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Abstract

A numerical study was conducted to investigate the influence of tides on the fate of
terrestrially-derived BTEX discharging through an unconfined aquifer to coastal wa-
ters. Previous studies have revealed that tide-induced seawater circulations create an
active salt-freshwater mixing zone in the near-shore aquifer and alter the specific sub-
surface pathway for contaminants discharging to the coastal environment. Here the
coupled density-dependent flow and multi-species reactive transport code PHWAT
was used to examine the impact of these tidal effects on the aerobic biodegradation of
BTEX released in a coastal aquifer and its subsequent loading to coastal waters.
Simulations indicated that tides significantly enhance BTEX attenuation in the near-
shore aquifer. They also reduce the rate of chemical transfer from the aquifer to the
ocean and exit concentrations at the beach face. For the base case consisting of tolu-
ene transport and biodegradation, 79% of toluene initially released in the aquifer was
attenuated prior to discharge with tides present, compared to only 1.8% for the non-
tidal case. The magnitude of tidal forcing relative to the fresh groundwater flow rate
was shown to influence significantly the extent of biodegradation as it controls the
intensity of salt-freshwater mixing, period of exposure of the contaminant to the mix-
ing zone and rate of oxygen delivery to the aquifer. The oxygen available for biodeg-
radation also depends on the rate at which oxygen is consumed by natural processes
such as organic matter decomposition. While simulations conducted with heterogene-
ous conductivity fields highlighted the uncertainties associated with predicting con-
taminant loadings, the study revealed overall that BTEX may undergo significant at-

tenuation in tidally-influenced aquifers prior to discharge.

Keywords: Aquifer-ocean exchange; Subterranean estuary; Submarine groundwater

discharge; Coastal water pollution.
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1. Introduction

Contamination of coastal aquifers is a growing problem due to increasing
populations and developments in coastal areas. There is a need for effective assess-
ment of the fate of contaminants released in such environments as their transport to
coastal waters via submarine groundwater discharge (SGD) can lead to significant
degradation of receiving coastal ecosystems [1-4]. In addition these contaminants can
disturb the habitat condition in the interstitial beach environment for a wide range of
flora and fauna [5]. The combined influences of oceanic oscillations, terrestrial
groundwater discharge and variable-density effects result in complex and dynamic
flow, transport and biogeochemistry in a near-shore aquifer [6-9]. These processes
alter contaminants’ subsurface transport pathway and subsequent fate. Therefore they
need to be quantified to estimate contaminant loading to coastal waters. As a large
proportion of the world’s coastlines are exposed to significant tidal fluctuations, this
study examines the effect of tides on the fate of subsurface reactive contaminants, in

particular BTEX, released in a coastal aquifer.

The groundwater flow and salt transport processes in a tidally-influenced aqui-
fer have previously been investigated via numerical modeling [10-14], field measure-
ments [7,15-17] and laboratory experiments [18,19]. It has been revealed that the sa-
linity structure in a tidally-influenced aquifer is characterized by two distinct saline
plumes: the classical saltwater wedge and an upper saline plume [16,17,19,20]. These
two plumes confine a freshwater discharge zone in which fresh groundwater dis-
charges near the low tide mark rather than around the shoreline as occurs in the ab-
sence of tidal forcing [16,19]. While the saltwater wedge develops due to the density

contrast between seawater and fresh groundwater [21,22], the upper saline plume is
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formed primarily by tides. Tidal action drives seawater recirculation through the near-
shore aquifer at significant rates compared with fresh groundwater discharge [23,24].
The asymmetric flow associated with tidal forcing across a sloping beach results in a
tide-averaged circulation cell, whereby water infiltrates the beach in the upper inter-
tidal zone and exfiltrates near the low tide mark (Figure 1a) [11,12,16,18]. Advective
salt transport associated with this circulation is responsible for the development of the

upper saline plume [16].

