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ABSTRACT

The effects of groundwater flow and biodegradation on the long-distance migration of petroleum-derived ben-

zene in oil-bearing sedimentary basins are evaluated. Using an idealized basin representation, a coupled ground-

water flow and heat transfer model computes the hydraulic head, stream function, and temperature in the basin.

A coupled mass transport model simulates water washing of benzene from an oil reservoir and its miscible,

advective/dispersive transport by groundwater. Benzene mass transfer at the oil–water contact is computed assu-

ming equilibrium partitioning. A first-order rate constant is used to represent aqueous benzene biodegradation.

A sensitivity study is used to evaluate the effect of the variation in aquifer/geochemical parameters and oil reservoir

location on benzene transport. Our results indicate that in a basin with active hydrodynamics, miscible benzene

transport is dominated by advection. Diffusion may dominate within the cap rock when its permeability is less than

10)19 m2. Miscible benzene transport can form surface anomalies, sometimes adjacent to oil fields. Biodegradation

controls the distance of transport down-gradient from a reservoir. We conclude that benzene detected in explora-

tion wells may indicate an oil reservoir that lies hydraulically up-gradient. Geochemical sampling of hydrocarbons

from springs and exploration wells can be useful only when the oil reservoir is located within about 20 km.

Benzene soil gas anomalies may form due to regional hydrodynamics rather than separate phase migration. Diffusion

alone cannot explain the elevated benzene concentration observed in carrier beds several km away from oil fields.
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INTRODUCTION

Light aromatic hydrocarbons such as benzene, toluene,

ethylbenzene and xylene (BTEX) are present in virtually

every type of crude oil. They are also soluble in water and

their aqueous solubilities increase with increasing tempera-

ture and pressure (IUPAC Solubility Data Series 1989).

Field measurements of BTEX concentration can range

from a few hundred ppm to 2000 ppm in crude oils and

up to 18.6 ppm in oil field formation waters (Zarrella et al.

1967; Weisenburg et al. 1981). Benzene dissolved in for-

mation water in contact with oil deposits is also observed

to diminish at lateral distances on the order of 10 km

(Table 1). BTEX sampled from exploration wells are thus

used as indicators of undiscovered oil fields (Hunt 1979;

Jones 1984; Burtell & Jones 1996). To estimate the dis-

tance to an unknown field, diffusion has been assumed as

the primary transport mechanism (Fig. 1). Moreover,

BTEX soil gas anomalies in the vicinity of oil fields have

generated interest in using these compounds in surface ge-

ochemical exploration (Calhoun & Hawkins 1998, 1999).

These anomalies have been attributed to vertical migration

of (separate phase) BTEX gases from subsurface reservoirs

(Calhoun & Hawkins 1998; Hawkins & Calhoun 2001).

However, BTEX have boiling curves that do not intersect

with the typical geothermal gradients of sedimentary basins

(Aljoe et al. 1986; Helgeson et al. 1998; Fig. 2). And as

components of liquid-phase petroleum, no evidence sug-

gests that BTEX exist as an immiscible phase, e.g. either

liquid or gas. On the contrary, in many oil-bearing basins,

active groundwater flow systems can play an important role

in the transport, formation and degradation of hydrocar-

bons (e.g. Hubbert 1953; Bredehoeft & Bennett 1971;

Philp & Crisp 1982; Allin 1990; Tóth 1996). In particular,
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BTEX can dissolve into the regional groundwater and be

subject to advective transport (Fig. 3). As the water table is

neared, dissolved BTEX can volatize to form soil gases due

to their high vapor pressure and low molecular weight

(Schwille 1981). Benzene and toluene soil gas anomalies

have been observed in groundwater discharge areas in east-

central Alberta, but not directly over any known oil fields

(Holysh & Tóth 1996). To date, miscible, advective trans-

port of BTEX subsequent to reservoir charging has not

been evaluated in the context of subsurface/surface geo-

chemical prospecting.

BTEX dissolved in groundwater attenuate naturally in

the subsurface. Attenuation processes include biodegrada-

tion, retardation, abiogenic reactions, and volatilization at

the water table (Barker et al. 1987). In shallow groundwa-

ter flow systems and soils, biodegradation is considered the

most important sink for BTEX. Numerous environmental

studies have documented the consumption of BTEX by

both aerobic and anaerobic bacteria (e.g. Jamison et al.

1976; Patrick & Barker 1985; Barker et al. 1987, 1989;

Gillham and Burris, 1992; Barbaro et al. 1992; Allen-King

et al. 1994; O’Leary et al. 1995; Weiner & Lovley

1998a,b; Burland & Edwards 1999; Schirmer et al. 1999).

The rate of biodegradation is often rapid. In one study,

benzene, toluene and xylene are found to attenuate within

months in a shallow phreatic aquifer (Barker et al. 1989;

Fig. 4). In this case, the attenuation of these compounds is

attributed to aerobic biodegradation. Moreover, crude oil

Table 1 Benzene concentrations measured from formation waters located

at different lateral distances from known oil fields, within equivalent zones

of production (after Table 7, Zarrella et al. 1967).

Location

Geological

formation

Benzene concentration

in water (ppm)

Distance to

production (miles)

New Mexico Pennsylvanian 10.7 0.0

6.5 2.0

Saskatchewan,

Canada

Frobisher-Aldia 7.0 0.0

4.5 1.0

3.4 0.75

2.2 1.75

1.6 1.5

1.0 5.5

Alberta,

Canada

Leduc 4.8–6.0 0.0

3.4 0.5

2.2 1.5

1.8 2.75

1.6 2.75

West Texas Wolfcamp 2.5 0.0

1.2 0.75

1.3 2.5

0.9 5.0

0.0 16.0
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Fig. 1. (A) A cross-sectional schematic diagram

representing transient, diffusive benzene trans-

port within a carrier bed underlying an oil pool.

(B) Log benzene concentrations (circles) versus

distance from the edge of an oil pool in Nisku

formation brine, Alberta (after Burtell & Jones

1996). The modeled concentration (line) is from

a diffusion model (Burtell & Jones 1996).
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compositions can be significantly modified by biodegrada-

tion (Kuo 1994; Huang et al. 2004), as bacteria have been

found in crude oil, oil field waters and sediments up to a

depth of 4200 m and can occur at all depths above a

hydrocarbon deposit (Saunders et al. 1999; Schumacher

1999). In the deep subsurface, bacterial populations which

only consume hydrocarbons increase with increasing prox-

imity to an oil deposit and biodegradation is considered an

important factor controlling the fate of hydrocarbons at

depth (Price 1985). Aerobic biodegradation of hydrocar-

bons has been extensively studied (Atlas 1984), while

important anaerobes such as iron-reducing, sulfate-redu-

cing, and denitrifying bacteria also exist in the subsurface

and benzene anaerobic biodegradation is linked to methan-

ogenesis (Kazumi et al. 1997; Burland & Edwards 1999).

Recent work further suggests that anaerobic biodegrada-

tion is the dominant mechanism in hydrocarbon consump-

tion, even in shallow oil reservoirs (<500 m) containing

fresh water (Head et al. 2003).

In this study, the effect of groundwater flow on soluble

benzene migration in sedimentary basins is quantitatively

assessed. Using an idealized basin cross-section, a coupled

groundwater flow and heat transfer model simulates

basin-scale topographically driven flow and temperature.

A coupled mass transport model simulates water washing

of benzene from an oil reservoir and the concurrent

transport by groundwater. We focus on benzene because

among BTEX compounds, it is the most mobile (Oder-

matt 1994), least sorptive (Patrick & Barker 1985; Lipson

& Siegel 2000) and the most resistant to anaerobic bio-

degradation (Chapelle et al. 1993). A sensitivity study is

carried out by varying the hydrological and geochemical

properties of the model basin to determine their influence

on soluble benzene migration. In particular, the permeab-

ility of the cap rock (rocks of lower permeability that lie

above the oil reservoir) is varied, resulting in significant

variations in the regional groundwater flow patterns. The

sensitivity study is constructed to address the following

questions:

• What aquifer and geochemical parameters control sol-

uble benzene transport?

• What is the threshold permeability of the cap rock

above an oil field that restricts upward benzene migra-

tion towards the surface?

