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FIGURE 3.16 Plumas of chierida, corbon tetrachioride, and eirochloroeiivylens ot the end of e &x-
. perimental period. The plumas are based on depth-averaped voluss. Source: P. V. Roberty, M. N. Goltr.
and . M. Mackay, Water Resources Research 22, no. 13 (1985} 204759, Copyright by the American

| Geophysical Union.
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FIGURE 3.17 (o] Growth of carbon tetrochloride phume with time; () growth of fetrachlorsethylens
plume with time. Source: P. V. Roberts, M. N, Goltz, end D. M. Mackay, Waler Resources Bessarch 22,
mo. 13 (1786)-2047 -59. Copyrigh! by the Americon Gesghysical Union.
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VABLE 3.5 Empiricol equations by which K_ con be esfimoted from 5.

Equanar
Kombs Equetion Reforencs
ma fog K, =044 — 054 log § Karickhoff, Brown, and

3.6¢ -0.5¢ .'oJ S

o E LT e

ik

Scott 1979

s :ﬂ:;um—wmus Means of ol 1980 F 4
S = iin ¥V
e Baupeaws = (4O i | e s lhog K. = 395 — 062 log & Hassell of ol 1983
5 in mgjL ”~
s ..' g il
'ﬁ‘ﬁ S = 2IF i) liog K., = 0001 — 0729 log § Ghiou, asd
5 in males/L, = 0996 at-zi'm
Ioj Koc = 3.C4 - d-ff(z-'lf) = 1.6 A
o Ew= 198 L/ o (m Lf’ﬂ o
i ikt S
Moleculor waight:  9B.96 02 1831.38 16582 106,18 2808 20310 0226
ss0 80 weo [ | | e oosz |
iog & Bie 215 1] T 149 0265 =150
; Solubitity (mwbes/Li
SS56x 07 PIxA07 BSF =07 BAM x0T LA x10? 242 x W0 882 x 10°° 158 x 107
log & —azs s —2:08 -307  -285 —-362 —508 —680
ity (Mols Frachion
RDDx A0 WHOxN0 T FSA MO AS2x M0 2S5Ex 107 T 11 BT 'S 284 x 107
log & —3i00 —3av -8 —a8? — a0 —53 —&83 —855
Equation
Sanbar Esfimated log K_
ma 206 2 250 3004 287 333 a3 506
ma 158 ans 157 ﬁ) 244 282 are 47
ms sy 2m 218 274 o aas 527
me 163 [ 207 b1 ] 280 30 412 B8
mn 115 142 s 247 23 288 39 519
Rangs 1.15-206 L3929 1535 180304 231-287 282-333  3T79-446 447-527
Meon 162 10 209 267 259 205 409 497
S, dev. 032 on 07 0.24 022 022 025 032
Coet. var 008 o 008 005 0.04 0.04 0.05 0.08