Due to their distinct chemical compositions, the mixing of the recirculating
seawater and discharging fresh groundwater sets up a potentially important biogeo-
chemical reaction zone in the near-shore aquifer. This mixing zone, called a subterra-
nean estuary [25], has significant implications for the fate of subsurface reactive con-
taminants discharging to coastal waters [8,26]. While the dispersion zone of the salt-
water wedge has traditionally been viewed as the primary area of mixing between
fresh groundwater and recirculating seawater in a subterranean estuary [25], it has re-
cently been shown that the upper saline plume is perhaps a more active and dynamic
zone of mixing as it is associated with faster flow rates and shorter residence times
[10]. Furthermore dissolved oxygen and pH measurements have revealed potentially

important redox and pH zonations associated with this upper plume [7].

Recently Robinson et al. [10] presented numerical tracer simulations to illus-
trate tidal influence on the subsurface transport pathway of conservative land-derived
contaminants discharging to coastal waters. The simulations indicated that tides may
reduce the impact of a contaminant by modifying significantly its specific discharge
pathway and the geochemical conditions along this pathway. In particular it was

shown that tides may decrease the rate of chemical transfer from the aquifer to the
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ocean and lower the exit concentrations of chemicals at the interface. With tides pre-
sent the tracer migrated through the upper saline plume. While it was hypothesized
that the geochemical conditions in this mixing zone would likely affect the fate of a
reactive contaminant and its subsequent flux to coastal waters, reactive processes

were not simulated.

Groundwater contamination by BTEX (benzene, toluene, ethylbenzene and xy-
lenes) due to the unintentional release of petroleum hydrocarbons is a widespread
problem. With many airports, refineries and bulk terminals located in coastal areas,
these compounds are commonly found in coastal aquifers and can find their way to
marine and estuarine environments via submarine groundwater discharge. As dis-
cussed above the tidal effects in the near-shore aquifer could influence the attenuation
of these contaminants prior to their release to coastal waters. The transport and bio-
degradation of toluene in a tidally-influenced aquifer has been simulated by Li et al.
[27]. While they demonstrated that tides lead to the creation of an oxygen-rich zone
near the shoreline resulting in enhanced biodegradation of toluene, simulations were
performed using a constant density groundwater flow model. As density variations
strongly influence the flow patterns, mixing conditions and thus biogeochemical zona-
tions in a near-shore aquifer, there remains a need to examine the reactive processes
with consideration of the variable density effects. A series of laboratory and numerical
experiments have been performed to examine the bioremediation of tidally-influenced
beaches that have been contaminated by offshore oil spills [19,28,29]. These experi-
ments concentrated on understanding the effect of tides on flow and transport dynam-
ics in the beach groundwater system to enable effective design of nutrient treatment

strategies required to remediate the oil-polluted beach zone (typically the top 25 cm of
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sand in the intertidal zone). While variable-density effects were considered, reactive

processes were not simulated in the studies.

Field data on the biodegradation of BTEX in coastal aquifers, in particular tidal-
ly-influenced systems, is sparse. Westbrook et al. [30] presented a field investigation
of a dissolved BTEX groundwater plume flowing towards a tidally and seasonally
forced estuarine river. They demonstrated that tidal fluctuations lead to the formation
of a hyporheic zone that strongly influenced the distribution of BTEX compounds
near the shore and their spatial and temporal discharge patterns. Although a follow-up
modeling study was conducted by Trefry et al. [31], the focus of this modeling was
the influence of density and seasonal variations on the subsurface flow and transport
mechanisms rather than the tidal effects and reactive processes. Collection of field
data to assess the extent of BTEX attenuation in a near-shore aquifer prior to dis-
charge is a challenging task. Direct measurement of the compounds in the aquifer is
difficult given the complex and dynamic nature of tidally-influenced groundwater sys-
tems. Furthermore, biodegradation rates likely increase markedly in the vicinity of the
aquifer-ocean interface as interaction between the contaminated plume and recirculat-
ing seawater intensifies. Indirect measurement via detection of the BTEX in the coast-
al water is also near impossible because dilution occurs immediately as it is dis-
charged. Despite the simplifications involved, reactive contaminant transport model-
ing is able to provide an evaluation of the extent of biodegradation in the subsurface
and thus the risks associated with BTEX groundwater contamination and its impact on

the receiving coastal ecosystem.