• Under what conditions can benzene be found in meas-

urable concentration (>0.01 ppm) in springs or explo-

ration wells adjacent to an oil field?

• Can diffusion explain the observed distances where ben-

zene is found in formation water adjacent to known oil

reservoirs?
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Fig. 2. (A) BTEX and water boiling curves and

critical points (dots) (after Helgeson et al. 1998).

One bar is equivalent to approximately 105 Pa.

(B) BTEX boiling curves at the near-surface tem-

perature and pressure conditions (Aljoe et al.

1986). Three representative geotherms of sedi-

mentary basins are superimposed onto each plot.
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The remainder of the paper is organized into five sec-

tions. First, we describe the transport equations and the

numerical models used. Next we present a sensitivity study

in which the cap rock permeability, the benzene mass

transfer coefficient, the location of the oil reservoir and the

biodegradation rate constant are systematically varied. The

relative importance of diffusion versus advection is then

addressed. The results are summarized in Discussion and

Conclusions. At the end of the paper, future research

directions are identified.

MATHEMATICAL MODEL

Conceptual model

A mathematical model is developed to represent the trans-

port and attenuation of dissolved benzene in a sedimentary

basin. The model solves coupled steady-state groundwater

flow and heat transfer equations to calculate hydraulic

head, groundwater flow rate and temperature in the basin.

A transient solute transport model is used to represent

advective–dispersive benzene transport by groundwater and

its attenuation via retardation and biodegradation. This

transport model is coupled at the oil–water contact to a

diffusion model which represents benzene migration within

an oil reservoir. Benzene mass transfer across the oil–water

phase boundary is described by a first-order Newtonian

mass transfer law. A thermodynamic model is used to com-

pute the in-situ equilibrium partition coefficient for the

mass transfer of benzene from the oil phase to the aqueous

phase.

Mathematical equations

The governing equation describing the steady-state vari-

able-density groundwater flow within a sedimentary basin

is given by (Garven & Freeze 1984):

r � ½�f~q� ¼ 0 ð1aÞ

where � is a gradient operator, ‘Æ’ represents the inner

product, qf is the density of groundwater, ~q is the Darcy

flux. Darcy’s law for variable-density flow is given by:

~q ¼ ��rKrðh þ �rzÞ ð1bÞ

where h is the hydraulic head, qr is the relative density

[qr ¼ (qf )q0)/q0], lr is the relative viscosity (lr ¼ l0/lf),

lf is the dynamic viscosity of groundwater, q0 and l0 are

the reference density and viscosity of fresh water defined at

20�C and 1.01 · 105 Pa, K is the hydraulic conductivity

tensor, which is related to the intrinsic permeability tensor

k at the reference density and viscosity (K ¼ (q0g/l0)k).

With equation (1), groundwater flow is driven by both the

topographic relief of the regional water table and the fluid

density gradient due to temperature variations in the basin.

For a two-dimensional problem, the hydraulic conductivity

K is calculated based on the principal components and the

sedimentary layer dip:

Kxx ¼ Kmax cos2 �þK2
min sin �

Kzz ¼ Kmax sin2 �þKmin cos2 �

Kxz ¼ Kzx ¼ ðKmax �KminÞ sin � cos �

ð2Þ

where Kmax is the maximum principal conductivity, Kmin is

the minimum principal conductivity, and h is the dip angle

of a hydrostratigraphic unit relative to the horizontal plane.

Kxx, Kzz, Kzx, Kxz are the components of K. The minimum

principal conductivity is typically assumed to be perpen-

dicular to the bedding plane.

For variable-density groundwater flow, stream function

is used to visualize the transport directions (Appold and

Garven, 1999):

r � K

jKj
1

�f�r

rW

� �
¼ � o�r

ox
ð3aÞ

where |K| is the determinant of K, W is a mass-based

stream function which is related to the Darcy flux via the
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Groudwater flow
Geochemical plume

Oil 2Oil 1

Recharge

Discharge
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B

Fig. 3. (A) A schematic diagram of oil reservoirs in an active groundwater

flow system (after Machel & Burton 1991). Due to attenuation, the hydro-

carbon plume emanating from oil pool 1 is not able to reach the surface.

(B) A schematic diagram of the coupled benzene transport process modeled

in this study. Benzene diffusion occurs within the oil reservoir; its advec-

tive/dispersive transport occurs in the groundwater.
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fluid density qf:

�f qx ¼ � oW
oz

; �f qz ¼
oW
ox

ð3bÞ

qx and qz are the components of the Darcy velocity ~q in

the x and z directions, respectively.

Heat transfer can be effected by conduction and convec-

tion (Bear 1988). The governing equation for steady-state

heat transfer is given by:

r � ðkrT Þ ¼ �f cf~q � rT ð4Þ

where k is the thermal conduction–dispersion tensor, T is

the temperature of groundwater, cf is the specific heat

capacity of groundwater. On the right-hand side of equa-

tion (4), the ‘Æ’ represents the inner product of ~q and �T
(gradient of T is a vector). Equation (4) implicitly assumes

that solid phase is in thermal equilibrium with fluid phase,

a reasonable assumption for most sedimentary basin envi-

ronments. Effects of anisotropy and heterogeneity in the

thermal properties can be accounted for through the com-

ponents (kxx,kzz,kxz,kzx) of the thermal dispersion–conduc-

tion tensor k:

�xx ¼ �f cf
q2
x

j~qj�L þ �f cf
q2
z

j~qj�T þ ��
f �

1��
s

�zz ¼ �f cf
q2
x

j~qj�T þ �f cf
q2
z

j~qj�L þ ��
f �

1��
s

�xz ¼ �zx ¼ ð�L � �TÞ
qxqz
j~qj �f cf

ð5Þ

where aL and aT are the longitudinal and transverse disper-

sivities, and kf and ks are the thermal conductivity of the

fluid and solid phases, respectively. j~qj is the magnitude of

the Darcy flux. Equation (4) describing heat transfer is

coupled to the groundwater flow equation (1) through an

equation of state in the form of fitted polynomials to relate

the fluid density and viscosity to its temperature and pres-

sure (Kestin et al. 1981).

Aqueous benzene transport by groundwater is controlled

by advection, hydrodynamic dispersion, diffusion and

attenuation (Zheng & Bennett 1995):

R
oCw

ot
¼ r � ½DrCw� �~v � rCw � �Cw ð6Þ

where R is a retardation factor which describes benzene

sorption and de-sorption onto sediment particles, Cw is the

aqueous benzene concentration, ~v is the groundwater velo-

city (~v ¼ ~q=�), / is porosity, k is a first-order biodegrada-

tion rate constant, D is a hydrodynamic diffusion–dispersion

tensor with components defined as (Bear 1988):

Dxx ¼ v2
x

j~vj�L þ v2
z

j~vj�T þDe
aq

Dzz ¼
v2
x

j~vj�T þ v2
z

j~vj�L þDe
aq

Dxz ¼ Dzx ¼ ð�L � �TÞ
vxvz
j~vj

ð7Þ

where vx and vz are the horizontal and vertical components

of ~v, respectively, De
aq is an effective diffusion coefficient of
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Fig. 4. (A) Depth-averaged benzene and toluene concentration

contours (plan-view; in mg m)2) observed in a shallow phreatic

aquifer on day 3, 53 and 108 in a natural gradient injection

experiment conducted at Canada Forces’ Base, Borden, Ontario

(after Barker et al. 1989). (B) The total dissolved solute mass of

benzene, toluene and xylene during 410 days of experiment

(after Barker et al. 1989). Among these compounds, benzene

in groundwater persisted the longest over time.
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aqueous benzene in the porous medium, and

j~vj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2
x þ v2

z

p
is the magnitude of the groundwater velo-

city.

Laboratory and field experiments as well as numerical

modeling studies have been conducted to estimate the

BTEX biodegradation rate constant in shallow groundwa-

ter flows and soils (e.g. Sudicky & MacQuarrie 1989;

Borden et al. 1997a,b; Landmeyer et al. 1998; Lu et al.

1999; Ma et al. 1999; Suarez & Rifai 2004). For ben-

zene, the first-order biodegradation rate constant (k) ran-

ges from 0.0002 to 0.05 day)1 for aerobic biodegradation

and 0.0001 to 0.03 day)1 for anaerobic biodegradation.