* The sceotion meisery bn iy Soble refer to Toble 3§




Equatien
Nunber Equation Chomicaly Used Referencs ,1,3’(...,
- + 0432 72 whfited banzes  Briggs, 1981
i SR pashcides TABLE 3.4 Egerimeniolly K volves.
ma log K, = 1.00 log K — 0.21 10 pohporomatic Karickhof, Beown, ond Scolt 1979 .
m [ K.=0s3K, | B Miscalioneous organin | Kesickhodl, Beown, and Scolt 1979 Senzens :L: m-m-um';'m
M gk, = K_+ 1377 45 orgosicy, mosily Kamoga ond Goring 1980 Nowichboll, Brores, N
22 Chicws, Portus, and Schmedding 1983
my log K= 1.029 log K. — 018 13 pawficides oo amd Dovigeon 1980 Ethvyfarrend
A e - um-l— :.'nf m—;u—;:mmim
i b s S R 2 08 q....::n... A . el gtk oisns an| Kavickhofl, Brown, and Seom 1979
492 Kovickhoff, Brows, and Sco 1979
m iog K, =09% log K_ — 034 5 polyasomatic Rarickhoff 1981 Pyrana
A=09;a=5 hydrocarsons 480 Muons et ol 1960
m log K = 0.937 log £ — 0006 h:ﬂ*-l- Lyman V982 ;KT'EEM{E-L?‘EL
m n K, = K — D7300 DT, mtrachicmii- McColl, Swonn, and Laskowski 1983 ; -
pheryl, lindans, PR
2,4-D, and .___..._...L__d
dichioropropars - - :__',;-1
moy log K = 00 log K, — 0779  Benzens, chlorinated Chiouw, Porter, ondl Schmedding, 1980 CoMPalE!
=0 a= 12 banzenes, PLEs . Somilica w
mun log K = 077 log K. + 04% Meibylcted ond| chici: | Sclwarzenboch and Westall 1981 o
A =09%n=13 neted banzenes
my log K = 1.00 log K. — 0317 2 polymclear Hossett o ol 1960
A=0%n=22 aromotics
tog i 3 e 140 1L 450 FE
.-'"-"’
(i .79 L9 e 249 242 24 15 242
L] nse L 93 e 31s a5 &N
fiac R — = (] 198 214 S 24 o 115
e 235 254 1L.9L 24 ET ) i n 199 o
I-:zj Koic= 1.13 as 146 20 218 308 an am a7 T
' e .90 227 b5 7 242 am 473 £ ]
oz !l m 142 7 192 274 T 299 440 an
i ey &7 214 94 e 115 449 i
m .06 L .54 241 147 264 407 49
Kow: |35 me 139 5 206 23 251 a0 r
—q m ¥ 202 214 275 294 292 95 an
Koe = 0 &3 . m a7 Ly 182 308 305 448 5.00
= 2L.99 Rowge 1235 13428  Lee-243 1.98-217 214-3.42 114-3.39 AT-4T6 235529
4 Mo 157 1.8 200 270 293 29 44 458
[ K, St dev. 038 035 %< ] 0.39 0.41 0.37 0.54 0.43
‘33 e= 192 Coal, var 024 o1 017 04 01s 013 013 o4
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Waorksbeet 7-1: Calculation of Effective Solubllity (from Newell and Ross, 1992, aner Siu e al,

1988; and Feenstra et al, 1991)
m:wmnm“dh-ﬂw-hﬂu
estimate the theoretical concentration of organics in aquifers or for performing

dissolution calculations. DNAPLs comprised of & mixture of chemicals, however, the efiective
solubility concept ahould he amployed:

F=X5 »

L

) e slfeciive theorelical wpper-level ‘coneentration of 8
" mwum-nm i mgh)
X = the mole fraction of component | in e DNAPL mixure (oblained from & lab analysis
of s DNAPL sample of esiimaied from wasie characierization daw)

S, = the puse-phase solubility of compound | in mp (wsually obtained from lilerature

For esample. if & analysis indicaiss (! Ui mole fraction of wichloroethylene (TCE) in
umu&w be 110 mpl. This is derived by multiplying the
pure phase solubility of TCE by the TCE mole fraction:

1100 mgA * 0.10 = 110 mph.
E solubilities can be calculated for all components ip 8 DNAPL mimure. Nearly insoluble
will reduce the mole fraction and efiective

in the mixiure (such as. :
--nm.m will contribute litle dissolved-phase organics o

e Thai Shis rEIQRoRERP 1S GppRGRAREE -H-l.umrm“q
uch a5 co-selvency. eic.



€.4.2 evaLuans e PRoleNTIAT THRT Fece PRabuet NAPL IS RSN T (> St

Workshes! 7-2: Method for Assessing Rasidual NAPL Based ea Organk Chemical Cescestrsticas
Ia Soll Samples (from Newell and Ross, 1992, afier Fecnstra et al, 1991)

Stap X
Siew &

Siep &

Stap &

Step T:

- Empincal relationships based on K, the ootanol-waler partition coefickent, which akso

found i Appendis A For emample, K, oan be estimated from K, wsing the following
SEprEssion for “-:"cm

Log K_ = 10* Log K_ - 021

Determine {_, the fraciion of erganic curbon 0n the soil, from # laboratory analysis of
clean woils from the site. Values for ( typically mnge from 0.03 w0 0.00017 mg/mg
Coover values reporied in peresni 10 mg/mg.

