auger holes drilled for thi . mapping project were 
located about 2,000 ft southwest and 2,800 ft north of 
th ite. The levation of the ba. e of the Wando Forma­
ti on at th se location. wa · determined to be 6 and I 0 ft 
below sea I vel, respectively, wi th pho phate pebbles 
marking the ba al contact (Robert E. Weem , U.S. 
Geological urvey, written commun., 1999). 

alculated hori zontal hydrau lic conductivities of 
. urfi cial aquifer sediments were d tenninecl by aquifer 
testing at four monitoring well · at the Charle ton site 
(table 5). Estimated hydraulic conductivity va lue: 
ranged from 20 to 40 ft/d , with an average va lue of 
30 ft/cl. The average hydrau li c conducti ity value 
determined during prev iou. inve ligation at the site was 
35 ft/d (G neral ngineering Laboratori e , 1993a). 

nnual precipitation for 1961 - 90 (5 1.53 in/yr) 
wa recorded at the Charleston irport, locat d about 
4 mi northea t of the site (National Oceanic and Atmos­
pheric dmini tration, 1999). Recharge to the surficia l 
aquifer beneath the Charleston . ite and adj acent area 
occur primarily through rainfall infiltrat ion and wa 
estimated to be 6 in/yr or le in th outh Carolina 
Coastal Plain ( ewcome, 1989). 

Tn thi s area, ground-water di:charge from the 
surficial aquifer occur mostly through seepage to 
surface-water feature ·. Evapotran pi ration also 
provide a mechanism for wat r removal from the 
urficial aquif r, particularly during the ummer 

month . Av rage annual evapotran piration during 
1948-90 wa greater than 40 in . in the harleston area 
(Cherry and Badr, 1998). Locally, ground water at the 
Charleston site discharge to the drainage ditches 
along the southeast and southwe. t boundarie · of th 
property ( fig. 5). Because of the effecti veness of the 
Cooper Group/Cro s Formation sediment a a confin­
ing unit, loss of water from the ·urficial aquifer by 
vertica l leakage to lower unit. i considered minimal. 

The depth to the water table beneath th harles-
ton ite i gen rally about 4 to 6 ft bl ; howe er, shal­
lower depths (about 2 to 4 f1 bls) have been ob erved in 
well located on the north and west periphery of the ite 
where land-surface elevati ons are ·lightl y lower. The 
water table fluctuates in re pon ·e to rainfall. The maxi­
mum war r-table fluctuation ob er eel during thi inve -
tigation was 2.6 1 ft at well MW-8. The low water-tab le 
conditions, reflected by depth to water measurements 
and dry drainage-ditch beds, were observed during 
June 1998. 

The direction of ground-water flow beneath the 
Charleston site i dominantly toward the south and the 
convergence of the two drainag ditches (fig . 8 and 9) . 
Water-level elevati ons mea ured at the well pair 
located in the former UST area (MW - I and PW - I ) 
were consistent ly lower in the well screened in the 
A hley Formation sediments (PW- 1), indica ting a 
slight downward vertical gradient between the two 
unit at that location. 

Distribution of Petroleum Hydrocarbons in 
Sediments and Ground Water 

Vari ous methods were integrated to assess the 
horizontal and ve11ica l di stribution of petroleum hydro­
ca rbon in the aturated and un. aturated zones of the 
water-tab le aquifers beneath both ites. So il amples 
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were collected to det rmine the horizontal and erti ca l 
distribution of petroleum-hydrocarbon contam ination 
in aquifer oi l at location where previou inve ti ga­
tion had indicated probable ource areas. Ground­
water ample were collected to determine the horizontal 
and, to a le ser extent, vertica l di t1ibution of oluble 
BTEX compound and MTBE, among the mo t mobile 
of ga oline components. Con entrations of BTEX and 
MTBE in vapor were examined to asse s the verti ca l 
di tributi on of gaseou -pha e vo lati le con taminant. in 
the un aturated zone above the contaminated water­
tabl e surface. 

Laurens Site 

Ele en coreholes were made in the vicinity of 
the former UST location at the Laurens ite, and 
elected amples were analyzed for GRO content to 

det rmine the spatial di tributi on of petroleum hydro­
carbons in soi I . Elevated GRO concentrations were 
detected in ·oi l ample. from all coreholes. Concen­
trati ons of GRO were detected in oil samples fro m 
GS9 (up to 252,000 )..lg/kg). Elevated GRO concentra­
tions also were detected in soil s from GS4 (up to 
67, I 00 )..l g/kg) and GS5 (up to 65,500 )..l g/kg), indicat­
ing the area identi fied by these three coreholes as a 
source area. Ba. ed on ite hi tory and known ground­
water-flow directions, hydro arbon contamination in 
thi . area appear to be deri ed from leaking feed pipe. 
in the vicini ty of the former pump island. and not from 
leak ing UST's. Another area of levated GRO con en­
trations, h w ver, doe. eem to be related to the relea. e 
from UST's. GRO oncentrations were detected in 
·am pies from GP I 0 (as much as 84,500 )..l g/kg) and 
from adjacent eoreholes GS3 (up to 3 I ,500 pg/kg) and 
G 7 (up to 44,600 )..l g/kg) . Thi area may represem a 
part of the original source deriv d from leaking U T ' ; 
so il from this area was not remo ed during U T 
closure activiti . 

The verti ca l distribution of GRO concentrati ons 
in soil. from four corehole i. shown in figure 10. In 
oeneral the highe t concentration were detected in 0 , 

ample collected near the water table. Concentrations 
greater than I 0,000 )..l g/kg generall y occur within an 
appr ximate 5- to 10-ft vertica l interva l that bracket. 
the water table, uggesting contaminant smearing on 
sediments in respon. e to water-tab le nuclllation . 
Visual indicat ion of free-phas petroleum in so il 
amples wa not ob erved. 