These rate constants are often site-specific and sometimes

are constrained by the mixing rate, the diffusivity of oxy-

gen, and the availability of nutrients. A retardation factor

(R) of benzene has been estimated to be 1.1 for a sandy

aquifer (Patrick & Barker 1985). R is further a function

of the sediment organic carbon content. No sorption can

occur if the sediments in contact with benzene do not

possess any organic matter (G. Lu, 2000, personal com-

munication). Compared with the biodegradation rate con-

stant that can vary by several orders of magnitude, the

retardation factor appears to be secondary in limiting

the extent of benzene transport. In this study, most of

the benzene transport occurs at depths greater than 1 km

where anaerobic biodegradation most likely dominates.

Although the biodegradation rate constant in the deep

subsurface has not been directly measured, e.g. bacteria

that can degrade hydrocarbons in situ have not been iso-

lated, Head et al. (2003) suggest a first-order rate con-

stant of 10)6–10)7 year)1 for a reservoir temperature

range of 60–70�C. The anaerobic biodegradation rate

constant further decreases with increasing temperature

(Head et al. 2003). Clearly, hydrocarbon biodegradation

at depths may not be as active as it is near the surface. In

this study, the rate constants estimated for the shallow

flow systems and the deep oil fields are used as the upper

and lower limit in the modeling of benzene biodegration,

respectively.

Benzene migration within the oil reservoir is represented

with a diffusion model:

oC0

ot
¼ r � ½De

oilrCoil� ð8Þ

where De
oil is an effective diffusion coefficient of the oil-

phase benzene; Coil is the concentration of benzene in oil.

Note that equation (8) differs with equation (6) in several

respects: first, no retardation of benzene occurs within the

oil reservoir (R ¼ 1); second, bulk advective movement of

benzene within the oil reservoir is considered negligible.

The oil itself is considered immobile (or ~voil ¼ 0) – a rea-

sonable assumption for most structurally trapped reservoirs

that are not being produced, D in equation (6) is thus

reduced to the effective diffusion coefficient De
oil; third, no

benzene sources or sinks exist within the oil reservoir

(k ¼ 0). The relationship between the effective diffusion

coefficient De (De
aq or De

oil) and the diffusion coefficient D

(Daq or Doil) is given by Parker (1989) assuming isotropic

diffusion in porous media:

De ¼ �0:33S2:33D ð8aÞ

where S is the saturation ratio of a fluid. The diffusion

coefficient (Daq or Doil) are computed according to the

equations of state given by Reid et al. (1987).

Benzene diffusion within the oil reservoir and its advec-

tive–dispersive transport by groundwater are coupled at

the oil–water contact. Benzene partitions out of the oil

into the water, as aqueous benzene concentration near

the phase boundary is continuously lowered via miscible

transport (Lafargue & Thiez 1996). This process is also

called water washing as lighter and more soluble hydro-

carbons are preferentially removed from oils. As a result,

a concentration gradient is established within the oil

reservoir, which drives benzene diffusion within oil. To

represent the coupled transfer process, the numerical grids

for each fluid phase are linked at the oil reservoir bound-

ary (Fig. 5). In this study, this boundary layer is assumed

to be thin relative to the thickness of the oil column. Oil

droplets are formed at the phase boundary, characterized

by an average length lc. At the boundary layer, the satura-

tion ratio of oil (Soil) or that of water (Sw ¼ 1 ) Soil) is

not known, and is a parameter varied in our sensitivity

study. Beyond the boundary layer, the groundwater and

the oil are assumed to fully saturate the pores within their

respective domains.

Benzene mass transfer across the phase boundary is des-

cribed using a first-order Newtonian mass transfer law,

assuming equilibrium partitioning of benzene at the oil–

water contact (Powers et al. 1991):

C6H6ðoilÞ ¼ C6H6ðaqÞ ð9Þ

J ¼ �kf ½Cw � C I� ð9aÞ

C I ¼ Coil � C ð9bÞ

where C6H6 is the chemical formula for benzene and the

subscripts ‘oil’ and ‘aq’ represent the oil and aqueous

phase, respectively; kf is a mass transfer coefficient; Cw, Coil

are the bulk aqueous and oil-phase benzene concentration

(in ppm), respectively; CI is the aqueous benzene concen-

tration at the phase boundary (in ppm); J is benzene mass

flux. To conserve mass, J is negative on the flux boundary

for the oil reservoir model and equal and positive on the

flux boundary for the groundwater model. C (ppm/ppm)

is the equilibrium partition coefficient. The above mass

transfer law assumes that dissolved benzene reaches equi-

librium quickly relative to its transfer across the phase

boundary, as the in-situ partitioning of aromatics from oil
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to oil-field waters has been found to occur within minutes

(Larter et al. 1997).

For reaction (9), the mass-action law can be written as:

K ¼ K ðT ;PÞ ¼ aaq

aoil
¼

�aq

f oil

� maq

X oil
¼

�aq

f oil

C�; C� ¼ maq

X oil

ð10Þ

where aaq and aoil are the activities of aqueous- and oil-

phase benzene, respectively; maq is the molality of aqueous

benzene; Xoil is the mole fraction of oil-phase benzene; caq

and foil are the corresponding activity coefficients; C* is

the equilibrium partition coefficient defined in units of

molality/mole fraction, C* can be converted to C given an

average molecular weight of oil; K is the temperature- and

pressure-dependent equilibrium constant of the reaction,

which can be independently calculated from standard state

properties of benzene, see below. From (10), the partition

coefficient C* can be obtained by dividing K by the ratio

of the activity coefficients (caq/foil). As benzene found in

crude oil and formation water is usually dilute, the activity

coefficients can be approximated by unity (Prausnitz et al.

1999). C* can then be approximated by the equilibrium

constant K, or

maq ¼ KX oil ð11Þ

By converting maq to CI (ppm) and Xoil to Coil (ppm),

equation (11) is reduced to equation (9b). In a binary sys-

tem where pure benzene is in equilibrium with water,

Xoil ¼ 1, and from equation (11), K is equivalent to the

pure liquid solubility in molality units (msolubility
aq )

K ¼ msolubility
aq ð12Þ

equation (11) is then reduced to Raoult’s law

maq ¼ msolubility
aq X oil ð13Þ

which governs the solubility of ideal organic mixtures in

water (e.g. Banerjee 1984; Chrysikopoulos & Lee 1998).

Effect of high salinity

While dilute, aqueous benzene has an activity coefficient

close to unity. In high-salinity formation waters, aqueous

benzene has an activity coefficient slightly greater than

unity (which results in a slight salting-out effect), due to

the fact that aqueous benzene is neutral. Indeed, for neu-

tral aqueous species (Helgeson 1969, equation 36 and

Fig. 3), log10 c ¼ rI, where r � 0.04 for the temperature

interval of 25–125�C. Thus, for a concentrated 1-molal

brine, log10 c ¼ 0.04 · 1.0 ¼ 0.04 and c ¼ 1.096, which

would only bring about a 10% decrease in solubility.

Calculation of the equilibrium constant

The equilibrium constant K for equation (9) is calculated

for a given temperature and pressure range from the stand-

ard-state thermodynamic properties of the aqueous- and

liquid-phase benzene (Shock & Helgeson 1990; Helgeson

et al. 1998; Richard & Helgeson 1998), using the com-

puter program SUPCRT92 (Johnson et al. 1992). The

lc
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layer

S = 100%
o

S
w
 = 100%

Boundary node at the oil-water
contact

Nodes within either the oil
reservoir or the groundwater

Numerical representation

Oil

Cap rock

Carrier bed

Fig. 5. A schematic diagram of an oil–water

contact between an oil reservoir and an underly-

ing carrier bed (modified from Powers et al.

1991). Oil droplets are formed at the phase bou-

ndary, characterized by a length scale lc. Numer-

ically, the oil–water contact is represented by the

boundary nodes (solid circles) of the oil reservoir.