Deiermine or estimaic pb, he dry bulk deasity of the soil, from » soils analysis. Typical
mmuuuunm Deicrmine or estimaie Gw, the waier-flled

Deiermine Ki, Ube partition (0r distribution) eoefficient bewesn the pore waler (ground
water) aad the woil solids: i

Ny

Using Ct, Uh measured conseairaiion of the organic compound i stursied woil iv
wg/kg, alculate the theoreiical pore waies conceniration assuming w0 DNAPL (Le., Cw

in mgA):
b ® -1-5'_,( cratadimalie ;
ﬁ.—ﬂ-‘-ﬁ—- Sn b, € d
(Kd* pb + bw) Cwtad Cuaciadvamdhi, o Ei o bt
Compare Cw and 8", (from Step 1): wakis o ly o anhod
Cw > §° suggests of DNAPL <— Kemaci S, i
c--:r:wﬂw-rm E of DaPL.
Li&ﬁm.\'»«-—.ﬁ-&)
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SCHWILLE POOL DISSOLUTION EXPERIMENT

¥ - ' AG
WATER VOLUME AVERAGED
DISSOLVED
. : - CONCENTRATION
&

-

R 150 oM —————— -T(E %é“’{"‘rj; S 2 DM‘

From Schwille (1988)

RESULTS OF PQOOL DISSOLUTION EXPERIMENT:

Linear Velogity Concentration Relative
(m/day) (mg/L) Congentration
1.1 90 8.2 %
2.3 87 - 681 %
2.3 87 78 %
4.5 e ' 66 %
6.8 7 7.0 %

absslotn selubilihy

CONCLUSION FROM POOL DISSOLUTION EXPERIMENT:

+ Dissolved conceniratiens can be considerably less than saturation
concentrations

= Lonimet Tlmi L'{. il Ay ool wgat
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COMTAMIMANT TRAMSPORT AMD FATE IM THE SUSSURFACE - D. M. Mackay

/ue=

TABLE 3  ia - Zoih
Environmental half-lives and products from ablotic hydrolysis AT pray el HE70F
or ﬂthydmhalogtmum of halogenated aliphatic compounds at = -

= Eﬂ G A Hali-ita Pegf) / =
Mathanes S A
Dichleromethans 1.5(10), 704 (8)

Trichloromethans . 1.3(109, 3500 (8)

" Tatrachioromathans 7000 (8)
Bromomathane y 0.10 (&) .
Dibromomethane 183 | b
THbromomathana 888 (&) : [
Bromochloromathans A (8) | :
Bromodichloromethane 137 (8
Dibromochioromethans 274.(8) ;
Ethanes '
Chiorosthans ai2(11pe Ethanol (17
1.2-Dichlorosthane 50(12)
1.1 1-Trichinrosthans 08 (100, 1.7(12)  Acstic acid (12-14)

) 0.8 (15, 25 (16 1,1-Dichioroethyiene (14-16)
1,1,2-Trichlorosthane 170 (12) 1,1-Dichiorosthens {17) !
1,1,1,2-Tetrachiomoethane 384 (12) Trichioroethena (12) |
1,122 Tetrachlorosthane . 0.B(12) ' Trichlorosthens (12)
1,1,22.2-Peniachiorosthane  0.01 {72} Tetrachioroethana (12)
Bromosthans / 0.08 (1)
1,2-Dibromosthane 259 Bromosthane (9) a3

25{18) Ethyiens glycol (18)
Ethenes -
Trichioroathens 09(10), 25 (15°
Tetrachlomathens © 07 (10), B (15
*  1-Bromopropane 0.07 ()
1 _2.Dihrmanranans 0O.A8 (29 Bromoompana (9)
1,3-Dibromopropana 0.13 (M Bromopropanol (9} I
1,2-Dibromo-3-chloropropene 35 (19) Bromochloropropens (19) !
*Extrapolated by 2 from Referance 11.  *A110*Clnsea water  *AL20 °C. i
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Fig. 3a. Concepiual schematic of the EE-1/GT-2 fracture system
(adapted from Tester et al. [1982]). Schematic of the fracture-well
bore geometry.
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Fig 4. Fenton Hill *2Br tracer results, showing uncorrected data