Here we investigate the fate of BTEX released in a tidally-influenced unconfined

coastal aquifer using the coupled density-dependent groundwater flow and multi-
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species reactive transport code PHWAT [32], with the overall aim of quantifying the
tidal effects on biodegradation. The reactive processes are simulated using an aerobic
biodegradation model. The competitive consumption of oxygen by alternative elec-
tron donors such as naturally-occurring organic matter is also considered as these
processes influence the subsurface oxygen availability. Simulations with and without
tides are presented to illustrate the tidal effects on the extent of attenuation and thus
contaminant flux across the aquifer-ocean interface. Following this, the impact of
natural oxygen consumption rates and the relative magnitude of inland (fresh ground-
water flow rate) and tidal (tidal amplitude) forcing on the fate of BTEX are examined.
Finally simulations performed using heterogeneous hydraulic conductivity fields are
discussed to demonstrate the uncertainties associated with predictions of contaminant

fluxes to coastal waters.

2. Numerical Simulations

The transport and biodegradation of a dissolved BTEX plume in an uncon-
fined near-shore aquifer subject to tidal forcing was simulated using PHWAT [32].
This program couples the density-dependent groundwater flow and solute transport

model, SEAWAT [33], with the geochemical reaction model, PHREEQC-2 [34].

2.1  Groundwater flow and solute transport model

The numerical model used to simulate the variable-density groundwater flow
and solute transport processes in a tidally-influenced aquifer is a modified version of
that presented and described by Robinson et al. [10]. The model description is re-
capped briefly here. Tidal forcing across a sloping beach face is simulated using a two

zone approach with surface water (zone A) and aquifer (zone B) zones. A schematic
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of the model domain, including the boundary conditions and parameter values used, is
provided in Figure 2. The model represents a cross-shore transect through a coastal
aquifer where the x-z co-ordinate origin is located at the mean shoreline. The model
domain extends 100 m landward and 40 m seaward of the mean shoreline. The aquifer
depth (H) is 10 m representing a shallow coastal groundwater system. The beach

slope (tanf), as represented by the boundary between zones A and B, is 0.1.

High hydraulic conductivity (10° m d™), porosity (n.) = 1 and constant salt
concentration of 35 g 1" are assigned to cells in zone A to represent the coastal surface
water. Tidal forcing is simulated by applying a time-varying head (/) to selected

cells in zone A (Figure 2):

h. =Acosat+ H, (D

tide
where A (m) is the tidal amplitude, ¢ (d) is time and @ (Rad d™") is the tidal angular
frequency. For the base simulations A = 0.75 m and @= 12.567 Rad d” (semi-diurnal
tidal period = 0.5 d). The high hydraulic conductivity assigned to surface water cells
allows for nearly instantaneous transmission of /4 to the submerged beach face. The
aquifer (zone B) is isotropic and homogeneous with hydraulic conductivity (K) = 15
md™’, n, =0.25, longitudinal dispersivity (¢z) = 0.2 m and transverse dispersivity (&)
=0.02 m.

The interface between the ocean and aquifer is a complex boundary for model
simulations. With SEAWAT-2000 it is not possible to simulate the formation of a
seepage face on this boundary on the ebbing tide. The model also neglects variably
saturated flow. These limitations have been discussed in detail by Robinson et al.
[10]. While seepage face dynamics could affect predicted discharge rates across the

interface and consequently the BTEX exit concentrations, the boundary conditions
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and aquifer parameters used were specifically chosen to represent conditions under

which seepage face formation is limited (i.e., beach slope = 0.1).

A uniform, constant flux (Qy= 0.5 m?d") is specified along the landward ver-
tical boundary to simulate the terrestrial groundwater flow. No flow is specified along
the bottom and seaward vertical boundaries. The upper boundary is a phreatic surface

with negligible groundwater recharge.

Numerical tests were performed to ensure that model solutions are independ-
ent of the grid discretization. The model presented has 56 columns and 49 layers. The
grid is non-uniform with refinement around the aquifer-ocean interface. As tidal
phase-resolving simulations are computationally intensive, models are initially run to
the steady state with no tide. Tidal fluctuations are then introduced and the models are
run to the quasi-steady state with respect to both heads and salt concentrations. Once
this solution is reached the contaminant is released as a pulse to the aquifer through a
point source and the model is run until a negligible amount of contaminant remains in
the aquifer. Using an Intel Xeon 3.2GHz running Ubunta Linux (kernel version 6.22),
the model runs took approximately 5 d to reach quasi-steady state for the conservative
transport simulations and approximately 15 d to reach quasi-steady state when the

geochemical reaction model was included.