Ground-water . ample wer coli ted from 
monitoring well s install ed during pre ious inv sti ga­
tion and from l - in -d iameter PVC t mporar well 
installed during thi . in e Li gation to d t rmin the 
di tributi on of p troleum-hydrocarbon contamination 
in ground war rat the Laur n site (table. 6 and 7). 
With regard to levated concentration. , benzene 
eemed to be the most ubiquitous BTEX comp und ; 

th refore, it wa cho n to depict th hteral distribu­
tion of BTEX compound ( fi g. II ). Th highe t 
concentration. of b nzene (28,300 pg/L ), eth !ben­
zene (3,260 )..l g/L), toluene (66,700 pg!L), and MTB E 
(64, 178 )..l g/L ) were dele t d in water from well 
MW-6, located in th icinit of th form r STs 
and paired wi th the deep hori zon we ll DW- 1. High 
contaminant cone ntrati ons ( I ,540 to 6,7 10 pg/L of 
benzene) w re also det ted in water from we ll s MW - I 
and MW-2, r specti vely. located in the paved area , 
upgradient from the UST location. Well GP and 
MW-3 , downgradient from th T loca ti on, also 
contained high contaminant con entrati ons e empli ­
fied by benzene concentrati ons of 2,_ 1 0 and 993 pg/L , 
re pectively. At wells MW-9 and MW- 1 0, lo ated on 
private property across Creamer Street, only benz ne 
wa. dete ted at oncentrations (67 and 64.6 pg/L , 
re:pectively) exceeding the RB L of 5 pg/L. Th 
occurren e f petroleum hydrocarbons in th ·e ofT-site 
wells i likely there. ult of the more outhward general 
flow direction observed during period of low water­
tab! condition ( fig. 7). The lateral distribution of 
MTBE ( fig. 12) and BTEX (fig. 13) was similar to 
the distribution of benzen . Free-phase petroleum 
was not observed in any of the we ll ·ampled at th 
Lauren ite. 

!though high contami nant concentration were 
not detected in water from DW- 1, creened at 30.8 to 
33.3 ft bl s, petrol eum hydrocarbon were detected in 
water f rom temporary well s screened in the 13- to 18-ft 
depth hori zon, about 5 ft deeper than paired hallow 
well . Concentration detected in the deeper temporary 
well s were genera ll y sim ilar, if not lightl y higher than 
concentrations detected in the adjacen t . hallower 
well. . Benzene and MTBE concentration · exc eded 
the respecti ve RBSL's of 5 and 40 )..l g/L in well pair 
GP4S/GP4D. Benzene was detected at concentra ti ons 
exceeding the RB Lin water from GP I S/GP I D and 
GP2S. Water from GP20 did not contain concentra­
tions exceeding RBSL's. 
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Table 7. Concentrations of dissolved petroleum hydrocarbons at the Laurens, S.C., site 

[USEPA, U.S. Environmental Protection Agency; DAI-GC/MS, direct aqueous injection-gas chromatography/mass spectrometry; MTBE, methyl 
lert-butyl ether; TBA, lert-butyl alcohol; <, less than ; R, replicate sample; NO, not detected; NA, not analyzed or appl icable; RBSL, risk-based 
screening level. Tert-butyl formate (TBF) was analyzed using DAI-GC/MS, but was not detected in any sample above its detection limit of 
5 micrograms per liter. All concentrations are reported in micrograms per li ter] 

Analyzed by USEPA method 8260 

Well Ethyl- Total Benzene 
benzene 

Toluene 
xylenes 

MTBE 

MW- 1 I ,S40 6.9 <S 22.8 ISS 

MW-2 6.7 10 2.770 39.800 I S.400 12,900 

MW-2R 2.280 2,930 5.420 7.460 7.260 

MW-3 993 391 703 2.- 10 389 

MW-3R 977 360 624 2.070 357 

MW-4 <5 < <S <15 <5 

MW-5 <5 <5 <5 < IS <5 

MW-6 28.300 3,260 66.700 <7.500 D 

MW-7 <5 <5 <5 <IS <5 

MW- <5 <5 <5 < IS <S 

MW-9 67 <5 11 .3 < IS 22.' 

MW- 10 64 .6 <5 8.6 < IS 24 .1 

OW- l <5 5.6 47.3 < I ' <5 

GPI 14 10.9 61 .4 64.1 <5 

GPID 17 .8 15.3 I-ll 86.9 7. 

GP2S 8.3 7.2 24.6 <IS 9.5 

GP2D <S 7.3 72. 1 <IS 7.2 

GP3 2.2 10 2.090 14.400 10.200 1.060 

GP4 547 350 ISO 875 50 

GP4D 726 -197 305 980 727 

TP- 1 <5 <5 <5 <IS <S 

TP-2 <5 <5 <5 <15 <5 

RBSL 5 700 1.000 10.000 -10 

Petroleum hydrocarbons wer not detected abov 
re. pective detecti on limit in water from well MW-4, 
MW-5, MW-7, and MW-8. A naly i. of trip blank that 
accompanied water samples f rom the Lauren. site did 
not detect concentration of BTEX compounds or 
MTB above r specti ve d tection limit . 

Charleston Site 

Soil . amples were collected from two ource 
area at the harle. ton ite, the former location of the 
UST's and the area around well MW-4 (fi g. 5), and 
se lected sample. were analyzed for GRO content to 
d termine the . pati al distribution or petroleum hydro­
carbons in oil s near source areas. Cores were initially 

Analyzed by method DAI-GC/MS 

Comments 
MTBE TBA 

140 979 

7.300 1.035 pgradicnt of former tank an:a 

9.-171 658 1-'ield rep! icme sample 

217 59.6 

204 55 .2 Fie ld repli ate sample 

< .10 < . 10 

< . 10 < . 10 

64,178 13.294 Fonner tank area well 

< . 10 < . 10 

< . 10 < . 10 

.57 40.8 

13 .2 23 

< .10 < . 10 Deep-horizon we ll : former tank area 

< .10 < . 10 l-in h well : shallowest of pair 

< .1 0 < . 10 l-inch well: dcepc:.t of pair 

3.9 < . 10 l-inch well: ~hallowest of pair 

< . 10 < . 10 l -inch well: deepc<ot of pair 

1.-126 334 l-inch well 

2 2 26.9 l-i nch we ll : shall west of pair 

39.6 4.16 l-i nch well: deepest of pair 

A 1 A Trip blank 

1 A A Trip blank 

40 ( outh Carolina Department of Hea lth 
and Environmental ontrol. 1995) 

obtained from two locations in the vicinity of the former 
ga oline T's; GPS- 1 and GPS-2. located in the exca­
vation area and on the southern edge (downgradient) of 
th excavati on. respect ively. Soil recovery from the tank 
area wa generally poor, probably becau e of the loo ely 
compacted chara teri tic of the fill materi al. GRO 
wa detected in a non aturated ample from GPS- 1 
(2,0 I 0 f-I g/kg) from a depth of 3 ft. nalys i of ample · 
collected from near and below the water table at GPS- 1 
did not detect GRO concentration · above the detection 
limit of 500 f-I g/kg. t GPS-2, a GRO was detected at 
GPS-2 (36,000 f-I g/kg) in a sampl e from a depth of 
9 ft, but elevated concentrati ons were not detected at 
other amp! d interva l both above and below 9 ft. 
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The relatively high GRO concentration detected at 
GPS-2 may represent ource-area concentration . 
The mo t highly contaminated soi l were excavated 
during UST remova l, but ome of the affected soi l 
remained in place (General Engineering Laboratorie , 
199 J ). Based on GRO concentration in oil coll ected 
from GPS-1 , mo. t of the original source area apparentl y 
was removed during T clo. ure acti vitie . 