& the RTD curve calculated by subtracting the effect of fluid recir-

®ltion. Well hore plug flow delay volume of 161 m? included in the

:‘_Nnic curves. (a) Experiment 217-A2, May 9, 1980. (b) Experiment

;q;“' September 3, 1980. (c) Experiment 217-AS5, December 12,

NUHMALIZLD CONCENTRATION (1/m3)

TABLE 1. Summary of *2Br Tracer Tests Conducted on the Fenton Hill Geothermal Reservoir

GT-2B Modal Volumetric Integral
Flow Rate, Water Tracer Volume Width at Mean Volume
Date Experiment m3/s x 10°%  Loss, % Recovery, % ¥,*m® 1/2 Height, m® (V).*t m?
May 9, 1980 217-A2 59 10 88.4 161 227 1311
Sept. 3, 1980 217-A3 5.7 7 814 178 323 1845
Dec. 2, 1980 217-A4 5.1 40 187 303
Dec. 12, 1980 217-AS 8.1 30 66.1 266 479 2173

*Well bore plug flow delay volume of 161 m? subtracted from measured values.
tCalculated assuming an exponentially decaying tail (see Appendix B for details).
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2.4. THE RATE LAW
We can show experimentally that for the general irreversible reaction
A+2B+... - P+2Q...

reactants products

we can write the rate law,

d[A
A - —rapErEPQE. )
where
d[A] . ) . .
o time rate of change in molar concentration of species A,
k = reaction rate constant, and
a, b, p.q,...=constants
In this book, [ ] is used to signify concentration in moles/liter. We may

use concentration units other than moles/liter in the rate law but in doing
so we should use the same concentration unit for each species and realize
that both the numerical value and units of the reaction rate constant will
ditfer from those found when molecular concentrations are used.

Using our knowledge of the stoichiometry of the reaction, that is, the
relative number of moles of species reacting and the relative number of
moles of products being formed as the reaction proceeds, we can state
that

diA]_1d[B] _-d[P]_-1d[Q] 2.2
dt 2dt ~°  dt 2 dt ]
because 1 mole of A reacts for every 2 moles of B that react, and so forth,
and 1 mole of P is formed for every mole of A that reacts, and so forth. We
can determine the reaction order from the rate law. The overall reaction
order is

a+b+p+gq... (2-3)
while the order with respect to A is a, the order with respect to B is b, and
so forth. If the reaction is irreversible, thenp, q, . . ., the exponents of the
product concentration, are usually zero. For example, if

d[A]

—— = —k[A][B}?
= —k(AI[B]

then we would say that the reaction was first order with respect to A,
second order with respect to B, and third order overall. It is important to
note that reaction order is generally not determined by the stoichiometry
of the overall reaction. Laboratory experimentation is necessary to de-
termine the order.

The following example illustrates several points that are important for
a good understanding of the rate law.



Integrated forms of the rate law are very useful for analyzing rate data
to determine reaction rate constants and reaction order. Let us first
consider the irreversible reaction

A — products

which has the rate law

dlA]

ar _ EIAT

To determine the behavior of [A] as a function of time, we must integrate
the rate expression with respect to time. We will do this for several values
of the reaction order, n. When n = 0, the reaction is zero order, and

d[A]

= — 0= -
.y k([A] k (2-4)

Upon integrating, we obtain
[A] = [A]o —kt (2-5)

where [A], = the concentration of A att = 0, that is, the initial concentration
of A. The half-life, t,,, or time for 50 percent of the initial concentration
to react can be obtained from Eg. 2.5 by setting [A] = 0.5 [A], when t =
t,.. Then

0.5[A],

b
When n = 1, the reaction is first order, both with respect to A and
overall, and we can write,

diAl _ _
5 = “kIA] (2-6)

Rearranging Eq. 2.6 and solving the integral,

1A] t

d[A]
{A) —[—AT ) _'[ e
we find ° , -
In [A] = 1In [A], — kt (2-7)
or
(A] = [A]lpe™ (2-8)

Examination of Eq. 2-7 suggests that the rate constant k may be determined
experimentally from a plot of In [A] versus t, which has a slope of —k.
Also, from Eq. 2-8, when [A] = 0.5 [A],, we {ind the half-life to be

- 0.693
12 T k
If the reaction is greater than first order, then we can write
B _ Ay (2:9)

dt
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Reaction Rates

For the reaction:

