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Abstract 

Ground Water Cleanup 
by Craig R.1 BethkeJ  a n d  Patrick V Bradvb 

Environmental scientists have long appreciated that the distribution coefficient (the K,” o r  “constant K,”) approach pre- 
dicts the partitioning o f  heavy metals between sediment and ground water inaccuratelv nonetheless, transport models applied 
to problems of environmental protectlon and ground water remediation almost invariably employ this technique To examine the 
consequences of this practice, we consider transport in one dimension o f  P b  and other heavy metals through an aquifer contain- 
ing hydrous ferric oxlde, onto which many heavy metals sorb strongly We compare the predictions of models calculated using the 
K, approach to those given by surface complexation theory, which is more realistic physically and chemically The two modeling 
techniques give qualitatively diffenng results that lead to divergent cleanup strategies The  results for surface complexation the- 
ory show that water flushing IS ineffectwe at dlsplacing Pb from the sorbing surface The  effluent from such treatment contains 
a persstent ‘W” of small but slgrufimnt levels of  contarmnahon Subsurface zones of P b  contammahon, furthermore, do not rtugrate 
rapidly or far in flowing ground water These results stand in sharp contrast to the predictions of models constructed using the 
K, approach, yet are consistent wth expenence in the laboratory and field 

I 

Introduction 
Contamination of ground water and sediments by heavy met- 

als is a widespread and perstsent envmnmental problem worldwide 
In the United States about 64% of the roughly 1300 sites on the 
National Pnonties List (“Superfund” sites) are contaminated with 
heavy metals commonly including lead and lead compounds 
hexavalent chronuum. zmc, cadmum. copper, mercury, and nickel 
(Evanko and Dzombak 1997, Relsch and Beardon 1997) Assesstng 
the mobility of metals and radionuclides in the subsurface, fur- 
thermore, is one of the most cntical tasks in engineenng nuclear 
waste repositones Computer models that predct how metals react 

in designing strategies for ground water protecuon and envuon- 
mental remediation 

Such reactwe msport models are used rouunely to assess the 
dangers posed by exlsting contarmnauon, to design remediation 
schemes (e g , to choose between pump-and-treat and “passivaaon” 
strategies), and to predict future nsk posed by waste repositones and 
by pollution remaining after contarmnated sites are cleaned up 
Because sorpuon is in many cases the most significant chemical 
process affecting mobility of metals and radionuclides in the sub- 
surface the modeling results depend cntically upon how the corn- 
puter codes account for partioning of chemcal species between 
ground water and the sediment surface 

I chermcally in ground water flows, therefore, play an integral role 
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Nearly all reaction transport models have used the dismbution 
coefficient (the ‘K,” or “constant KC) approach to descnbe sorp- 
tion although more sophisticated treatments such as Langmuir 
and Freundlich isotherms and surface complexation models are 
available (Davis and Kent 1990 Stumm 1992 Zachara and Srmth 
1994) and can be incorporated into transport codes (Cederberget et 
a1 1985, Jennings et a1 1982, Kent et dl 1995) B e  results of  Kd- 
based models have proven in case after case to be inconsistent with 

Jaboratory and field observations (Bmsseau 1994 Carnere et al 
1995, Evanko and Dzombak 1997, Kohler et al 1996, Reed et al 

dict that fluid flushng should dislodge sorbed metals from rmneral 
surfaces, field expenence and laboratory tests show that the met- 
als are removed only gradually Residual contamination levels in 

most cases =greatly exceed regulatory targets Contrary to model pre- 
dictions, furthermore, the water extracted dunng remediation char- 
actensucally contains a persistent “tad” of heavy metals As is 
widely appreciated among hydrologm K,-based models calculated 
assumng local equihbnum do not predict “tading” in b r e W o u g h  
curves 

Figures 1 and 2 show breakthrough curves from laboratory 
experiments that demonstrate the phenomena of ‘ tailing ‘ and 
incomplete recovery In the first expenment (Figure I ) ,  a pulse o f  
Cd-contaminated water IS introduced into a soil and then flushed 
with dilute water (Selim et a1 1992). the results o f  a reactive- 
transport model calculated using the K, approach is shown for 
companson The Cd. a weakly sorbing metal, appears in the efflu- 
ent at a lesser concentration than expected from the K, approach, 
but persists ui a protracted *‘tad ” In Figure 2, sod samples that have 
been previously contaminated with several solutions of Pb, a 
strongly sorbing metal, are flushed with tap water In each case, the 
Pb in the effluent persists in a “tal” of concentrations greater than 
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Figure 1 Observed breakthrough curve (squares, showing Cd con- 
centration in emuent fluid) for a laboratory expenment (Sehm e! a1 
1992) in which 8 5 pore volumes of a 100 mgAg Cd solution are 
introduced into soil and then dsplaced with further pore volumes of 
dilute water Solid hne shows results of a reachve transport model cor- 
responding to the experimental conditions, calculated using the K, 
approach Top and bottom plots show data in linear and semiloga- 
nthmic coordinates, respechvely Data show “mhng” and incomplete 
recovery of Cd, not predicted by the K, approach 