The presence of free-phase petroleum per ·i t at 
monitoring well MW-4 (fig. 5), represen ting a continu­
ing ource of ground-war r contaminati on at the site· 
therefore, oi l . ample for GRO analy i were col­
lec ted in the vic in ity of MW-4. Ob erved thi ckne se 
of free-pha e petroleum in well MW-4 ranged from 
le · than 0. I ft to about 0.5 ft, wh ich is consi tent with 
the 0.32-ft thicknes. mea ured during prev iou investi­
gation (Genera l Engineering Laboratories, 1993b). 

Six corehole were made in the vicinity of moni ­
toring well MW-4 (fig. 5) . Four of the coreholes were 
situated along a nowpath inter ecting MW-4; GPS-3 
and GPS-4 were located downgradient of MW -4, and 
GPS-5 and GPS-6 were located upgradient ofM W-4. 
Two corehole , GPS-7 and GPS-8, were si tuated adja­
cent to MW-4 and perpendicular to the flowpath. GRO 
oncentration were detected in oi l coll ected from 

corehole. adjacent to MW-4 (up to 262,000 jl g/kg). 

Concentration. of GRO w r le .. in oi l from 
and GPS-6, located at a greater di . tance from MW-4: 
howe er, maximum cone ntrati ns det ctcd in . oils 
from GPS-3 (45,000 jl g/kg) and GP -6 (967 pg/kg) 
were sub. tantial , parti ularl in . oil. from P -- .In 
general , GRO concen trati ons w re highest in sampl s 
ollected at or abo th water tab ! . It hough GRO 

concentration. w re high at or above th wat r tab le at 
GPS- , th highe. t con cn trati on (252.000 pg/kg) was 
detected about 8 ft bl.. p rhap r llcc ti c of pa ·t low 
wat r-table cond itions. ree-phas p trol um was not 
ob erved in any of the oil ample co llec ted at th 

harle ton ite. 

Water amples were c lie ted from monitorin o 
well s to determine the distribution of p trolcum-hydro-
arbon contam inati on in ground water at th harl s-

ton site (table ). ample. were not co llec ted rrom wel l 
MW -4 becau se of the presence of bla k, weath r cl 
ga oline in the wel l. Free product was also I ·tcc tcd in 
temporary well GP-7 (corehole GPS-4); h wever, 
becau e the bottom of the rcen at G P-7 wa: appar­
entl y above the water table, the fr proclu t was prob­
ab ly trapped in the ump f the well . Fr c product also 
was detected in the ewell. during water-! ve l 
measurement at later date ·. 

Table 8. Concentrations of dissolved petroleum hydrocarbons at the Charleston, S.C., site 

[USEPA, U.S. Environmental Protection Agency; DAI-GC/MS, direct aqueous injection-gas chromatography/mass spectrometry; MTBE, 
methyl tert-butyl ether; TBA, lert-butyl alcohol ; <, less than ; R, replicate sample; NA, not analyzed or applicable; RBSL, risk-based screening 
level. Tert-butyl formate (TBF) was analyzed using DAI-GC/MS, but was not detected in any sample above its detection limit of 5 micrograms 
per liter. All concentrations are reported in micrograms per liter] 

Analyzed by USEPA method 8260 Analyzed by method DAI-GC/MS 

Well Ethyl- Total Comments 
Benzene Toluene MTBE MTBE TBA 

benzene xylenes 

MW-1 434 36.6 6.2 <15 138 161 2.094 Former lank area wel l 

MW-IR 532 45 .1 6.2 < 15 138 139 1.928 Field replica1c sample 

MW-2 210 5.4 5.9 <15 5.4 1.54 26.3 

MW-2R 286 7.8 5.5 <I- 7.9 2.68 55.6 icld replicate sample 

MW-3 <5 <5 < <15 <5 < .10 < . 10 

MW-4 A A A 'A A A A Well comains frce-pha~c pclrolcum 

MW-5 <5 <5 <5 <15 <5 < .10 < .1 0 

MW-6 <5 <5 <5 <15 <5 < .10 28.5 

MW-7 <5 <5 <5 <15 <5 < .10 < .1 0 

MW-8 <5 <5 <5 <15 <5 < .10 < .10 

PW- 1 <5 <5 <5 <15 20.2 4.8 1 390 Deep-horizon wel l; former lank area 

TB- 1 <5 <5 <5 <15 <5 A Trip blank 

TB-2 <5 <5 <5 < 15 <5 A A Trip blank 

RBSL 5 700 1.000 10.000 40 40 A (Somh arolina Depanmcm of Hca llh 
and Environmental OnlrOI. 1995) 
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Analy is of BTEX compound in water ample 
from other monitoring well indicated the pre ence of 
benzene, ethylbenzene, and toluene abo e detection 
limits only in well MW- 1 and MW-2, located in the 
v icinity of the former ST location (table 8). Repli ­
cate am pies were collected at both of these well . 
Tota l xy lenes were not detected above the detection 
limit of 15 f..l g/L in water from any well. Benzene wa 
the onl y BTEX compound detected at concentrations 
above the respecti e RBSL of 5 f..l g/L. Benzene wa 
detected in water from MW- 1 (434 and 532 f..lg/L) and 
in waterfrom MW -2 (2 1 0 and 286 f..l g/L) (table 8). 
Methy l tert-buty l ether was detected using both 
analyti ca l method (US EPA 8260 and DAJ-GC/MS) in 
water from well s MW- 1, MW-2, and PW- 1, the deep 
horizon well paired with MW- 1 in the former UST 
area. However, MTBE concentrat ions exceeded the 
re pective RBSL of 40 J..lg/L only in water from MW-1 
(up to 16 1 f..lg/L). Tert-buty l alcohol wa detected in 
water from MW- 1 (up to 2,094 J..lg/L), MW-2 (up to 
55.6 J..l g/L), MW-6 (28.5 f..l g/L), and PW-1 (390 pg/L). 
The occurrence of MTBE and TBA in water from 
PW- 1 may ind icate the leading edge f downward 
contaminan t migration at thi location. Given the 
light downward gradient mea ured at the well pa ir 