Oil and water fully saturates the pore spaces on

either side of the contact.
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calculated values of K are compared with the experimental

benzene pure liquid solubilities (IUPAC solubility series,

1989) in Fig. 6. For a temperature range of 0–200�C and

a pressure range of 1–600 bar bracketing the known condi-

tions in oil reservoirs, the equilibrium constant (curves; in

log scale) fit the experimental solubilities (dots) within

0.1 log unit. K is sensitive to the change in temperature,

but not sensitive to the change in pressure. As temperature

increases, K increases, and more benzene partitions into

the aqueous phase.

Calculation of the mass transfer coefficient

The mass transfer coefficient kf at the oil–water contact is

computed with an empirical relationship (Powers et al.

1991):

Sh ¼ S0:33
c ð�SwÞ�1ð0:765R0:18

e þ 0:365R0:614
e Þ

Re ¼ lcj~qj�w=�w

Sc ¼ �w=D�w

kf ¼ ShD=lc

8>><
>>:

ð14Þ

where Sh is the Sherwood number (dimensionless); Re is

the Reynolds number (dimensionless); Sc is the Schmidt

number (dimensionless); D and S are the benzene diffusion

coefficient and water saturation at the interphase, respect-

ively. Equation (14) is chosen among several relationships,

but is valid for all Reynolds numbers to account for a

wider range of variations in groundwater velocity. Equa-

tions (9)–(14) indicate that benzene mass transfer is influ-

enced not only by the equilibrium constant of the

dissolution reaction, but also by the groundwater flow rate,

the water saturation and the characteristic oil length at the

interphase.

Numerical methods

The mathematical equations (1), (3), (4), (6), and (8) des-

cribing the steady-state groundwater flow, the stream func-

tion, the heat transfer and the transient coupled benzene

transport are solved numerically with the finite element

method using three-node triangular elements. A cross-sec-

tional hydrostratigraphy is discretized using the ArgusTM

mesh generation software so that the geometric configur-

ation of the stratigraphic units is honored. The modified

method of characteristics (MMOC) is used to solve the

transient transport equations. This approach has some deci-

sive advantages over classical finite element solution meth-

ods for advection dominated problems (Zheng & Bennett

1995). With the finite element approximations, the above

equations are transformed into sets of linear equations

which are then solved using a direct Gaussian elimination

solver. The transport model in the basin is simulated for

5 Ma using a high-performance IBM SP supercomputer.

This chosen time span ensures that a significant portion of

the oil is waterwashed while dissolved benzene is able to

reach the water table in the regional groundwater dis-

charge areas.

Initial and boundary conditions

For the steady-state groundwater flow equation, a speci-

fied head equal to the water table elevation is assigned to

the top boundary (Tóth 1963). No-flow boundaries are

imposed on the sides and the bottom of the basin. For

the heat transfer equation, a specified temperature of

15�C is assigned to the top boundary representing the

average annual surface temperature of the basin. A con-

stant heat flux of 60 mW m)2 is assigned at the base

while the sides of the basin are assumed to be insulated.

For the transient solute transport equation, the initial

benzene concentration everywhere in the basin is zero. A

constant zero concentration is also assigned to the top

boundary except along the outflow area where an advec-

tive flux is specified. The sides and the bottom of the

basin are no-flux boundaries. An internal flux boundary is

additionally assigned at the oil–water contact. Benzene

mass in-flux for the aqueous transport equation is calcula-

ted with equation (9). This same mass flux is imposed at

the boundary of the diffusion model representing ben-

zene transport within an oil reservoir. The initial benzene

concentration within the oil reservoir is set at 1500 ppm,

reflecting roughly a median benzene concentration found

in many crude oils.
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Fig. 6. The equilibrium constant K (curves; in log scale) computed with

SUPCRT92 as a function of temperature and pressure for the aqueous ben-

zene dissolution reaction. Also plotted for comparison are the experimental

benzene pure liquid solubilities (dots) measured under different temperature

and pressure conditions (all works referenced in the plot were compiled into

the IUPAC solubility data series, 1989).
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SENSITIVITY STUDY

Model configuration

To simulate groundwater flow, heat transfer and solute

transport, a suite of numerical experiments is conducted

using an idealized cross-section of a sedimentary basin

with a simplified hydrostratigraphy (Fig. 7A). The model

basin has a length of 64 km and a maximum depth of

3 km. Five hydrostratigraphic units are represented – an

aquifer in the middle, an overlying confining unit (cap

rock), an underlying confining unit and two oil reservoirs.

The oil reservoirs are located within two stratigraphic

traps of the aquifer. The size of the reservoirs ranges

from 5 to 6 km in length and 80–100 m in thickness.

Oil is assumed to have migrated into its current location

from an underlying source rock; petrophysical properties

of the reservoirs are the same as those of the aquifer. A

spring boundary condition is specified where the confined

aquifer meets the land surface. Finite element grids repre-

senting both the basin and the reservoirs are shown in

Fig. 7B. The basin grid has 3329 nodes and 6529 ele-

ments; oil reservoir A has 296 nodes and 494 elements;

oil reservoir B has 318 nodes and 540 elements. To rep-

resent the coupled mass transport process, these grids are

linked at the oil–water contact where benzene mass fluxes

for the shared nodes are calculated.

The hydrological and thermal parameters assigned to the

aquifer and the confining units in the model basin are lis-

ted in Table 2. These properties are chosen based on the

typical values estimated for basin-scale topographically dri-

ven groundwater flow systems (Garven 1989; Jury et al.

1991) and are shared to all simulation runs. In many

respects, the model basin is similar in geometry and rock
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properties to many areas of the Colorado plateau region

where basin-scale hydrodynamics is dominated by gravity-

driven groundwater flow (e.g. Hanshaw & Hill 1969;

Walvoord et al. 1999; Zhu 2000). A base model for the

sensitivity study is presented first using parameters listed in

Table 2. The permeability contrast between the aquifer

and the overlying cap rock is then varied. The mass transfer

coefficient is varied next by choosing different oil charac-

teristic length and water saturation, after which the oil res-

ervoir closer to the spring is simulated. The effect of

biodegradation is also evaluated. The simulation parame-

ters varied in the sensitivity study are summarized in

Table 3.

Base model simulation

In the base model, oil reservoir A is represented which is

located 55 km away from the spring. About 100 iterations

between the groundwater flow and heat transfer simula-

tions are required before the hydraulic head, stream func-

tion and temperature across the basin are equilibrated

(Fig. 8). Given the aquifer and thermal parameters

assigned, groundwater in the basin is dominated by

topography-driven flow from the areas of higher water

table to the lowland discharge areas. Groundwater velo-

cities are the highest within the aquifer, with a range of

0.2–2.0 m year)1. The aquifer constitutes a preferential

flow pathway through which most of the flow in the

basin is concentrated. The recharge area is also marked by

significantly cooler temperature where the temperature

profile is deflected downwards by descending ground-

water.

Benzene diffusion within the oil reservoir and its advec-

tive–dispersive transport by groundwater are then simula-

ted using the computed steady-state groundwater velocity

and temperature in the basin. The coupled mass transport

model is run for 5 Ma. Due to the assumption that the oil

reservoir has an oil saturation of 1.0, groundwater flow

rate within the oil reservoir is set to zero. Although the

stream function indicates that most of the groundwater

concentrates within the aquifer before discharging at the

spring, dissolved benzene exits the basin in more than one

location. At the spring, benzene discharges in concentra-

tion ranging from 0.01 to 0.1 ppm. Despite the much

lower groundwater velocities within the cap rock, e.g. aver-

age horizontal velocity is 6.0 · 10)4 m year)1 and average

vertical velocity is 3.0 · 10)4 m year)1, upward benzene

advection occurs through the cap rock in the center of

the basin with significantly higher concentration

(0.1–0.5 ppm). The highest concentration contour

(0.5 ppm) occurs nearly vertically to the oil reservoir, indi-

cating that advective transport by groundwater can also

form the geochemical anomaly known as ‘chimneys’. The

lower concentration at the spring is mainly due to the dif-

fusive losses across the confining beds.