~ 

1 mgAg, orders of magnitude higher than allowed by dnnlung 
water standards Even after the soil has been flushed about 6 0  
umes, only 0 5% to 10% of the onginal contamination in the 
expenments has been recovered These results contradict the trans- 
pon model calculated using the K,, approach, whch predicts com- 
plete recovery without “tahng ’’ 

The discrepancy between model prediction and expenence is 
widely acknowledged among contarmnant hydrologists, and is 
attnbuted to a vanety of factors (e g , Brusseau 1994, Camere et al 
1995, Reed et al 1995, Selim et al 1992. Tuin and Tels 1990) chat 
include bypassing of flow around pomons of the sedment, diffu- 
sion of metals into organic matter, from whch they a n  released 
slowly, and slow hnehc rates for the dwqmon EaChOn These fac- 
tors are c e m n l y  important and thev net effect is hkely sigmficant, 
they are the focus of considerable ongoing research (Ainswonh et 
al 1994, Brown et al 1998, Comans and fiddleburg 1987, Glynn 
and Brown 1996, Kohler et al 1996, Payne et al 1994, Stollenwerk 
1995, Wen et al 1998, Zachara et al 1991) An unknown but 
potentially cnucal amount of the discrepancy, nonetheless, may 
result simply from inaccuracy inherent in attempung to descnbe 
chemical equilibnum using the K, approach (e g , Reardon 1981) 

Perhaps assumng that the error muoduced by the K, approach 
is acceptable weighed agunst the uncemnty inherent in descnb- 
Ing mass transport. hydrologists conunue to use dismbution coef- 
ficients rouhnely in thev modeling In this paper we exarmne the 
consequences of h s  pracuce by companng pn&ctrons of transport 
models calcuiated usmg the & approach with those made usmg sur- 
face complexahon theory We use as simple examples the mobil- 
ity of Pb, a c o n m a n t  that has proven unrr~p~nsive m many cases 
to active remediauon strategies and other metals in an aquifer 
conmning hydrous femc oxide Unhke previous conmbutions, 
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Figure 2 Observed breakthrough curves (squares) for laboratory 
experiments (Reed et a1 1995) in which a soil sample, previously 
contaminated wth a PbSO, (top), PbCO, (middle), or Pb-naphtha- 
lene solution (bottom), s flushed wth tap water Solid lines show 
results of reactive transport models corresponding to the expen- 
mental conditions, calculated using the & approach The fraction of 
the ongmal contaminahon in each expenment recovered after 58 
pore volumes of flushing LS noted Data show phenomena of “tading” 
and incomplete recovery, whch are not predicted by the K,approach 

we focus not on accuracy in descnbing metal parhtioning or the fit- 
hng o f  a parucular breakthrough curve, but on how the selection of 
an approach for descnbing m e d  sorpuon rmght affect the outcome 
of a reacave transport modehg study, and hence the choice of envi- 
ronmental protecuon and remediauon suategies 

Theorehcal Model 
We used the XT numencal model of reachve transport, devel- 

oped at the University of Illinois (Bethke 1997). which takes 
account of diffusion, dispersion and adveLuon (Bird et a1 1960). 
as well as geochemical reachon (Bethke 1996), to simulate trans- 
port of heavy metal ions through a sorblng porous medium Vanous 
other computer models, including PHREEQC (Parkhurst 1995). 
CHESS (van der Lee 1997). and HYDROGEOCHEM (Yeh and 
Tnpathi 1990), are capable of  performing the simulations shown 
Our calculaaons assume local equlibnum and employ either the dis- 
mbuaon coefficient (K,) approach or surface complexation theory 

Dlstnbution Coefficient (K,) Approach 
Dismbuuon coefficients provide a smple means of descnbing 

ion sorption that can be integrated easily with mass transport equa- 
uons The resulting reactive transport equations can be solved 