and the greater . olubility of TB A and MTBE a 
compared to the BTEX compound , TBA and MTBE 
wou ld potemi all y appear at deeper horizon prior to 
BTEX compounds. Tert-butyl formate was not 
detected above it detection limit of 5 J..lg/L in water 
from any monitoring well. Petroleum hyd rocarbon 
were not detected above respective detection limi t in 
water from wells MW-3, MW-5, MW-7, and MW-8 
(tab le 8). Ana lysi . of trip blank that accompanied 
water sampl from the Charle ton ite did not detect 
concentrati n · of BTEX compound or MTBE above 
respective detection limit . 

Natural Attenuation of Petroleum 
Hydrocarbons in Ground Water 

nee the ontaminant source and the contam i­
nant plume have b en d lineated, and the hydrologic, 
gco ·hemical, and biologic properties of the ite chuac­
tcri zed, the natura l au nuation of petroleum hydrocar­
bons can be as ·essed in st p-by-step process as outl ined 
in fi g. 2. In the fo llow ing sections, the natural attenua­
ti on of petroleum hydrocarbons i asse ·sed at the 
Laur ns and harl . ton site. using this methodology. 

Laurens Site 

Step ]- Delineation of source area. The approx imate dis­
tribution of petroleum hydrocarbons in the ource area i 
shown in fig. 14. This delineation is ba:ed part ly on site 
history and records ofth location of underground tank 
and el i tribution line . . ln add ition, the amount of GRO 
petroleum hydrocarbon present in sub urface ediments 
have b en mea ured by coring sediment . 

Step 2- Define areal and vertical extenr of contaminant 
plume. The area l distributi on of el i olved petroleum 
hyd rocarbons is hown in f igure II , 12, and 13. The 
highest mea ured aqueou concentrat ion of contam i­
nants in the ource area are from MW-6, w ith benzene 
concentrat ion 28,300 J..l g/L , and MTBE con ·entrati on 
of 64, 178 J..lg!L (tab le 7). The core of the plume- that 
i , that part of the plume that carri e the greate t con­
centrations away from the ource area- i centered on 
well GS5, GP4, GP2, and GP I. The approxi mate ver­
tical extent of the plume downgradient of the source 
area is indicated by the presence of dis olv d petro leum 
hydrocarbon in deeply ere ned (GP2D, GPI D) and 
hallow-screened (GP2S, GP IS) geoprobe well . The e 

data indicate that the plume ha spread laterall y a · well 
a immediately downgrad ient of the contaminan t­
source area , and that high r concentrations of contam­
inant are present near the top of the water table rather 
than deeper in the sa turated zone. This observed eli tri ­
bution reflect. hydrologic transport of eli . solved con­
taminants away from the source area. 

Step 3- Quant(fy hydrologic characteristics of the 
aquifer: The Laurens site is underlain by saprolitic 
material characteri tic of the South Carolina Piedmont. 
Slug te ts at this ite (table 5) indicate that the hydraulic 
conductivity ranges from 0.4 to 8 ft/d with an average 
va lue of 3 ft/d. Previous investigations indicated an 
average hydrau lic conductivity of0.3 ft/d (A lpha Env i­
ronmental Service , Inc .. 1996, 1997). Depth to the 
water table varie · from about 14 to 17ft bls near the 
source area. Ground-water fl ow i to the sou theast, with 
ground water eli ·charging to a . mall stream located 
about 200 rt from the source area. Water· table fluctua­
tion are substantial in response to rainfall events (figs. 
6 and 7) . T hese data indicate that the rate and direct ions 
of ground-water flow are variab le at thi s site, and may 
con tribute to the dispersion of the contami nant plume 
a it move away from the . ource area. The hydraulic 
grad ien t at th ite vari s from about 0.0 I to 0.02 ft/ft, 
and rate of ground-water flow vary accord ingly. 
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Figure 14. Approximate distribution of gasoline-range organics (GRO) at the Laurens, S.C., site. 
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Step 4- Estimate dispersivity j imn the scale of the 
plume. The longitudinal disper ivity of aquifer . y tems 
i. observed to be a functi on of the sca le of the plume 
under con ideration. From a compilati on of dispersiv­
ity va lues a a functi on of plume scaJe (Gelhar and 
others, 1992) , aquifer di per. i vity can be estimated. 
Given a plume ca le of200 ft in length at the L aurens 
site, a di per iv i ty va lue of2 ft i ind icated. Tran ver e 
di persivity cannot be deduced in thi s way, but the 
apparent spreading of the plume in re pon e to varia­
ti ons in direction of ground-water f low ind icate that 
tran ver e di persion i ub tantial at thi s ite. 

Step 5- Sorpti ve capacity of aquifer sedim ents. 
orpti on can retard the spread of petroleum-hydrocar­

bon contaminants, but doe not affect the fina l di tribu­
ti on of contaminants when the plume approache 
steady-. tate condition (that i , i t i neither expanding 
nor contra tin g). Thu ·, the mo t conservat i ve approach 
to eva luating how far contaminants will migrate in a 
contami nant plume is to con ider sorpti on to be negli ­
gib le. Becau e of the age of this plume (the exact age 
is unknown, but exceed I 0 year ), and becau e BTEX 
concentrations at monitoring well s have been fa irl y 
constant over the Ia t 4 years, thi s plume eems to be 

approaching teady-state condition . For thi · reason, 
orption-induced retardation was not con idered in the 

e aluati on of natural attenuation for the Lauren sit 

Steps 6 and 7- Characteri::e the redox and biodegra­
dation processe. ·.The di tribution of di olved oxygen at 
the site (table 9) i shown in f ig. 15, and con entrations 
of methane are li ted in table I 0. Di olved oxygen con­
centrati ons le than 0.2 mg/L ind icate anox ic cond ition 
in the source area grading to ox ic condition downgradi­
ent. ln general. ground water that contain high level of 
BTEX (> I 0,000 !J giL) is anoxic, whereas ground water 
containing low level of BTEX (< I ,000 !J g/L) is ox ic. 
Because biodegradation proce es for petroleum hydro­
carbon are faster under oxic condit ions, the relative 
absence of di solved oxygen in the ource area and the 
pre ence of di sso lved oxygen in the plume downgradient 
of the source area, ugge ts biodegradati on of BTEX 
compounds will be more rapid in the plume than in the 
ource area . 