The transport model is further run for longer simulation

times to determine the time span for benzene to be flushed

out of the oil reservoir. Given our assumption that no ben-

zene source exists within the oil reservoir, it took 40 Ma

to remove about half of the benzene. Using an effective

diffusion coefficient of 10)11 m2 sec)1 (approximately the

magnitude of De computed with equation 8a), and an oil

column height of 100 m, a similar time span of 30 Ma is

estimated based on scale analysis of a one-dimensional

Table 2 Hydrologic and thermal properties

assigned to the hydrostratigraphy of the model

basin.Units

log10 kx

(m2)

log10 kz

(m2)

Porosity ks
(W m)1 �C)1)

kf
(W m)1 �C)1)

cf

(J kg)1 �C)1)

aL
(m)

aT
(m)

Upper confining

unit (cap rock)

)17 )18 0.2 2.0 0.59 4180.0 10.0 1.0

Aquifer )14 )15.3 0.1 3.1

Lower confining

unit

)18 )19 0.05 2.0

kx/kz are the principal permeabilities of the hydrostratigraphic units; ks and kf are the thermal conductiv-
ities of the rock and the fluid, respectively; Cf is the heat capacity of the groundwater; aL and aT are the
longitudinal and transverse dispersivities assigned to the heat transfer and solute transport equations.

Table 3 Hydrological and biogeochemical parameters varied in the sensitiv-

ity study.

log10 kx (m
2) log10 kz (m

2) lc (m) Sw R k (year)1)

Base model )17 )18 1.0 0.5 1.0 0.0

Cap rock

permeability

)19 )20 1.0 0.5 1.0 0.0

)15 )16 1.0 0.5 1.0 0.0

Mass transfer

coefficient

)17 )18 10.0 0.5 1.0 0.0

)17 )18 0.1 0.5 1.0 0.0

)17 )18 1.0 0.1 1.0 0.0

)17 )18 1.0 0.9 1.0 0.0

Reservoir B )17 )18 1.0 0.5 1.0 0.0

Attenuation )17 )18 1.0 0.5 1.1 1.0 · 10)5

)17 )18 1.0 0.5 1.1 1.0 · 10)4

)17 )18 1.0 0.5 1.1 1.0 · 10)3

kx/kz are the principal permeabilities of the cap rock; lc: oil characteristic
length; Sw: water saturation at the oil–water contact; R: retardation factor;
k: first-order biodegradation rate constant. When oil reservoir B is simula-
ted, all parameters remain the same as those of the base model, but the
location of the oil reservoir is different.
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diffusion model (Dt ¼ L2/De). These calculations indicate

that roughly a diffusional time scale is required to flush

benzene out of the oil reservoir.

Cap rock permeability

Hydraulic properties of the cap rock have been considered

one of the important factors influencing separate phase

hydrocarbon migration (Rostron & Tóth 1996). The effect

of the cap rock permeability on soluble benzene migration

is evaluated here. The cap rock is first assigned to be two

orders of magnitude more permeable (kx ¼ 10)15 m2) than

that of the base model (kx ¼ 10)17 m2), and in a second

simulation, it is assigned a permeability two orders of mag-

nitude less permeable (kx ¼ 1.0)19 m2). Permeability and

porosity of the aquifer and the underlying confining unit

remain the same as those of the base model.

When the cap rock permeability is relatively high

(kx ¼ 10)15 m2), two local recharge/discharge cells form

in the cap rock (Fig. 9A). Because of the lower permeabil-

ity contrast between the aquifer (kx ¼ 10)14 m2) and the

cap rock, the water table gradient has a strong control on

the stream function. Regions of higher water table relief

are characterized by groundwater recharge while adjacent

areas of lower water table by discharge. Consequently,

groundwater is no longer focused through the aquifer.

Due to the higher groundwater velocities in the cap rock,

the temperature profile is deflected significantly downward

beneath the recharge area while the discharge area is char-

acterized by higher temperature. When the cap rock per-

meability is set low (kx ¼ 10)19 m2), most of the

groundwater in the basin is restricted to the aquifer and

discharges only at the spring (Fig. 9B). Lower flow veloci-

ties within the cap rock also results in a less convective

temperature profile.

Changes in the flow field in turn affect benzene trans-

port in the basin. When the cap rock permeability is

10)17 m2 (base model), benzene transport occurs both

across the cap rock as well as within the aquifer to reach

the spring (Fig. 8). With a more permeable cap rock

(kx ¼ 10)15 m2), benzene transport is dominated by

upward advection through the cap rock without reaching

the spring (Fig. 9A). With a less permeable cap rock

(10)19 m2), benzene transport is dominated solely by

advection through the aquifer as outlined by the 0.1 ppm

concentration contour (Fig. 9B). In this case, benzene

diffusion dominates within the cap rock and the underly-

ing confining unit (0.01 ppm contours). Moreover, the
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travel time required for benzene to reach the water table

above the oil reservoir varies significantly for all three

models. It takes around 1.2 Ma for the base model ben-

zene plume to reach the water table in the center of the

basin, while it takes 80 000 years when the cap rock is

more permeable. When the cap rock is less permeable, a

diffusive benzene plume would reach the surface in

approximately 6 Ma in the area where the confining bed

is the thinnest. It is important to point out that the con-

centration plots presented in Figs 8 and 9 are ‘snapshots’,

representing quasi-steady-state conditions. The initial

plume development and final reservoir draining are not

shown. Clearly, in this model setting where groundwater

is driven by the regional water table gradient, the cap

rock permeability not only influences the direction and

extent of benzene transport, but it also determines the

dominant transport mechanism within the cap rock and

the speed of benzene migration.

Mass transfer coefficient

A mass transfer coefficient (kf) is used to relate the concen-

tration gradient to benzene mass flux across the oil–water

contact. kf is a function of groundwater density, viscosity,

and velocity as well as water saturation (Sw), benzene diffu-

sivity and characteristic oil length (lc) at the interphase.

Among these variables, only the water saturation and the

oil length are unknown and thus subject to variation. To

evaluate the impact of kf on the coupled transport process,

the oil length (lc) is first varied by two orders of magnitude

(Fig. 10). Using the same velocity and temperature fields

as the base model, benzene transport is first simulated with

an oil length of 10.0 m, and then an oil length of 0.1 m.

As lc increases, kf decreases to approach the magnitude of

the diffusion coefficient.

Minor differences exist among all models in terms of

benzene concentration within the groundwater and the

oil reservoir. The coupled mass transport process is not

very sensitive to the mass transfer coefficient, probably

due to the fact that benzene diffusion within the oil res-

ervoir is rate-limiting. When kf is large (or lc is small)

compared with the diffusivity of benzene in oil, benzene

diffusion within the oil reservoir will eventually domin-

ate. The amount of benzene crossing the interphase is

limited by how fast benzene can diffuse within the oil to

reach the oil–water contact, which in turn determines

the amount of water washing over time. This is consis-

tent with the diffusional time scale estimated for the

base model. Moreover, given the same flushing time,

higher diffusivities or hotter oils would result in more

water washing of benzene. The results of benzene trans-

port do not differ significantly among these three mod-

els, due to the fact that they use the same temperature

field, thus the rate of benzene diffusion within the oil

reservoir is the same. The water saturation (Sw) is also

varied from 0.9 to 0.1 and the results of coupled ben-

zene transport are comparable with those found by vary-

ing lc (not shown).
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Probably the most important observation is the effect

of hydrodynamics on benzene concentration within the

oil reservoir. In all three models, a strong lateral concen-

tration gradient is established within the oil reservoir

where benzene diffuses upstream in opposite direction to

the ambient groundwater flow. Accordingly, a concentra-

tion boundary layer develops in the aquifer surrounding

the oil reservoir. At the left boundary of the oil reser-

voir, benzene concentration in the oil phase is the lowest

as the pristine groundwater first comes into contact with

the oil. However, as the groundwater moves along the

oil–water contact, benzene concentration in groundwater

builds up, thus reducing the amount of mass transfer

from the oil phase.