1 - 1  .. ,-n .e ..e .- 



t 

, 

C 

K, = f 

of a metal ion \ \orbed concentration fS i n  moUg drv sediment) to 
dissolved concentration (C in molkm’) The dismbution coefficient 
mav be thought ot as representing the equilibnum constant tor a 
reaction 

between the dissolved (M”) and sorbed (>M+’) toms o f  a metal 
In this light if K is the reaction s equilibnum constant, K, may be 
expressed 

where y is a specieb actlvity coefficient n is porosity, and p, is den- 
sity (g/cm3) ot the sediment grains 

K, theory works best for trace amounts of nonionized 
hydrophobic organic molecules (Stumm and Morgan 1996). but is 
too simplistic to accurately represent sorption of ionic species 
witlun soils and sediments (Domenico and Schwartz 1998, Reardon 
1981) The K, coefficient measured for an ionic species is not 
meaningful in the general sense but is specfic to the sedunent 
and fluid tested The K, value for a metal typically vanes over many 
orders of maptude. dependmg on flud pH and composiaon as well 
as the nature of the sediment (Davis and Kent 1990) 

Surface Complexahon Theory 
The two-layer surface complexation model (Davis and Kent 

1990, Dzombak and Morel 1990) provides a more robust and real- 
istic descnption of ion sorpuon than the Kd approach (Kohler et al 
1996 Lichtner 1996. van der Lee 1997) According to surface 
complexation theory, a surface is composed of hydroxyl sites that 
can protonate, deprotonate, and complex according to the reacaons 

>XOH + H+ == >XOH:_ (4) 

>XOH + M” * >XOM+ + H+ (6) 

Here >X represents an atom exposed at the surface of the sorbing 
rmneral, and M is a metal that the nuned can sorb The surface site 
density (mourn’) for a sorbing surface is detemned by regressing 
expenmental data (I e , fro-m acid-base uuauons, sorptlon isotherm 
determinations, or column experiments), as are the equilibnurn 
constants K for each reacuon (Davis et al 1998, Dzornbak and 
Lforel 1990) 

To account for electrostatic effects. the mass acuon constancs 
for reactions 4 through 6 are multlphed by the Bolrzman factor, I 

where a and m represent activitv and molal concentration E\ cun- 
vention activitv coetticients tor the surtace species u e  nor Lamed 
thev are assumed to be approximatelv equd and hence cancel 
From an wimate ot the number ot protonated deprotonated and 
complexed site5 per u n i t  area ot surface the surtace charge denbity 
G (C/m2) can be determined The surface potential Y can then be 
calculated trom (3 and the solution s ionic strensth Once ‘4’ hL\ been 
detemned the mass action equation (Equaoon 7) for each reaction 
can be evaluated giving a new species distnbution and surtace 
charge density and then a revised surface potential Iteration to con- 
vergence (using Newton s method tor example) gives the sorbed 
m a s  (Bethhe 1996 LVestall and Hohl 1980) 

Among the soil solids that sorb heavy metals in oxidized sub- 
surface envuonments femc oxides are in many cases the most sig- 
niticant To calculate uptake bv femc oxides we use here Dzombak 
and \lorel s (Dzombak and Morel 19%) mulusite vanant ot the two- 
layer surtace complexation model, the cornpiexation reactions 
considered m our sunulatlons are hsted m Tables 1 and 2 Thelr para- 
metenzation considers weakly and strongly sorbing sites, labeled 
>(w)FeOH and >(s)FeOH respechvely there are G f o l d  more weak 
than strong sites 

Retardation 
Models of the transport of sorbing contaminants are com- 

monly parametenzed in terms of retardation, as determined by 
passing a solutlon contaming a contmnant  through a column 
expenrnent The extent to which sorption delays migration of  the 
contamnant through the column is descnbed by a retardation fac- 
tor R The retardation factor specifies how rapidly changes in the 
c o n m n a n t ’ s  concentratlon propagate m flowmg ground water rel- 
ative to a conservative solute 

For the imbibition of a sorbing solute by a pnstine medium, R 
= v/vM, where v is the average linear velocity ( c d s )  of a conser- 
vatlve solute and vM is the velocity of the sorbing metal R is 
related to K, by 

where mM++ and qM++ are, respecuvely, the concentrations (molal) 
of  the metal in dissolved and sorbed form 