Step 8- Estimate biodegradation rates for individual 
petroleum hydrocarbon. Biodegradati on rate con tant 
for ind ividual petroleum hydrocarbons have been e ti ­
mated at many ites throughout the ation (Wiedemeier 
and other , 1996). These data indicate that biodegradation 

Table 9. Redox chemistry characteristics of ground water at the Laurens, S.C., site 

[Water temperature is reported in degrees Celsius ; concentrations are reported in milligrams per liter; NO, not detected; NA, not applicable; 
> greater than; trace, denotes that concentration is above detection level but below a level of accurate analysis] 

Dissolved 
Water Hydrogen 

Mang-
Well Date Time pH tempera- sulfide as Iron Comments 

oxygen 
ture sulphur 

nese 

MW- 1 06/16/98 14 SO 0. 1 3.94 2 1 D s.- D 

MW-2 06117/98 1100 .s 4. 14 20.7 ND trace D 

MW- 06117/98 1145 .s 4.32 18.7 2 0.2 

MW-4 06/16/98 1410 3.7 20.3 D D .2 

MW-5 06/16/98 12 15 4 4. IS 20.2 D rrace D 

MW-6 06/16/98 1630 I.S 3.69 19.3 D I race . I Strong fuel odor: possible degassing 

MW-7 06/16/98 lO IS 6 6.0 1 20.2 D I race D 

MW-8 06/16/98 I I I - I.S 4.1 2 19.4 D rrace D 

~W-9 06118/98 I 70S 2 3.69 18.9 D .15 D 

MW- 10 06118/98 1800 I .S 4. 12 16.6 I race .S 

DW- 1 06/ 16/98 17 10 :l S.08 20.6 D D Deep well : po. sible dega. sing 

GPIS 06118/98 ISIO 3.S 4.38 24 . rrace D Slow recovery: . amp ling imermillenl 

GPID 06117/98 1420 6 4.27 18.S D trace D low recovery 

GP2S 0611 8/98 1430 .5 3.73 21.2 D D D Slow recovery: sampling imerminenr 

GP21 06117/98 1630 3.5 3.8S 20.2 rrace .S S I w recovery 

GP3 0611 /9 120S 2 4.5S 22. 1 . IS D Slow recovery; sampling irllenninenr 

oP4 06/ 18/98 I ISO A 5.73 24. 1 A > 10 >2.0 low recovery; sampling inrennillenr 

GP4D 0611 /98 1050 2.5 6.03 19.6 D > 10 >2.0 Slow recovery 
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EXPLANATION 
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Figure 15- Distribution of dissolved oxygen at the Laurens, S.C., si te. 
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Table 10. Concentrations of cations, anions, dissolved inorganic carbon, and methane in ground water from monitoring 
wells at the Laurens, S.C., site , June 16-18, 1998 
[DIC , dissolved inorganic carbon; concentrations are in milligrams per li ter;<, less than; R, repl icate sample ; NA, not analyzed] 

Ammo- Potas- Magne- Cal- Chlo-
Well Sodium 

nium slum slum cium ride 

MW- 1 i2.26 <0.02 1.37 3.90 2.72 9.87 

MW-2 18.1i <.02 3. 11 1.22 .99 10.35 

MW-2R 17.02 <.02 2.96 1. 16 1.03 10.24 

MW-3 16.15 <.02 1.77 3. 15 1.42 6.04 

MW-3R i 6.13 < .02 i .60 2.9i 1.26 5.96 

MW-4 23.64 <.02 3.52 4. i 9 I. 6 i4.42 

MW-5 9.40 <.02 2.56 3.66 1.66 4.22 

MW-6 10.47 <.02 3.93 2.10 .83 3.60 

MW-7 33.07 <.02 5.80 4. 13 i 8. 19 5. 12 

MW-8 26.38 <.02 3.27 3.88 1.20 14.16 

MW-9 27 .99 <.02 2.45 2.97 .09 17.1 

MW-10 9 1.25 < .02 2.95 34.02 1.0 70.79 

DW- 1 A A A A 1 A il .4 i 

GPiS 11.72 1.77 6.1 4.56 12.7i 9.84 

GP ID 11.92 <.02 1.15 .99 . 5 7. i 0 

GP2S 11.95 <.02 1.74 1.42 .84 9. 0 

GP2D 13.92 <.02 2.47 3.9 1 .7 2.64 

GP3 5.34 < .02 2.65 8.79 2.63 2.25 

GP4S 25.6 1 <.02 1.14 .79 .46 

GP4D 12.00 5.3 1 8.02 32.58 139.25 

rates are fa irly consi tent between different site , and 
depend largely on the aerobic/anaerobic condition at a 
site. At the Lauren site, with anaerobic onditions in the 
source area and aerobic conditions in the plume, the bio­
degradation rate con tant for benzene and MTBE are 
e. timated to be 0.005 and 0.001 days -', re pectively 
(table 3). 

Step 9- Estilllate the NAC of the ground-water system. 
Given c timates of ground-water velo ity, aq uifer dis­
persivity, and the biodegradati on rate constant, the 

A (eq. 7) of this ystem can be a sessed. The AC 
too l convenient ly makes these ca lculations (d isk in 
pocket at back of report) . For the Lauren ite, gi ven a 
hydraul ic conductivity of 3 ft/d , a flowpath distance of 
200 ft , a hyd rau lic •=,radient of 0.0 I ftlft, an MCL of 
5 jJ g/L, an aqu i fer matri x con ·i. ting primari ly of clay, 
and mi ed aerobic/anaerobic condition ·, the AC of 
thi system for benzene i. e: ti mated to be 5.28 percent 
per footofflowpath. Similarly, fo r MTBE, the A i. 
es timated to be 1. 14 percen t per foot of flowpath. The 
dill renee between the A for benzene and MTBE 
refl ec t: the lower biodegradati on rate constant for 
MTB . Thi is r lati ve ly effi cient naLUral a ll nuation 
for b nz n . and somewhat lower for MTB . 