At equilibrium:

a_t- + V . (Cl‘ll) — V . (DZ‘VCZ') = RZ (1)

A+B 2 C ()
Forward rate = Fk[A][B]

Reverse rate = ky[C] 3)

Forward rate = Reverse rate

KAIB] = k[C] (4)
[mngm 5)

For closed system and one mole each of [A] and of [B], with & =1 and k, = 10, then:

And (1 - X) = [4]

Implementation:

Generalized:

Heats of reaction:

And heat balance requires:

[A][B]  (1-X)* 10
c] X 1 (©)

[B] = 0.916 and X=[C] = 0.0839.

R, = -K[AI[B] + kl[C]

Ry = —K[AI[B] + kl[C] (7)

Re = +k[AI[B] - Kk[C]

- Tl T K T ®
H, = RAH, ©)

pc%—f—l—V-(Tu)—V-()\VT):Hi (10)



REACTION ALGORITHMS FOR MULTICOMPONENT SYSTEMS

Mathematical descriptions of reaction systems

The multicomponent, multi-species systems typical of those which occur in porous media
require some special treatment, both because they involve multiple unknowns and because they
are usually nonlinear. The mathematical description used, however, will depend on what form
the reactions in the system are assumed to take. It is instructive to derive a general approach to
handle multicomponent, multi-species reactive systems. Formulations for arbitrarily complex
reaction systems charactenized by both equilibrium and non-equilibrium reactions have been
presented by Lichtner (1985). Lichtner (this volume), Friedly and Rubin (1992), Sevougian
et al. (1993), and Chilakapati (1995). A clear discussion of one possible way of doing so is
given by Chilakapati (1995). His approach begins with the most general case, a set of ordinary
differential equations for each species in the system and reactions between the species described
by kinetic rate laws. A system containing N, species and N, reactions can be expressed as

dC
I.— =v-R. 1
7 = (1)
The raised dot indicates matrix multiplication. I is the identity matrix of dimension N,, x
N.or, C is the vector of solute concentrations of length N,,,, v is a matrix of dimension N,,, x
N., and R is a vector of length N,. For example, the matrix v and the vector R have the form

Y1 iz 0 VLN, R,
Y2 V2.2 T V2N, R

v=| . R=| )
UNiwl VN2 "7 VNigy N, Rw,

The multiplication of the identity matrix by the derivatives of the individual species concen-
trations results in an ODE of similar form for each of the species in the system.

As an example, consider an aqueous system consisting of Ca*2, H*, OH™, CO3y 2 HCOy7,
H,CO;, and CaCOs(s) (caicite). We ignore H,O for the sake of conciseness. In addition,
we assume that the following reactions occur, without yet specifying whether they are to be
considered equilibrium or kinetically-controlied reactions,

CaCO; = Ca*?+C0;? R, (3)
HCO; = CO;? +H* R, )
H,CO; = CO72+2HY Ry (S)
H* +0H™ = H,0 Rs. (6)

In the above equations R; symbolizes the rate expression for reaction i. We also make no
assumptions at this stage about whether the set of reactions included are linearly independent
(although the reactions listed above are). We have shown the reactions to be reversible here (thus
the symbol =) but the resuits below apply whether the reactions are irreversible or reversible
since at this stage, one can think of the reaction rates as simply time-dependent expressions of
the mole balances inherent in a balanced chemical reaction. The reversibility or lack thereof
only determines whether the sign of the reaction rate can change. The term reversible is
generally used by thermodynamicists to refer to equilibrium reactions (Lichtner, this volume),
although we prefer to use it to refer to reactions which are sufficiently close to equilibrium
that the backward reaction is important. It is quite possible in a steady-state flow system, for
example. for backward reactions to be important and yet not to be at equilibrium (e.g. Nagy et



al., 1991; Nagy and Lasaga, 1992; Burch et al., 1993). According to this definition, the term
irreversible is used for those reactions which proceed in only one direction (i.e. those that can
be represented with a unidirectional arrow, — ).