2.2 BTEX injection and geochemical reaction model

Following the numerical tracer simulations presented in Robinson et al. [10],
the contaminant is injected into an initially uncontaminated aquifer through a point
source located 30 m landward of the shoreline at the watertable (Figure 2). Also fol-

lowing Robinson et al. [10] the contaminant release occurs as a pulse over 1 d with a
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flow rate of 0.1 m® d”'. The concentrations of species in the contaminant source are
provided in Table 1. Only toluene was injected for the base simulations; however fur-
ther simulations were performed with all BTEX compounds (toluene, benzene, ethyl-
benzene, xylenes) present. Simulation of a pulse injection provides a clear illustration
of the influence of tides on the transport and biodegradation of BTEX as it discharges
through a near-shore aquifer. In many cases, however, BTEX spills can lead to a
NAPL source on the water table that produces a continuous input of contaminants to
the aquifer. Therefore the implications of the pulse injection results for a continuous

source are also discussed.

The biodegradation of BTEX is typically controlled by the availability of suit-
able electron acceptors (e.g., oxygen, sulfate, nitrate) [35]. Here, oxygen is considered
to be the sole electron acceptor. The rate of attenuation of each BTEX compound (R;,

mol d) is described using Monod biodegradation kinetics [35]:

R. - _ lllmaxiici CO

; X, 2)
K, ,+C K, ,+C,

where C; (mol 1'1) is the concentration of BTEX compound i (toluene, benzene, ethyl-
benzene or xylenes), Cp (mol l'l) is the oxygen concentration, Umax ; (d'l) is the spe-
cific maximum biodegradation rate of compound i, K; ; (mol 1'1) is the half saturation
constant for the biodegradation of each compound and K; ¢ (mol 1'1) is the half satura-
tion constant for the effect of oxygen on the biodegradation of BTEX. X, (mol I™") is
the biomass concentration of aerobes with an overall population growth rate given by:

dx,
dt

= ZRiYi_beb’ 3)

i=l,n
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where Y; is the biomass yield coefficient related to the consumption of BTEX com-
pound i, b, (d™) is the aerobe decay coefficient and n is the number of BTEX com-
pounds involved. The model assumes that the biomass is immobile and the effects of
bioclogging on the flow processes are negligible. For the initial simulations only tolu-
ene is considered, thus n = 1. The aerobic biodegradation reactions and Monod pa-

rameter values adopted for each BTEX compound are provided in Table 2.

The consumption of oxygen as BTEX degrades is calculated based on the re-
action stoichiometry provided in Table 2. In intertidal sediments natural processes
such as organic matter decomposition and oxidation of reduced inorganic species (e.g.,
H,S, Fe**, Mn*") also consume oxygen [36], thus reducing its availability for BTEX
biodegradation. We adopt a first-order rate expression to describe the natural oxygen-

consuming processes. The total oxygen consumption is simulated by:

dio =— > RS, —b,C,. 4)

i=11,
where S; is the oxygen stoichiometric coefficient for the biodegradation of BTEX
compound i (Table 2) and b (d’l) is the first-order rate constant for natural oxygen
consumption. A general first-order rate expression is used rather than individually
simulating the natural oxygen-consuming processes due to the significant reduction in
computational effort. The model assumes that different microbial populations are re-
sponsible for the natural oxygen-consuming processes and BTEX biodegradation. As
such the natural oxygen consumption rate does not influence the concentration of aer-
obes. While first-order kinetics have previously been used to describe oxygen con-
sumption in sediments [e.g., 37], we were unable to find a literature value for by ap-
plicable to the intertidal beach environment. A realistic value for by (= 0.09 d'l) was

determined by performing sensitivity analyses and comparing simulated oxygen dis-

10
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tributions with measurements collected in intertidal sediments subject to similar forc-
ing conditions [7] (Section 3.1). The influence of by on the extent of toluene attenua-

tion was also investigated and the results are discussed in Section 3.5.