1.24 

1.31 

Bro-
Nitrite Nitrate 

Phos-
Sulfate DIC 

Meth-

mide ph ate ane 

0.52 <0.02 <0.01 <0.02 0.29 168. 1 0. 15 

.90 <.02 < .01 <.0- .26 131.4 .06 

.92 <.02 < .0 1 < .02 .25 i 65.0 .15 

.25 < .02 < .O i < .02 .5 1 i 22.2 .10 

.26 < .02 < .0 1 < .02 .5 1 100.8 .05 

.29 < .02 3.31 <.02 li .29 130.3 . i O 

.05 <.02 1.85 <.02 4.9 77.0 .10 

.43 <.0- . i2 <.02 .28 i54.7 .10 

2.57 < .02 < .01 <.02 il.92 78.7 .19 

.22 <.02 .45 < .02 7.42 92.7 .19 

.40 <.02 .20 <.02 2.30 106.2 < .0 1 

.25 <.02 < .0 1 <.02 Ill. 8 57.9 .10 

.0 <.02 9.73 <.02 .64 46.0 .15 

. iO < .02 .86 <.02 .39 22.9 .19 

.06 < .02 .40 <.02 .63 2 . I .05 

.08 <.02 2.86 <.02 i0.40 3 1.3 .10 

.07 < .02 2.3 1 <.02 24 .87 23.7 .05 

.38 <.02 < .01 <.02 8.3 1 12 1.5 .05 

.12 <.02 < .0 1 <.02 .38 4 12.1 .24 

.06 <.02 < .01 < .02 .3 1 2 17.4 <.01 

Step 10- Remediation Decision. t this point a decision 
about the capaci ty of natural attenuation to erve as a 
remed ial trategy can be made. The remed iati on too l 
indicat that for benzene, given an MCL at the stream 
of 5 jJ g/L, a max imum contaminant concentrati on in 
the source area i the olubility limi t of benzene, or 
60,000 jJ g/L. Becau. e the max imum observed benzene 
concentration in the ource area is 28,000 jJ g/L , ben­
zene would not likely be tran ported to the tream at 
concentration above the MCL. This, in turn, suggests 
that natural attenuati on will adequately confine ben­
zene contamination at this ite. Thi conclusion i con­
sistent w ith the observed distribut ion of the benzene 
plume at thi s site (fig. II ). 

For MTBE, however, the re ults are different. 
Given the NAC ind icated by mixed aerobic/anaerobic 
conditions ( 1. 14 percent per foot) , the max imum 
allowable concentration of MTBE in the source is ca l­
culated to be only 48.95 pg/L. Thi is well below the 
mea ured MTBE concentration of 64, 178 jJ g/L in the 
ource area. However, i f aerobic conditi on. are speci­

fied , the maximum allowab le MTBE concentrat ion in 
the source area is ca lcu lated to be I ,276,226 fl g/L. 
Clearly, disso lved oxygen concentrat ions in ground 
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water are a criti cal factor in evaluating the beha ior at 
thi site. Given the ox ic nature of the plume, and given 
the observed MTBE concentration decline at thi site, 
aerob ic condition eem to be representative, and 
MTBE will not impact the tream. 

Charleston Site 

Step ]- Delineation ofsource area. Two source-area loca­
tions were identified at the Charleston site. The first i at 
the location of the former UST, which i characteri zed by 
relatively low levels (<2,0 I 0 j..i g/kg) ofGRO. The econd 
is near the form r pump island where con entration in 
excess of 100,000 pg/kg were found. The approx imate 
distribution and concentrations of petroleum hydrocar­
bons in the source areas are hown in figure 16. Thi s 
delineation is based partly on ite history and records of 
the locati on of underground tanks and distribution line , 
and partly on the amount of GRO petrol eum hydrocar­
bon pre ent in ub urface sediments. 

Step 2- Define areal and vertical extent of contaminant 
plume. The Charle ton ite is typical of many UST ites 
in South Carolina in that it i difficult to delineate a di , tinct 
plume of contaminated ground water. Benzene wa 
detected in water from MW-J (434 pg/L) and MW-2 
(2 10 pg!L) (table 8). MTBE wa detected in water from 
MW- 1 ( 161 J..l g/L). An important observation is that the 
well . ·urrounding MW -4, wh re f ree product is present, 
do not exhibit measurabl concentration of contaminants. 

Step 3- Quanti.fy hydrolo 1 iC characteristics of the aquifa 
The Charle. Lon site is underlain by Coa tal Plain sedi ­
ments of widely varying hydrologic properti es. The 
uppermost sediments are ilty ands that are not highly 
permeab le. Sediment found between 7 and 9ft bls were 
water- aturated sands that could not be recovered by cor­
ing because the sands wou ld not pack in th core barrel. 
This zone of relati ve ly high permeability is underlain by 
clayey s diments of the Cooper Marl. The urf icial aqui­
fer framework, therefore, consists of a thin , high-perme­
ability zone sandwiched between relatively impermeable 
sediments. M easured hydraulic conducti vitie ranged 
from 20 to 40 ft/d (table 5), and the e relatively high va l­
ues probably reflect the high-permeabi I ity zone pre ·ent at 
7 to 9ft bl s. 

A conceptual model of thi s hydrolog ic ystem i, 
, hown in fi gure 17. The low-permeab ility sed imenL of 
the Cooper M arl act as a lower confining bed. The low­
perm ab ility sands from land surface to 7ft bl s have 
trapped petroleum hydrocarbons that low ly leach into 

the ground' ater. Howe r, the high-p rm ability zon 
ac t as an effe tive drain, main taining saturated water 
le el b low the level of most of the p troleum-h dro­
carbon contamination. In add ition, because the . it is 
overlain wi th macadam bla ktop, the infiltration of 
water to th water tab le is limited. However, in peri od 
of high prec ipitation, water lc Is ri s int th z n ' or 
petrol um-hydrocarbon contamination and mobili ze 
the contaminants. The combination of r I at i ve l y fast 
flow in the high-permeab ility zone. combined wi th 
r lat ively littl d li ery of ontaminants to the sa tu­
rated zon , limits the migration f di .. I eel petrol urn 
hydrocarbon at the site. 