Location of the oil reservoir

When the oil reservoir B is simulated, the dominant flow

direction within the cap rock above reservoir B is down-

ward, preventing any upward migration towards the sur-

face. Benzene transport occurs mainly in the aquifer and

discharges only at the spring (Fig. 11A). Benzene trans-

port from reservoir A in the base model simulation is also

shown for comparison (Fig. 11A) and benzene concentra-

tion along the water table from both models are plotted

(Fig. 11B). Groundwater advection had a significant

impact on both the direction and distance that surface

anomalies form in relation to the subsurface reservoir. In

the base model where reservoir A is simulated, advection

within the cap rock deflects the benzene plume towards

the downstream side, resulting in an asymmetrical

concentration profile along the water table. A significant

surface anomaly forms over a 26 km length where the

peak concentration (0.55 ppm) occurs at 3 km to the

right of the oil reservoir, while little surface anomaly

exists directly above the oil reservoir. This phenomena is

similar to the ‘edge effect’ (geochemical anomalies

observed in sediments lying directly above oil deposits)

and confirms the proposition that ascending groundwater

flow can act as a transport agent for hydrocarbons to

form geochemical anomalies near the edge of oil deposits

(North 1985). In the base model, a secondary anomaly

also forms at the spring with a peak concentration of

0.06 ppm. The profile of this anomaly is nearly symmetri-

cal and its width (about 3 km) is limited by the width of

the aquifer outcropping at the spring. The magnitude of

the spring concentration is also much smaller than that

of the seepage concentration in the center of the basin.

Clearly, higher groundwater velocities in the aquifer do

not necessarily produce a stronger surface anomaly. A

similar spring anomaly is produced when reservoir B is

simulated. Due to the proximity of reservoir B to the

spring, the peak concentration reaches 0.18 ppm, three

times that due to transport from reservoir A. This anom-

aly lies 13.8 km downstream from reservoir B, while that

due to reservoir A lies about 43 km downstream from

reservoir A, roughly three times the distance to reservoir

B. Therefore, the closer the reservoir is to the discharge

area, the higher the concentration is at the spring. The

above result also indicates an inverse linear relationship

between the magnitude of peak benzene concentration in

the spring and the distance to the reservoir. Note that

this linear relationship may only apply when the reservoirs

are influenced by the same regional flow system.
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Rate of attenuation

Light hydrocarbons such as BTEX attenuate as they

migrate away from the subsurface oil reservoirs towards the

surface (Price 1985). All previous benzene transport mod-

els in the sensitivity study do not represent its attenuation

(Table 3). However, benzene measured from formation

water adjacent to producing zones usually diminishes to

below the detection limit within a lateral distance of

10 km. The maximum recorded distance from a known oil

field is about 20 km (Burtell & Jones 1996). A sensitivity

study is conducted by varying the biodegradation rate to

observe its impact on benzene transport. The retardation

rate, being of secondary importance, remains fixed at 1.1,

assuming a constant rate of sorption/desorption along the

transport path. Three biodegradation rate constants (k) are

used: 10)3; 10)4; 10)5 year)1, ranging between the values

estimated for the shallow flow systems and deeper oil

fields. Benzene concentration in the basin at 5 Ma is plot-

ted for all attenuation models and the base model

(Fig. 12). As all four models utilize the same velocity field,

the rate of biodegradation controls the transport distance.

As the biodegradation rate increases, benzene transport

becomes less extensive. When k ¼ 10)5 year)1, benzene

reaches the spring in detectable concentration

(>0.01 ppm), traveling a lateral distance of 45 km down-

gradient from the reservoir; when k ¼ 10)4 and

10)3 year)1, benzene diminishes to below detection at 15

and 2 km from the reservoir, respectively, and does not

reach the spring in measurable concentration. Four hypo-

thetical exploration wells are also placed in the basin, three

intersecting the 0.1 ppm concentration contour, one inter-

secting the 0.01 ppm contour. The distance from the wells

to the reservoir ranges from 2 to 30 km. Apparently, due

to the difference in biodegradation rates assigned, the

magnitude of benzene concentration measured in forma-

tion water alone cannot reveal the distance to the reser-

voir.
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Solute breakthrough

For the previous simulations where benzene reaches the

spring in detectable concentration, its breakthrough con-

centration at the spring through time is shown (Fig. 13).

These simulations include the base model (solid line), the

attenuation model with k ¼ 10)5 year)1 and R ¼ 1.1 (line

with open circle), the model with low-permeability cap rock

(line with open square), the models with different mass

transfer coefficients (the dashed line and the line with solid

diamonds) and the model representing reservoir B (line

with solid circle). All solute breakthroughs display a distinc-

tive ‘S-shaped’ profile indicating advective/dispersive trans-

port. The breakthrough time (T50) is defined as the time

when benzene concentration reaches 50% of its quasi-

steady-state level. Due to its proximity to the spring, ben-

zene from reservoir B breakthroughs the earliest at

22 000 years, while T50 for all other models averages

90 000 years. By dividing the estimated T50 upon the dis-

tance benzene travels from its respective reservoir, the spa-

tially averaged horizontal groundwater velocity (�vx) within

the aquifer is estimated to range from 0.5 to 0.7 m year)1.

Minor differences in T50 also exist among the models repre-

senting reservoir A. Notably, the effect of retardation

(R ¼ 1.1) can be seen from the attenuation model which

has a T50 of 98 000 years (dividing 98 000 by 1.1 gets

89 000 which is approximately the T50 of the base model).

The breakthrough times reflect the advective nature of ben-

zene transport, as it takes about the same amount of time

for groundwater to flow from the reservoir of interest to

the spring. The attenuation model with k ¼ 1.0)5 year)1

has the lowest concentration breakthrough at about

0.03 ppm; the model representing reservoir B has the high-

est breakthrough concentration. Clearly, both the distance

to oil reservoir and the rate of biodegradation control the

breakthrough concentration at the spring.

Diffusion versus advection

Prior studies use diffusion models to represent soluble ben-

zene transport from oil deposits (Burtell & Jones 1996).

Such decision is probably based on the observed exponen-

tial decrease of benzene concentration versus distance from

the oil field. An exponential concentration/distance profile

is characteristic of a diffusion-dominated system (Carslaw &

Jaeger 1959). However, it can also characterize an advec-

tion dominated system modified by attenuation. To further

evaluate the effect of diffusion versus advection, additional

analytical analysis and numerical simulations are conducted.

For one-dimensional, non-reactive benzene diffusion

through a homogenous and isotropic porous medium, the

analytical solution of the diffusion equation is given as

(Freeze & Cherry 1979):

Cðx; tÞ
C0

¼ erfc
x

2
ffiffiffiffiffiffi
Dt

p
� �

ð15Þ

where C(x, t) is the concentration at distance x from the

source at time t, C0 is the constant solute concentration at
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the source (C(0, t) ¼ C0 for all t), D is an effective diffu-

sion coefficient. This solution assumes an initial concentra-

tion of 0.0 ppm within the solution domain at x > 0.0.

Using representative effective diffusion coefficients ranging

from 10)11 to 10)10 m2 sec)1, the diffusive solute front is

calculated for different times (Fig. 14). The analytical

results suggest that it would take approximately 100 Ma

for benzene to diffuse 1 km and 1000 Ma to diffuse 4 km.

To account for the observed maximum distance of 20 km,

it would require a time span greater than 10 000 Ma

which is older than the age of the Earth! Clearly, diffusion

cannot account for the distances where elevated benzene

concentration has been observed in Paleozoic formation

waters adjacent to oil fields.

An idealized two-dimensional model domain is further

developed to represent benzene diffusion, advection, and

attenuation through a carrier bed adjacent to an oil reser-

voir (Fig. 15). The carrier bed is rectangular with a length

of 10 km and a thickness of 400 m; the reservoir is located

at the top left corner of the carrier bed with a length of

400 m and a thickness of 100 m. Due to this configur-

ation, benzene transport is largely one-dimensional. This

model is developed in an attempt to reproduce the meas-

ured benzene concentration reported from a number of oil

fields across North America (Table 1). A permeability of

10)16 m2 and porosity of 0.1 are assigned uniformly to

both the carrier bed and the reservoir. For the advection

model, a lateral head gradient of 0.015 is imposed on the

carrier bed, resulting in a uniform flow field with an aver-

age groundwater velocity of 0.005 m year)1. For the diffu-

sion model, the same model domain is used with a head

Fig. 14. One-dimensional analytical solution of the benzene diffusive front away from a source with a constant concentration (C0) at 10, 100, 1000, and

10 000 Ma. Two diffusion coefficients (10)10 and 10)11 m2 sec)1) are used corresponding to the range measured in natural geological materials.
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gradient set to zero across the carrier bed. Consequently,

benzene diffusion dominates within the carrier bed. After

100 Ma, the diffusive benzene front has moved about

1 km from the reservoir, consistent with the prediction of

the one-dimensional diffusion model (Fig. 14), but far

from matching the field data (Fig. 16).