Under the surface complexation approach, there is no single 
value for the retardanon factor because the dissolved and sorbed metal 
concentrahons are set by the mass acaon equanon (Equaaon 7), ncher 
than as a simple ratlo For the case of the imbibition of  a strongly 
sorbing solute, however, we can wnte 
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Figure 3 Transport at pH 6 of Pb" by a typical ground water sample through a medium contamng hydrous femc oxlde, calculated for a retar- 
dation factor of two (equivalent to IC,, = 16) A total of 30 pore volumes pass through the medium two dunng the imbibition leg (left), and 28 
during elution (nght) Solid hnes show predictions of surface complexation theory, dashed lines, calculations employmg the K,, approach 

because the metal will bind to the vast majonty of the metal-sorb- 
mg sites In this quanon, mMCC IS the metal concentmaon m the mlet 
fluid and M,XOH is the total concentrauon of metal-sorbing sites 
(whether complexed or not), whch after naCtlon with the rnlet fluid 
IS approximately equal to m,XOM+ 

Comparison of the Theones 

plexation theory can be summanzed as 

0 

The differences between the K, approach and surface com- 

Whereas surface complexauon theory is founded on balanced 
chermcal nacuons (reactions 4 through 6), the reactlon rep- 
resenting the Kd approach (reacuon 2) is not balanced Reac- 
tion 2 is wnnen inexactly as a transformation rather than as 
a complexation reaction 
Unlrke surface complexaaon theory, there IS no prowion m the 
Kd approach for rn~ntammg a mass balance on sorbing sites 
In the Kd approach, a sedunent can sorb metal ions without 
hrmt, and there is no accounang for the possibility of  saturat- 
ing the metal-sorbing sites 
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The Kd approach, because it does not impose mass balance on 
sorbing sites. cannot account for the effects of competihon 
among ions (Valocch et a1 1981) 
The Kd approach, unke surface complexahon theory, does not 
account for electrostatlc effects ansing from changes in charge 
on the sorbmg surface 
It is unportant to idenufy those conditlons where surface com- 

plexahon theory mght reduce to the Kd approach To do so, we must 
assume that few of the sorbing sites complex, so that wXoH = 
YXOH, which is constant We also must assume that pH and ionic 
strength are constant so that, aH+, Q, y. and Y do not vary We can 
then wnte 

from Equations 1 and 7 
This result shows why measured K, values are specific to the 

sediment sample and water composition tested The site concen- 
tratlon YXOH M e r s  from sediment to sediment, dependmg on the 
rmnerals present, their surface areas, and the extent to which thelr 
surfaces are exposed Vanables aH+, yM, and Y vary strongly with 
fluid pH, ionic strength, or both The result also highlights an 
unportant assumpuon of the Kd approach the requuement of a near- 



* 

Dtssolved 

Table 2 
Surface Complexation Reactions for other iMetalsa 

I 

Reaction 'og K(w, log qs, 
(a) >FeOH + Cd" + >FeOCd' + H+ -290 047 
(b) >FeOH + Co" >FeOCo' + H' -301 -046 
(c) >FeOH + Cu* --,>FeOCu' + H' 06b  2 8 9  
(d) >FeOH + Hg* >FeOHg' + H' 6 45 7 76 
(e) >FeOH + NI" =S>FeONt' + H' -2 5b 0 37 
(0 >FeOH + Zn* t >FeOZn+ + H' - 1  99 099 

I .  
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Figure 4 Calculated breakthrough curve showing Pb* concentration 
in effluent fmm the medium, for simulation shown in Figure 3 Solid 
and dashed lines. respectnelv, show predictions of surface complex 
ation and K, theories Horizontal line shows maximum Pb content, 
1 j u@, for drinhing water in the United States 
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Figure 5 Breakthrough curve (solid line) for a simulation calculated 
assuming a larger retardation factor (R = 8, equivalent to Kd = 1 1) 
than the simulation shown in Figure 4 Fine line shows curve from 
Figure 4, for cornpanson, and dashed line shows prediction of K,, 
approach 

Table 1 
Surface Complexation Reactions Considered 

in Simulations of Pb Transport' 

(a) 

(b) >FeO-+ H' >FeOH 
(c) 
(d) >FeOH + Ca" >FeOCa' + H' 

(0  >FeOH + SO;- >FeOHSO; 
(g) >FeOH + Pb'+ Ft >FeOPb+ + H' 

>FeOH + H' ct >FeOH; 

>FeOH + Cn" ;f >FeOHCa" 