Rates of ground-water rl ow at this sit vary 
con iclerabl y between the different permeability zones. 
Rate of ground-water fl ow in the ooper M arl ar 
probabl y neg ligibl e. Simil arl y, rat s of ground-water 
flow in the ilty sands fr m land surface to 7 ft bl s 
(when the water tabl e i high enough to saturate th sc 
sediments) are probably I w. In the zon of hi gh 
permeability (7 to 9 ft bl s), where p rmeab ility is abou t 
20 ft/d , a hydraulic gradient f 0.0042 ft/ft (fig. 9), and 
an a qui fer matrix of sand and clay, the rates of ground­
water flow are approx imately 0.3 1 ft/d. Thus, rates of 
ground-water flow are relati ve ly slow at thi s site. 

Step 4- Esrimate dispersivity from the scale of the plume. 
A prev iou ly de cribed , the longitudina l di persivity of 
an aquifer system is ob erved to be a function of the ca le 
of the plume under consideration. Aquifer disper ivity 
can bee timated from a compilation of dispersivity 
values as a function of plume cale (Gelhar and other , 
1992). Given an approximate plume scale of 20 ft. in 
length at the Charle ton site, a disper ivity va lue of I fr 1 

is indicated . 

Step 5 - Sorp ti ve capacity of aquifer sedim ents. As 
prev iously de cribecl , although sorpti on can retard the 
pread of petroleum hydrocarbon contaminant , it does 

not affect the f inal di tributi on of contaminants when a 
plume approaches steady- tate condition · (that i , it is 
neither expanding nor contracting) . Thu , them st con-
ervati ve approach to valuating how far contaminants 

w ill migrate in a contam inant plume is to consider sorp­
ti on to be neg ligible. The exact age of thi s plume is 
unknown, but exceeds I 0 years and BTEX concentra­
ti on at monitoring well s have be n fair ly constant over 
the last 4 year , wh ich indica tes that the plume may to 
b approaching teady- tate conditions. For thi s reason, 
orpti on-induced retardati on wa. not considered in the 

eva luati on of natural attenuati on for the harleston site. 
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Figure 16. Approximate distribution of gasoline-range organics (GRO) at the Charleston, S.C. , site. 
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Figure 17. Conceptual ization of hydrologic conditions and mobilization of petroleum hydrocarbons entrained in soils at 
the Charleston, S.C. , site. 

Steps 6 and 7-Characterize the redox and biodegra­
dation processe ·. Di . ol ved oxygen i pre ent at low 
concentrati on throughout the ite (table II ), and rela­
ti vely high concentrations of methane are present in the 
contaminated zone (table 12). Low-permeability, green­
i h sediment of the Cooper M arl are probabl y anox ic. 
The pre ence of di olved oxygen. the lack of hydrogen 
ul fide, and the pre ence of relati ve ly high concentra­

ti on of iron indicate a mix of aerobic and anaerobic 
conditions at thi . ite. 

Step 8- Estimate biodeg radation rates for individual 
petroleurn hydrocarbon. Biodegradation rate con tant 
fo r individual petroleum hydrocarbon ha e been e ti ­
mated at many site throughout the ation (Wiedemeier 
and others, 1996). Thes data indica te th at biodegrada­
tion rates are fai rl y consi tent between different sites, 
and depend largely on the aerobic/anaerobic condition 
at a ite. At the Chari ton ire, with a mi x of aerobic 
and anaerobic conditions biodegradation rate con tants 
for parti cul ar compound can be estimated (table 3) . 

Step 9- Estimate the NAC o.f the ground-water system. 
Given estimates of ground-water ve loci ty, aquifer di per­
sivity, and the biodegradation rate constant, the AC 
(eq. 7) of thi s ystem can be asse sed. The C too l 
conven ientl y makes the e ca lculations (d isk in pocket at 
back of report). For benzene transport at the Charle ton 
ite, given a hyd raulic conducti vity of 18 ft/d, a flowpath 

distance of 50 ft , a hydraulic grad ient of 0.0042 ft/ft, an 

M L of 5 j..l g/L , an aquifer matri x ons isring of sand and 
clay, and mixed aerobi /anaerobic condition , the 
is estimated to be 1.58 percent per foot or f"l owpath . 

imil arl y, for MTBE, the A is estimated to be 0. 2 
percent per foot of fl owpath. The difTercn between 
the AC for benzene and MTBE refl ects the lower 
bioclegradatjon rare constant for MTBE. Thi is relati ely 
effic ient natural attenuation for benzene, and omewhat 
lower for MTBE. 

Step 10- Remediation De ·ision. At thi point, a decision 
about the capacity of natural attenuation to serve a part 
of site remediati on can be made. The remediation tool 
indicates that for benzene, given an MCL at the tream 
of 5 j..l g/L, a max imum contaminant concentrat ion in the 
source area is just 11 .0 1-1 g/L. Becau e the max imum 
observed benzene concentration in the source area i 
434 j..l g/L, benzene could possibly be transported to the 
tream at oncentrations above the MCL. Thi s in turn, 
ugge t that natural attenuati on may not adequately 

confine benzene contamination at th is site. 

The result are ·imilar for MTBE. Given the 
C indicated by mixed aerobic/anaerobic condition 

(0.32 percent per foot), the maximum allowable concen­
trati on of MTBE in the: urce is ca lculated to be ju t 
5.87 j..l g/L. Thi s is below the measured MTBE concen­
tration of 161 1-1 g/L in the source area, and ugge ts that 
MTB transport to the point of conta tis po. sible. 
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Table 11 . Redox chemistry characteristics of ground water at the Charleston , S.C., site 

(Water temperature is reported in degrees Celsius; concentrations are reported in milligrams per liter; NO , not detected;> greater than; 
NA, not applicable ; trace , denotes that concentration is above detection level but below a level of accurate analysis] 