As diffusion alone cannot explain the observed field

data within a reasonable geological time scale, we next

consider whether advection/dispersion combined with

biodegradation presents a more plausible mechanism. Dif-

ferent biodegradation rate constants (k) are assigned to

the advection/dispersion model which is run for up to

5 Ma. After 1 Ma, the advective/dispersive benzene front

travels 6 km from the oil reservoir for the model with no

biodegradation (k ¼ 0); 5 km for the model with

k ¼ 10)7 (not shown) and k ¼ 10)6 year)1, and 3 km for

the model with k ¼ 10)5 year)1 (Fig. 17A). For the given

model temperature range (60–70�C; Fig. 15), the lower

bound of the biodegradation rate constant chosen in the

transport model (k ¼ 10)6–10)7 year)1) corresponds to

the values estimated by Head et al. (2003). As the bio-

degradation rate increases, the distance benzene travels

down gradient from the oil reservoir decreases. The

benzene concentration is further sampled along a horizon

within the carrier bed at 1, 2 and 5 Ma (Fig. 17B). The

diffusion profile at 100 Ma and the field data from Zarrel-

la et al. (1967) are also plotted. Given the different bio-

degradation rate constant assigned, the resulting

advective/dispersive profiles encompass the field data after

a few million years of transport. Also note the response of

the concentration profile when the biodegradation rate is

increased: when k ¼ 10)7 year)1, the profile is close to

that of the no-biodegradation model and the benzene

plume is moving away from the oil reservoir over time;

when k ¼ 10)5 year)1, benzene plume in the carrier bed

reaches a quasi-steady-state condition before 1 Ma, sug-

gesting that attenuation within the carrier bed is vigorous

enough to deter the advective/dispersive front from mov-

ing further. Exponential decrease of the concentration

versus the distance from the oil reservoir is apparent in

the advection/dispersion model with biodegradation.

However, it is important to note that the biodegradation

rate constants used by the advection model do not pro-

vide a unique fit to the field data. Several combinations of

groundwater flow rates and biodegradation rate constants

could account for the measured data.
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DISCUSSION

The sensitivity study indicates that cap rock permeability

can greatly affect the direction of soluble benzene migra-

tion and the location of its surface discharge in a basin.

Given a favorable water table gradient that can induce

upward groundwater flow within a cap rock, a potential

exists for forming hydrodynamic surface anomalies adjacent

to an oil field. In the sensitivity study, using an idealized

basin with a cap rock permeability of 10)19 m2, the com-

puted upward groundwater velocity (vz) within the cap

rock above reservoir A is on the order of 10)6 m year)1.

Benzene diffusion dominates within the cap rock and the

diffusive seepage will reach the water table after 5–6 Ma.

Within the aquifer, benzene transport is dominated by

advection and discharges at the spring. When the cap rock

permeability is 10)17 m2, it becomes sufficiently permeable

(vz is on the order of 10)4 m year)1) to allow significant

benzene advection towards the surface, forming a geo-

chemical plume in the cap rock above the oil reservoir.

After 1 Ma, surface benzene anomaly appears over a later-

ally extensive area adjacent to the oil field. A smaller anom-

aly also forms at the spring in one tenth of that time due

to faster advection within the aquifer. When the cap rock

permeability is 10)15 m2 (vz ranges from 10)3 to

10)2 m year)1), local groundwater flow cells develop in

the upper basin. Benzene is advected towards the surface

and is not able to reach the spring. In this case, surface

benzene anomaly appears in less than 0.1 Ma. Despite the

variation in time that takes the surface anomalies to appear

after the onset of reservoir flushing, once an oil reservoir is

in place, benzene transport by groundwater can form sur-

face anomalies nearly ‘instantaneously’ on a geologic time

scale. However, significant upward benzene migration

would not occur in the cap rock if the regional groundwa-

ter is flowing downwards above the oil reservoir (e.g. reser-
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voir B). A possible exception would be if the cap rock per-

meability is less than 10)19 m2 and upward diffusion

within the cap rock would again dominate despite the

unfavorable water table gradient.

The location of the surface benzene anomalies also varies

depending on the direction of the groundwater flow within

the cap rock. If groundwater flows vertically towards the

surface, the peak benzene concentration may occur on the

edge of the oil reservoir. If the groundwater flow is subver-

tical, the location of the peak surface concentration would

shift towards the downstream direction. In both cases, pos-

itive temperature anomalies would form in the subsurface

above the oil reservoir. If groundwater in the cap rock

moves laterally or downwards, no edge effect can form in

the vicinity of the oil field. In this case, negative tempera-

ture anomalies may form above the oil reservoir. In the

sensitivity study, the various simulated locations and pat-

terns of surface benzene anomalies can help explain why

BTEX sometimes have been reported in regional ground-

water discharge areas, not overlying any known oil deposits

(Holysh & Tóth 1996); while other times they have been

found in soils in vicinity of oil fields (e.g. Calhoun &

Hawkins 1999).

For all the simulations conducted in this study, diffusion

of benzene within the oil reservoir is found to be the rate-

limiting factor for the coupled benzene mass transport pro-

cess in the oil/water system. Tens of millions of years are

required to flush benzene out of the oil reservoirs having

thickness commensurate with those represented in this

study, while it takes a fraction of that time for the dis-

solved benzene to reach the surface via advection. More-

over, lateral diffusion in groundwater cannot explain the

observed distances dissolved benzene is found in formation

waters adjacent to oil fields. Data by Zarrella et al. (1967)

can best be explained by invoking an advection/dispersion

model in which attenuation is also represented. The latter

model can produce benzene concentration profiles that fall

within the range of the field data after a few million years

of transport. To reach the observed transport distances, a

diffusion model would require a time span in excess of

1000 Ma. Since the benzene data from Zarrella et al.

(1967) are mainly from Paleozoic or younger basins, the

diffusion model appears unlikely.

Both the groundwater flow rate and the rate of biodegra-

dation determine the distance of benzene transport from an

oil reservoir. Depending on the flow rate, an increase of

biodegradation rate by one order of magnitude can result

in a decrease in the transport distance ranging from 3 to

30 km. The concentration at the spring is most sensitive to

(i) distance from the upstream oil reservoir; (ii) rate of bio-

degradation. If dissolved benzene is found in springs, the

upstream oil reservoir may lie within 20 km (the observed

maximum transport distance) from the spring. Geochemical

sampling of BTEX in springs can be a useful exploration

tool only when the groundwater flow rate, direction as well

as the BTEX biodegradation rate can be ascertained.

Finally, are there other possible explanations for the sur-

face BTEX anomalies observed in the field, besides hydro-

dynamic transport by groundwater modeled in this study?

For example, surface oil seeps are known to exist in many

basins around the world (North 1985) and are used to

locate some of the earliest discovered oil fields. It is possible

that BTEX, as relatively light components of crude oil, can

migrate with oil through fault or fracture networks which

extend to the surface from the reservoir. To evaluate the

relative efficiency of separate phase BTEX migration, a scale

analysis is performed where separate phase oil migration is

assumed to be driven by the density difference between the

oil and formation water, and is assumed to occur along a

fracture with an aperture width of ‘b’ (Fig. 18A). During

the upward migration, BTEX is assumed to diffuse laterally

out of the fracture into the surrounding formation water

where initially no BTEX exist. The capillary force from the

fracture wall is considered negligible and a constant diffu-

sion coefficient of 10)11 m2 sec)1 is assumed at all depth.