(e) >ROH + SOT-+ H* e >RSO; + H20 

- ~- ~ 

129 729 
a93 a93 
- 497 

4 8 5  - 

079 - 
i i a  - 

03b 465 

infinite supply of uncomplexed metal-sorbing sites The surface 
complexation model reduces to a Langrnuir isotherm (Sturnm and 
Morgan 1996) without the_need to assume an unlimited supply of 
sorbing sites but with the additional restncuon that a single com- 
plexation reaction (involving a single type of surface site) occurs 
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Figure 6 Variation in concentrations of some dissolved species (top 
plot) and surface species (middle and bottom plots) at the midpoint 
of the medium, over the course of the simulation shown in Figure 3 
There IS a one pore-volume lag before contaminant entering the 
medium reaches the midpoint Bv mass action (ignoring activity 
coefficients), the sum of the log concentrations of >FeOPb+ and H+ 
minus the log concentrations of >FeOH and Pb- must remain con- 
stant for the complexation reaction (Equation 6) to remain in equi- 
librium 
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Figure 7 Effect of pH on calculated breakthrough curyes for the sim- 
ulation shown in Figure 3 (R = 2) 
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Figure 8 Effect of the equilibrium constant K for the metal com- 
plexation reaction (Equation 6) on calculdted breakthrough curves for 
the simulation shown in Figure 3 (R = 2 )  A single value of K IS taken 
to apply to sorption at both weak and strong sites 
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Figure 9 Calculated breakthrough curves predicted by sunulabons 
similar to that shown in Figure 3 (R = 2) for vanous divalent metals 
Cd, cupnc Cu, Co, Hg, Ni, Pb, and Zn Simulations assume sorphon 
reactions and equilibrium constants shown in Table 2 

Results 
We simulated vanspon of heavy metal ions through a porous 

medlum c o n m u g  hydrous femc onde, assurmng that the ions sorb 
according to surface complexation theory (Dzombak and Morel 
1990) For cornpanson, we show analytical solutions for the Kd 
approach (Javandel et al 1984). assurmng the same ntardauon fac- 
tor The simulations begin with an imbibition leg, in whch water 
containing 1 mmolal of a dissolved heavy metal passes into a pre- 
vtously uncontaminated medium, followed by an elutlon leg, dur- 
ing which the medium is flushed with clean wafer The latter step 
IS meant to represent the effects of a dilute fluid, whether introduced 
by a pumpand-treat operation or natural recharge, flowing through 
the contaminated medium 

The fluid is ot pH 6, unless noted, and has the composition of 
a typical ground water sample 30 mg/kg Ca, 20 mgkg Na, 300 
mg/kg HCO,, 30 mgkg SO,, and 15 mgkg C1 Fluid and sorbate 
maintam local equilibnum at 25°C over the course of the simula- 
tion, according to the reacuons in Tables 1 and 2 The heavy metal 
reacts with the sorbing sites (>[w]FeOH and >[s]FeOH) on the fer- 
nc oxide (reaction g in Table 1 for Pb, or the reactions in Table 2 
for other metals) The number of sorbing sites detemnes the retar- 
dation factor for the simulation. as shown by Equation 9 For 
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Figure IO Transport of pH 6 of Pb" through a sorbing aquifer 
(R = 2) in which elution begms after just one half pore volume of imbi- 
bition before the metal-sorbing sites are saturated across the medium 
Solid and dashed lines respectivelv, show predictions of surface com- 
plexation and K, theories 

evample if  we set 1 mmolal ot sorbing sites then R is 2 We take 
a medium that is 100 m long (divided into 100 nodal blocks) con- 
tans 30% pore space (n = 3) and has a dispersivitv ot 1 m We do 
not account for the effects ot borption ( 1  e ' ion exchange ) onto 
surtaces in  the medium other than temc oxide 

Figure 3 shows the simulation results for the transport o f  Pb 
assuming an arbiuary retardauon tactor of  2 (which bv Equation 8 
is equivalent to a K, value of  16 cm3/g) Dunng imbibition, the fer- 
nc oxlde smps the Pb from soluhon at an abrupt reaction front The 
front mgrates through the medium at half the rate o f  ground water 
flow, reflecting the retardation factor Behmd the front, fluid is nch 
in Pb and the metal-sorbing sites are almost entlrely saturated 
The simulation results differ from those predicted by the K, 
approach (dashed lines) pnncipallv in  the sharpness of  the reaction 
front 