Well 

MW-1 

MW-2 

MW-3 

MW-4 

MW-5 

MW-6 

MW-7 

MW-8 

PW- 1 

GP- 1 

GP-2 

GP-3 

GP-4 

GP-5 

GP-6 

GP-7 

GP-8 

Date 

06/25/98 

06/24/98 

06/24/98 

06/25/98 

06/24/98 

06124/9 

06/24/98 

06/24/98 

06/25/98 

06/24/9 

06/24/98 

06/24/98 

06/24/98 

06124/98 

06/25/98 

06/24/98 

06/25/98 

Time 

1330 

1520 

1125 

1100 

1245 

1355 

1600 

1045 

1240 

A 

NA 

12 10 

A 

1650 

A 

1700 

A 

Dissolved 
oxygen 

ND 

0.05 

.9 

A 

.5 

.7 

.3 

.15 

7 

A 

A 

NA 

A 

A 

A 

A 

A 

pH 

6.34 

6.28 

3.98 

A 

6.23 

6.4 1 

6.62 

4.56 

Water 
tempera­

ture 

22. 1 

20.3 

25.9 

NA 

23.4 

20.6 

20.9 

26.7 

A 

NA 

A 

A 

Hydrogen 
sulfide as 
sulphur 

0.1 

A 

D 

D 

D 

D 

ND 

Iron 

> 10 

6 

.2 

A 

1.5 

6.5 

.6 

> 10 

trace 

A 

I A 

A 

I A 

Mang­
nese 

D 

0.4 

D 

Comments 

A Free product. black. ga. ol ine odor 

I 

ND Roots. iron. and mud-screen brea hed? 

D 

D 

D 

A Dry well 

Dry well 

A Dry well 

A Dry: . ump water has strong fue l odor 

A Dry well 

Dry well 

A Free product in ump. weathered ga oline 

Dry. petroleum odor 

Table 12. Concentrations of cations, anions, dissolved inorganic carbon, and methane in ground water from monitoring 
wells at the Charleston , S.C., site, June 24-25, 1998 

[DIC, dissolved inorganic carbon ; concentrations are in milligrams per liter; <. less than ; R, replicate sample ; NA, not analyzed] 

Well 

MW- 1 

MW- IR 

MW-2 

MW-2R 

M> -3 
MW-4 

MW-5 

MW-6 

W-7 

MW-8 

PW- 1 

Sodium 

143.50 

133.93 

108.37 

11 5.97 

26. 17 

A 

75.67 

137 .26 

134.80 

46.44 

3 9. 5 

Ammo­
nium 

<0.02 

<.02 

<.02 

<.02 

<.02 

A 

<.02 

<.02 

<.02 

<.02 

<.02 

Potas­
sium 

6.61 

6.39 

8.3 1 

9.27 

4.41 

8.22 

11.97 

18.05 

12.98 

47 .72 

Magne­
sium 

8.2 1 

8.85 

11 .77 

12.55 

4.38 

A 

10.59 

11.8 1 

20.02 

12.59 

25 .3 1 

Cal­
cium 

185.46 

203.36 

154.90 

147.24 

3.05 

A 

232.34 

183.86 

176.32 

44 .53 

42.55 

Chlo­
ride 

72.40 

72.89 

29.42 

30.00 

6.97 

A 

15.75 

52.44 

40.05 

23.08 

11 5.63 

Bro­
mide 

0.7 1 

.7 1 

.32 

.3 1 

.13 

A 

.49 

.60 

.29 

2.34 

.53 

Nitrite 

<0.02 

<.02 

<.02 

< .02 

<.02 

A 

<.02 

<.02 

<.02 

<.02 

<.02 

Nitrate 

<0.0 1 

<.0 1 

<.0 1 

<.0 1 

<.0 1 

A 

<.0 1 

< .01 

<.0 1 

<.0 1 

<.0 1 

Phos­
phate 

<0.02 

<.02 

<.02 

<.02 

<.02 

A 

<.02 

< .02 

<.02 

<.02 

<.02 

Sulfate 

2 .82 

23.80 

32.94 

32.85 

38.73 

A 

40.69 

32.60 

4 1.1 0 

122.75 

79.4 1 

DIC 

542.0 

392 .5 

364.2 

382.8 

10 1.8 

A 

572.2 

549.4 

406.0 

226.4 

288.7 

Meth­
ane 

7.14 

5.44 

1.17 

1.07 

. 10 

A 

. 10 

.24 

.19 

.19 

.19 
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SUMMARY AND CONCLUSIONS 

A methodo logy for a es ing the effic iency of 
natural allenuati on to remediate petroleum hydrocar­
bon-contaminated ground water wa developed and 
applied to two ite in South Carolina. This methodol­
ogy outlines the hydrol ogic, geochemical, and bio logi 
data needed to a. e the efficiency of natural attenua­
ti on show how thi data can be integrated and used to 
compute the capacity of the system to lower contami ­
nant concentration s along aquifer flowpath , and 
provide an interactive computer too l for making 
preliminary as es ments of the natural attenuation 
capacity. 

The use of thi s methodology was illu trated by 
eva luating two sites in South Carolina. The Lauren 
site located in the Piedmont Phy iographic Province i 
underl ain by a clayey apro litic aquifer. Concentration 
of benzene (28,300 1-f g/L), and MTBE (64, 178 1-1 g/L ) 
are relati vely high in the ource area but decrease 
rapid ly downgradient. The natural attenuation capac ity 
of thi y tem (the capacity of the aquifer to decrease 
contaminant concentrations along the flowpath) for 
benzene, given the observed aerobic conditions of the 
plume, is approx imately 5.28 percent per foot of flow­
path , which is ufficient to ompletely degrade benzene 
before it discharge to a small stream about 200 ft 
downgradient. A lthough lower for MTBE (approx i­
mately 1. 14 percent per foot of f lowpath), the natural 
attenuation capacity seem. to be sufficient to degrade 
MTBE before it reache · the tream. Th u., at the 
Laurens site, natural att nuat ion proce e eem uffi ­
cient to prevent tran p rt of con tam inant from the 
ource area to the neare. t point of contact. 

The harle ton ite located in the Coa tal Plain 
Phy iographic Province is underlain by sand and clay 
that i. characterized by r lati ve ly low rates of ground­
wa ter fl ow (0.3 ft/d ); the f low ys tem exhibits a mix of 
aerob ic and anaerobic condition . . Thee timated natu­
ral attenuation capacity fo r benzene is approximately 
1.58 percent per foot, and 0.32 percent per foo t fo r 
MTBE. T hi . indica tes that maximum contaminant 
concentrations in the source area should not exceed 
11.0 pg/L for benzene, or 5.87 pg/L for MTBE in order 
fo r natural attenuation to fu ll y protect adjacen t points 
of ground-water discharge. Becau e the observed 
maximum contami nan t concentrations in the . urce 
area are higher than these values, natural attenuation 
may not be an adequate , Land-a lone remedial . trategy 
at the Charleston site. 
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