For our example aqueous system, the rates for the individual species can be written

d[H,COs) _
dt

d[HCOY
_[H._L] = —-R, | (8)
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In matrix form the system of equations becomes
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As written in Equation (14), the stoichiometric reaction matrix, v. is referred to as being in
canonical form (Smith and Missen, 1982; Lichtner, 1985; Lichtner, this volume). The system
of equations is partitioned into the first four rows where the associated species (H,COs, HCOy,
CaCOs(s), and OH™) are involved in only one reaction while in the remaining three rows the
species are involved in multiple reactions. The first four species are referred to as secondary or
non-component species, while the last three are the primary or component species (Lichtner,
this volume). These are also referred to as basis species because they form a basis which spans
the concentration space. In this example, we have written all of the carbonate reactions using
the species CO3 2 precisely so as to restrict all of the other carbonate species to involvement
in a single reaction. This is an essential first step in obtaining either the canonical formulation
(Lichtmer, 1985; Lichtner, this volume) or to writing the reactions in tableaux form (Morel and
Hering, 1993), both of which assume that one is dealing with a set of linearly independent
reactions, but it is not essential for what follows below. The procedure will also work if,
for example, the formation of H,CO; involved H™ and HCO; rather than 2 H™ and Csz,
although we will not obtain the conserved quantities (total H™ . total COZ~. etc.) found in the
tableaux method without additional manipulations. )

The system of ODEs could be solved directly in the form of Equation (14) if the reactions
are all described with kinetic rate laws. Alternatively, one can apply a Gauss-Jordan elimination



to the matrix v and ssmmitancously to the identity matrix I until there are no pivots left
(Chilakapati, 1995). The resulting wransformed set of ODEs is mow

M- % =v*-R (15)

which partimcns the swstom of oguations wwo N, ODEs associsted with reactions and N,
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In owr example. the Gauss-Jordan elimination is carried out om the the maerix v on the right
hand side of Equation (14) and the same row transformations are applied to the identity matrix,
I, yrelding
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Table 1. Tableaux for carbonate system. neglecting

H,O0 as a species and component.
Components
H*  Ca*? €072
Species H,CO; 2 1
HCO; | 1
CaCO, 1 1
OH~™ -1
H* 1
Ca*? 1
Co;2 1
and
d - -
i ((H*] + 2[H,CO5] + [HCO3 ) — [OH7]) = 0 (23)
d
- (ICa*?) + [CaCO3]) =0 (24)
d
= ([CO; 2} + [H,CO5) + HCOZ1+ [CaCO;]) =0. (25)

From the example, it is apparent that we have eliminated the reactions in the equations originally
corresponding to the species H™, Ca*?, and CO;2 by making use of the relations in the first
four equations. The last three equations are mole balances for toral H*, Ca*2, and CO3'2

TOTH* = [H*] - [OH"] + [HCO; ] + 2[H,CO;]) (26)
TOTCa*? = [Ca*?] + [CaCO;) (27)
T OTCO;* = [CO;?] + [H,COs] + [HCO; ] + [CaCOs). (28)

Note that the canonical form of the stoichiometric reaction matrix is identical to the
tableaux form popularized by Morel and coworkers (Morel and Hering, 1993; Dzombak and
Morel, 1990). By transposing the last three rows of the matrix M in Equation (17), we can
write the matrix in tableaux form (Table 1).

The procedure has yielded expressions for the total concentrations of the N. primary or
component species. A more general form is given by

N,
TOT,=C,+ ) w,X, (29)

1=}

where C, and X, refer to the concentration of the primary and secondary species respectively.
Note that the number of secondary species is equal to N,, the number of linearly independent
reactions in the system (i.e. the rank of the matrix v). Equation (27) and Equation (28)
are recognizable as the total concentrations of calcium and carbonate respectively. The total
concentration of H* is written in exactly the same form as the other equations, although its
physical meaning is less clear because it may take on negauve values due to the negative
stoichiometric coefficients in the expression. The mole balance equation for total HT is just
the proton condition equation referred to in many aquatic chemistry textbooks. Oxidation-
reduction reactions are also easily handled with this method. If the redox reactions are written
as whole cell reactions, there is no need in any application not involving an electrical current

(see Lichtner, this volume) to introduce the electron as an unknown. Writing the reactions as
whole cell reactions allows redox reactions to be treated exactly like any other reaction.
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