Dunng the elution leg of  the simulation dissolved Pb is 
flushed from the system and the Pb concentration of the fluid 
abates although it remans everywhere far in excess of dnnlung 
water standards Pb desorbs ,gradually from the weakly sorbing sites 
dunng the flushing. whereas the strong sites remam almost com- 
pletely saturated with the metal The results o f  this leg differ dra- 
matically from what the K, approach would suggest Whereas 
from the K, approach we expect the Pb to be completely flushed 
from the sorbate in little more than four pore volumes o f  elution, 
the surface complexation model predicts that the sorbate, especially 
at its strongly sorbing sites, will remain contaminated even i f  

flushed many hmes 
Pb desorbs gradually dunng elution, but the small amount 

released is sufficient to contaminate water flowing through the 
medium The breakthrough curve (Figure 4) for the simulation 
shows a persistent tail o f  Pb contamination two to three orders of 
magnitude higher than prescnbed by U S dnnlung water stan- 
dards The K, approach, in contrast, suggests the effluent should be 
potable after jus1 a few pore volumes have been eluted If we 
repeat the simulation for a larger retardauon factor (and increase the 
durabon of the unbibmon leg accordingly), we obtaui a simlar result 
(Figure 5) 

Discrepancy between predichons of the K, and surface com- 
plexahon approaches mses chefly from the m e n n g  forms assumed 
for the sorpuon reachon (reactions 2 and 6) In the K, approach, the 
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ratio of dis\olved to \orbed concentration I \  fixed This simple 
rel,ltion\hip doe\ not hold under surtdLe complexJtion theory 
however since the conLentration\ ot tour species (Pb" H' >FeOH 
and >FeOPb') dppex in  the mass action equations 

Figure 6 shows how the concentrations ot these species 
observed at the midpoint of the medium vary over the course ot the 
sirnulation During imbibition arrival ot water containing Pb" 
dnves the rea~tion\ 

>FeOH + Pb* 4 >FeOPb* + H' ( 1 1 )  

for weaklv and strongly sorbing sites to the nght complexing 
nearly all of the sites The reaction has little effect on pH because 
the bicarbonate in solution serves to butter the H' activity Dunng 
elution the desorption reaction 

>FeOPb' + H' >FeOH + Pb" (12) 

need proceed only gradually to the nght in order to mainmn equi- 
libnum The reason is clear from Figure 6 By mass action m v  
decrease in log mpbc+must be compensated by an increase in log 
m,Feo,, plus a decrease in log ~ I I , ~ ~ ~ +  Because there are initially 
few uncomplexed sites, a small shift in the reacuon causes the 
loganthm of the >(s)FeOH concentration to nse sharply, decreas- 
ing the number of compleKed sites only gradually at first After 30 
pore volumes have been displaced. most of the weak sites but few 
of the strong sites have desorbed their complexed Pb 

From the form of the complexation reaction (Equation 6). we 
expect metal sorption to vm depending on solution pH as well as 
the reaction's equilibnum constant Figure 7 shows how pH affects 
the breakthrough curves predicted By Equation 6, we expect 
increasing the pH to Favor sorption but decreasing pH to favor dis- 
placement OF sorbed metals The results for Pb (Figure 7 )  show sim- 
ilar breJkthrough curves when pH vanes in the range 6 to IO 
Under acidic conditions (pH 2 4). however, the simulations predict 
less pronounced ' truling' in the effluent This result is Ilkely of Iim- 
ited practical benefit because the many buffenng reimons operating 
in mosr subsurface envmnments prevent m n w n i n g  ground water 
at such acidities 

Figure 8 shows how the equilibnum constant for the com- 
plexation reaction (reaction_ 6) affects the breakthrough curves for 
simulations calculated at pH 6 For sunphcity. we assume here a sin- 
gle equilibnum constant for sorption on weakly and strongly sorb- 
ing sites For large equilibnurn constants (e g K = 102-104), the 

41 - .- c -  - -- - c  -4 L. I-.." ,-Tf 2 _- 13 ,,,' 

1 

' Clr=.-( hrnll?l, - c f Lnt - - -a- en- ' I ' - t p - .  - - - -  - -  
1 

the inttal bind., t&lv enough that i t  I \  releired on lv  gridu,illv &r- 
ing t h h i n g  For 12\52r ~ i l u e s  ot the binding conqtant ( K  = I()'] 

- I @ ' )  the metJl binds less tighrlv Metd concenrrations in the &lu- 
ent ire larger in these cases and the tail beLorne> le\\ per\i\tcnt 
b h e n  the binding constant I >  ma l l  enough rK 5 IO--) the br'jk- 
throush curve asumes a svmmetncal shape ch~ractenstic ot curves 
obtained using the K, approach 