By relating the time it would require for BTEX to diffuse

out of the oil to the time it would take for the oil to reach

the surface, the critical fracture aperture size can be compu-

ted which allows BTEX to reach the surface before com-

pletely diffusing out of the fracture (Fig. 18B). Using

different crude oil densities and viscosities, we found that

this critical aperture size is not sensitive to the depth of the

oil reservoir, but is sensitive to oil types. The general range

of the critical aperture estimated from this analysis is from

1.0 to 20.0 mm. The heavier the oil is, the wider the aper-

ture it is required for BTEX to reach the surface. However,

a fracture aperture much larger than 1.0 mm seems unreal-

istic. If a 108 bbl oil reservoir is connected to the land sur-

face by a 1.0 mm fracture with a length of 1 km, it would

only take an estimated 104 years to drain the entire reser-

voir by separate phase migration. Thus it appears unlikely

that BTEX migrate with oil towards the surface and subse-

quently form geochemical anomalies. On the other hand, if

BTEX are found in oil seeps, it might indicate a recent

opening of a migration pathway.

One other possibility for BTEX migration towards the

surface is through dissolution transport in gases. As tem-

perature and pressure increase, crude oil solubility in light

hydrocarbon gases such as methane increases (Price et al.

1983). BTEX, if dissolved in methane, could be brought

towards the surface rapidly along fracture networks in the

process of degassing. As the gaseous solution migrates

upward, temperature and pressure decrease, the dissolved

heavier hydrocarbons will experience retrograde condensa-

tion. BTEX may then exsolve to form liquids and be

subject to either buoyancy transport or miscible transport

by groundwater. These complex and possibly concurrent

processes need to be studied in a quantitative manner if we
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are to fully understand the perplexing arrays of surface and

subsurface hydrocarbon anomalies. In addition, lighter

C2–C5 hydrocarbons such as ethane, propane, butane and

pentane are also water-soluble with solubilities increasing

with depth (McAuliffe 1963; Carroll & Mather 1997).

They are also biodegradable (Head et al. 2003). However,

upon finding BTEX or the lighter hydrocarbons at the sur-

face, we shall refrain from drawing an immediate conclu-

sion that any particular transport mechanism has occurred.

Careful investigation including the identification of poten-

tial fracture networks and the evaluation of the hydrologi-

cal and thermal conditions of the field is necessary to

determine the dominant transport mechanism(s).

In summary, aqueous transport of BTEX in groundwater

and the associated surface and subsurface geochemical

anomalies are influenced by the variations in the cap rock

permeability, the location of the oil reservoir in relation to

the regional groundwater flow field, and the subsurface bio-

degradation conditions. Convective subsurface temperature

anomalies can also form in association with the geochemical

anomalies and can indicate the direction of groundwater

flow. Unless extensive fracture networks exist between the

oil reservoir and the land surface, BTEX soil gas anomalies

are likely controlled by regional hydrodynamics rather than

separate phase migration. To conduct oil exploration using

BTEX as geochemical indicators, the subsurface hydrologi-

cal, thermal and geochemical conditions have to be evalu-

ated carefully, along with the examination of the presence/

absence of any fracture networks. Knowledge of the regio-

nal groundwater flow system as well as the general range of

the cap rock permeability should help in the better inter-

pretation of the BTEX surface and subsurface anomalies.

This is in agreement with Tóth (1996).

CONCLUSIONS

In this study, a suite of numerical experiments is conduc-

ted to gain insight into the aqueous transport and attenu-

ation of petroleum-derived benzene in sedimentary basins.

Using an idealized basin cross-section, benzene transport

in the basin is represented by advective/dispersive solute

transport in groundwater along with bacterial attenuation.

Benzene transport within the oil reservoir is represented by

a diffusion model. Mass transfer at the oil–water contact is

described using a first-order Newtonian mass transfer law

assuming equilibrium partitioning. A sensitivity study is

conducted to evaluate the influence of the variations of the

hydrologic and geochemical parameters on soluble benzene

migration in basins. The oil reservoir location is also varied

in relation to the regional groundwater discharge area.

Results of the sensitivity study indicate that in basins

with active hydrodynamics (i.e. groundwater flow rate

>10)6 m year)1), benzene transport is dominated by

advection. If dissolved benzene is found in dry wells inter-

secting an active flow field, the unknown oil reservoir is

most likely located hydraulically up-gradient. The diffusion

model requires unrealistic time scales to permit kilometer-

scale migration, while diffusion may dominate within the

cap rock when its permeability is less than 10)19 m2.

Transport of benzene by groundwater can also form sur-

face geochemical anomalies, sometimes adjacent to the oil

fields. Distance of benzene transport away from the oil
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reservoir is determined by the groundwater velocity and

the biodegradation rate constant. Vertical migration of

BTEX as gas bubbles from oil reservoirs does not appear

likely. Excluding contamination from fuel spills, soil BTEX

gas anomalies are likely the result of volatization at the

water table during the final stage of their migration, either

as separate phase flow or as dissolved solutes in groundwa-

ter/gases. In the case of buoyancy-driven separate phase

migration, a fracture aperture size of 1.0 mm or larger may

be required for BTEX to reach the surface. Surface geo-

chemical exploration based on BTEX soil gas anomalies

can be effective only after the various transport mechan-

ism(s) is understood and their migration pathway(s)

delineated. It’s important to point out that shallow

groundwater and soils near many existing oil fields have

been contaminated with BTEX (Blake 2000). Surface geo-

chemical explorations near known fields have to exercise

caution to exclude such possibilities.

Future research should be directed towards field sampling

of wells down gradient from known oil fields in conjunction

with mathematical modeling. Laboratory column experi-

ments should be conducted under reservoir temperature/

pressure conditions using microbes extracted from strata

near oil reservoirs to estimate the in-situ BTEX biodegrada-

tion rate. Studies of BTEX migration in oil-bearing marine

basins would shed light on their transport in the relatively

low velocity environment. Dissolution transport of the

C2–C5 hydrocarbons by groundwater in contact with oil or

gas reservoirs should also be quantitatively evaluated.
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NOMENCLATURE

� Gradient operator

Æ Inner product

h Hydraulic head

~q Darcy flux: ~q ¼ qx
qz

� �

j~qj Magnitude of the Darcy flux

/ Porosity

~v Groundwater velocity: ~v ¼ ~q=�; ~v ¼ vx
vz

� �

j~vj Magnitude of the groundwater velocity

qf Density of water

qoil Density of oil

qr Relative water density (qr ¼ (qf ) q0)/q0)

lr Relative water viscosity (lr ¼ l0/lf)

lf Dynamic water viscosity

loil Dynamic oil viscosity

q0 Reference density of fresh water at 20�C and 1.01 · 105 Pa

l0 Reference viscosity of fresh water at 20�C and 1.01 · 105 Pa

K Hydraulic conductivity tensor: K ¼ Kxx Kxz

Kzx Kzz

� �

|K| Determinant of K

Kmax Maximum principal conductivity

Kmin Minimum principal conductivity

h Dip angle of a hydrostratigraphic unit relative to horizontal plane

k Permeability tensor

W Mass-based stream function

T Temperature of water

�T Temperature gradient

k Thermal conduction–dispersion tensor: k ¼ �xx �xz

�zx �zz

� �

cf Specific heat capacity of water

aL Longitudinal dispersivity

aT Transverse dispersivity

kf Thermal conductivity of water

ks Thermal conductivity of porous rocks

R Retardation factor

Cw Aqueous benzene concentration

k First-order biodegradation rate constant

D Hydrodynamic diffusion–dispersion tensor: D ¼ Dxx Dxz

Dzx Dzz

� �

De
aq Effective benzene diffusion coefficient in aquifer

De
oil Effective benzene diffusion coefficient in oil reservoir

Coil Benzene concentration in oil

Sw Water saturation ratio

Soil Oil saturation ratio

Daq Benzene diffusion coefficient in water

Doil Benzene diffusion coefficient in oil

C6H6 Chemical formula for benzene

kf Mass transfer coefficient

CI Aqueous benzene concentration at the phase boundary

J Benzene mass flux across the oil–water contact

C Equilibrium partition coefficient (ppm/ppm)

C* Equilibrium partition coefficient (molality/mole fraction)

K Equilibrium constant of the benzene dissolution reaction

aaq Activity of aqueous benzene

aoil Activity of oil-phase benzene

maq Molality of aqueous benzene

Xoil Mole fraction of oil-phase benzene

caq Activity coefficient of benzene in water

foil Activity coefficient of benzene in oil

msolubility
aq Pure liquid solubility

Sh Sherwood number (dimensionless)

Re Reynolds number (dimensionless)

Sc Schmidt number (dimensionless)
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