Figure 9 shows results obtained tor vanous heavv metals pre- 
\ent in solurion a5 divalent cJtions calculated J r juming  the redc- 
tiom and equilibnum constant5 , how in Table 2 Hg and ~ i i p n c  Cu 
behJve much lihe Pb tormin; persistent tails in excesj of dnnh- 
ing NJter mndards (Table 3) Zn which binds le5s tightlv than Pb 
Hg or Cu shous a less persistent tail ot contamination the 
effluent is nearly devoid ot this metal atter about 15 pore iolurne5 
ot elution The weaklv binding metals Ni Cd and CO do not toim 
ugnificmt tails in the simulation 

In a final calculation (Figure IO) we conbider how a zone ot 
Pb contamination might mi-gate in the submhce  One half ot a pore 
volume ot contaminated tluid enters the aquifer dunng the lmbibition 
leg Reflecting the retardation factor (R = 2) Pb saturates the 
metal-sorbing sites along one-tounh ot the aquifer fluid In this zone 
contains Pb in the inlet concentration (I mmolal) Dunng the elu- 
tion leg as the fluid migrates into the uncontamindted zone sorp- 
tion stnps the Pb trom it 4s elution continues the Pb is progres- 
sively sorbed within the aquifer, dramatically decreasing the 
dissolved concentration of the metal and slowing its migration 

K, theory (Figure 10 dashed lines), in contrast to surface 
complexation theory, predicts that dissolved concentrations in the 
contmnated zone reman high decreasing only slightly due to the 
effects of dispersion Contaminant therefore migrates freely 
through the aquifer in the K, results at one-half the rate of ground 
water flow (since R = 2) 

Discussion 

ues to model Pb transpon a number of differences result 
When we use surfaLe compleution theory instead of K, val- 

The aquifer is predicted to contain a contammated zone, in 

which most of the strongly sorbing and a vanable number of 
the weakly sorbing sites are saturated and an uncontaminated 
zone that contams little sorbed Pb The zones are separated by 
an abrupt reaction front K, theory predicts sorbed metal con- 
centrations that vary smoothly through the aquifer 
Unllke the K, approach, which holds the dissolved Pb con- 
centratlon everywhere propomonal to sorbed concentnuon, sur- 
face complexation theory predicts wide vanation in dissolved 
concentration Witlun the c o n m a t e d  zone, where the strongly 
sorbing sites are largely saturated dissolved concentration 
can vary from small values upward without affecting the 
sorbed concentntlon sigruficandy In simulauons cdculated for 
pH 2 5, the Pb concentration In water from the contaminated 
zone invanably exceeds dnnlung water standards The Pb 
content of water in the uncontaminated zone, however is 
small because the metal-sorbing sites, whch are largely uncom- 
plexed are effective at stnpping Pb from solution 
Flushing the contaminated zone with fresh water (whether 
d u n g  actlve remedntlon or by natural recharge) ,mdually dis- 
places dissolved and sorbed Pb from the aquifer The dis- 
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i n s  I \  inettectiw at di\pl icing \orbed Pb trorn the dquitrr q x  
L~all\ trom thc \tr(ingI\ \orbing \itc4 77x 
tr,c\t predica that flushing \hould etticientlv di\place all ot t h t  
Pb ,orbed and di>\olved leaving the aquiter clean 
The K, approach predict\ thJt J /one ot Pb contamination 
will migrate along the direction ot ground water tlow at a 
rate determined by the retardation tactor Surtace complexum 
theory suggests that the mobilitv ot subsurface Pb contarn- 
ination is limited by the aquifer \ abilitv to sorb the metal When 
water migrates trom the contaminated to the uncontaminated 
zone its Pb content I \  \tripped by \orption This proce>s 
depletes the Pb content ot the ground U x e r  and progressiwly 
d o u s  the rate at which the contaminant can migrate 

The calculations i n  this paper help male clear the extent to 
which the K, approxh ovrrcimplifir\ a comp1e.c chemical proces4 
The K, approach a!, d result undermines ground water cleanup 
strategic\ in two pnncipal HJV\ 

0 By suggesting overly o p t i m i m  rate$ o f  contaminant dis- 
placement from sediment surfaces by noncorrosive soil flush- 
ing or fresh recharge The K,-based calculation of Pb transport 
argues tor the potential succes\ ot active soil tlushing any resid- 
ual sorbed contaminant remaining is predicted to be shorr-lived 
and easily diluted by subsequent recharge This prediction is 
contrary to expenence which has shown Pb contamination to 
be resistant to active remediation schemes Surface compleu- 
ation theory on the other hand. points to a significantly more 
recalcitrant Pb plume that can be removed rapidly by neither 
noncorrosive soil flushing nor fresh recharge Models calcu- 
lated using this approach are ldcely to support implementation 
ot passive approaches that focus on decreasing the mobility of 
Pb at the site, instead o f  acuve approaches Agan, surface com- 
plexation theory suggests that the degree of soil contamnation 
does not correlate directly to the level of ground water con- 
tamination 
By overestimaung the potenual for plume advance The K, 
approach exaggerates the mobility and hence potenual impact 
ot the Pb plume One might argue that this outcome is con- 
servative and ern on the side of human health, but tlss may not 
be true Mobile plumes are remediated differently than immo- 
bile plumes, and applying the methods designed for one to the 
other nsks falure K,-based models rmght call for applying soil 
flushing and placing monitonng wells far from the plume 
source The surface comple.tatm model, on the orher hand, pre- 
dicts that soil flushing will not work and that the monitonng 
wells might never detect Pb contaminauon 

Effective remedianon of subsurface contarmnauon should fol- 
low from a clear diagnosis of plume behawor The same can be s a d  
for designing hazardous waste repositones Where metals or 
radionuclides sorb, the sorption process should be descnbed in a 
tashion more realishc than the K,, approach allows The calcuiauons 
presented here represent the “equilibnum limit.” the state achieved 
in the absence of complicatlng chermcal and physical factors (reac- 
tion kinetics. “bypassing” of ground water flow, diffusion o f  metal 
ions into organic matter and so on) that influence the mnspon of 
sorbed metals these factors should be included In reactive transport 
modeling, regardless of  the sorpnon theory employed The cdcu- 
lation results, nonetheless, differ from those given by the K, 
approach dmnaucally enough that the two methods suggest diver- 
gent remediation strateges for stronglv sorbing metals in the sub- 
surface 
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Con dud 1 ng Rerncrr hs 
A n  iinportmt final point to Lander I \  w h t t h L r  the rttoit 

required to integrate more realistic drscnptiom ot rnttal \orption 
into remediation efforts is worthwhile First the example cal~ula-  
tiw\ in [hi\ p.lper which assume a sediment in which hvdious tei 
n c  oxidc presents the onlv sorbing surtace are ot course too sim- 
plibtic to ~ p p l v  blindlv to natural settings General Jpplication will  
require dexnptions ot the behmior ot the m u y  vanetie\ ot real \ed- 
iments md \oils Denving a surface complexation model (or a 
Lanpmuir or Freundlich isotherm) tor a given sample I \  by nature 
more complex than measuring J K, value Laboratorv procedure\ 
tor doing so exist nonetheless and have been applied to ndturd svs- 
tems in J number ot recent studies 

Kohler et a1 (1996) tor eumple denved a wrtace compleu- 
ation mode! tor uranyl transport in a quartz sand Using the widely 
applied FITEQL s o h a r e  ( b e s d l  and Herbelin 1994) thev denved 
and optimized the model trom the results ot batch expenmentq and 
breakthrough curves taken trom column e.cpenments Their model 
consisted of two site types and three complexation reactions illus- 
trating that a useful surface complexation model need not be overly 
comp1e.c Davis et a1 (1998) similarlv denved trom the results ot 
batch eypenments a complewion model for Zn transport i n  a 
sandv aquifer in Cape Cod, Massachusetts T’heu model contained 
onlv three adjustable parameters that needed to be regressed from 
the data Such techniques could be readily applied to other field sit- 
uations Alternatively, surface complexation models tor individual 
constituents of sediments and soils can be denved and then com- 
bined to reflect a sample’s bulk composition The latter approach 
however seems to gwe less accurate results than considenng an mdi- 
vidual soil or sediment sample as a whole (Davis et ai 1998) 

Secondly, reactive transport models based on the K, approach 
are simpler and hence easier to calculate than those employing more 
sophisticated sorption models As already mentioned, however, a 
vanety of software programs exist tor perfomng the calculations 
and most of these work well on the inexpensive and powerful per- 
sonal computers avalable today Given that we can expect improved 
sottware resources in the future, and even faster and less expensive 
computers, the computauonal hurdles to unplementmg more sophis- 
ticated simulation techmques seem rmnor 

Large amounts of money can be spent on a single envuon- 
mental remediation project, and there is undeniably considerable 
direct value in protecting the environment In this light the addi- 
bond expenditure of effort requued to set up surface complexation 
models and to trace realistic transpon simulations seems modest 
compared to the value of  more accurate results from these simula- 
tions 
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