The concentrations of oxygen, biomass and salt in the contaminant source, ini-
tial concentrations in Zone B, concentrations in the terrestrial fresh groundwater (Qy)
and constant concentrations in Zone A are provided in Table 1. Most notably the fresh
discharging groundwater and contaminant source are anaerobic with dissolved oxygen
concentrations of 0.025 mmol 1", whereas the seawater is aerobic with near-saturated

dissolved oxygen concentrations (0.25 mmol 1™ [371.
3. Results and Discussion
3.1 Tide-induced salinity and oxygen distributions

Simulated salinity and oxygen distributions in a tidally-influenced aquifer are
shown in Figure 1. The upper saline plume formed by tide-induced seawater circula-
tions through the intertidal zone is present in addition to the classical saltwater wedge
(Figure 1a). As the recirculating seawater transports both salt and oxygen from the
ocean into the aquifer, the predicted salt and oxygen distributions are identical, but
with different magnitudes, when natural oxygen consumption is not simulated (i.e., bo
=0 d"'; Figures 1a and b). Field data collected in a sandy intertidal aquifer indicate
however that the salt and oxygen distributions vary significantly [7]. While Robinson
et al. [7] observed two distinct saltwater plumes (upper saline plume and saltwater
wedge), high oxygen content was present only in the upper intertidal region. The
measurements indicated that the recirculating seawater maintained relatively high
oxygen content close to the infiltration zone in the upper intertidal region but oxygen

was rapidly consumed along its flow path. Oxygen consumption was most significant

11
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in the subtidal zone where low oxygen concentrations were measured despite high
local salinities. The absence of oxygen in this zone is attributed to not only the longer
residence times associated with density-driven recirculating seawater but also to a
typically higher abundance of organic matter and microbial activity in subtidal, as
compared to intertidal, sediments [38-40]. Other studies have also reported oxygen-
ated sediments up to 4 m below the beach surface in intertidal sediments, as opposed

to a few centimeters of oxygen penetration in subtidal sediments [39,41].

Figure 1c shows the simulated oxygen distribution with bp = 0.09 d'. In
adopting this first-order rate constant to simulate the natural oxygen-consuming proc-
esses, the model predicts a similar subsurface oxygen distribution to the field observa-
tions of Robinson et al. [7]. Note that such an oxygen distribution indicates that oxy-
gen is available for BTEX biodegradation, as in the following simulations. However,
in contrast to the field data reported in [7] a zone of elevated oxygen content is pre-
dicted in the subtidal region in addition to the zone in the upper intertidal region. This
discrepancy arises because b is constant, implying that concentrations and reactivity
of organic matter, reduced inorganic species and microorganisms are uniform in the

near-shore aquifer.
3.2 Transport and biodegradation of toluene

The transport of toluene through a near-shore aquifer with aerobic biodegrada-
tion considered is shown in Figures 3 and 4 for non-tidal and tidal conditions, respec-
tively (bo= 0.09 d! in these simulations). In the absence of tidal fluctuations toluene
moves seaward along the top of the aquifer and discharges close to the shoreline (Fig-
ures 3a-c). While the contaminant plume disperses as it moves seaward, it does not

mix significantly with the oxygenated recirculating seawater (Figures 3g-i). Conse-
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quently, the biodegradation of toluene prior to discharge is negligible, as indicated by
the low growth of biomass near the shoreline (Figures 3d-f). This is further evident in
Figure 5a where the mass of toluene remaining in the aquifer following injection is
nearly identical to the simulation without biodegradation. The limited biomass growth
and oxygen consumption as toluene is transported through the near-shore aquifer can

be seen in Figures 5b and c, respectively.

Figure 4 shows that tidal fluctuations modify significantly the specific dis-
charge pathway for toluene. Toluene first migrates seaward along the top of the aqui-
fer but as it approaches the intertidal region it is transported downwards by the tide-
induced flow circulations (Figures 4a-c). Here toluene mixes with the oxygenated re-
circulating seawater (Figures 4g-1) and aerobic biodegradation occurs along with bio-
mass growth (Figures 4d-f). Biodegradation and thus biomass growth are most sig-
nificant in the upper intertidal zone due to the higher oxygen and also toluene concen-
trations there. The biomass growth and simultaneous oxygen consumption that occurs
as toluene degrades in the intertidal zone is evident in Figures 5b and c. The total
biomass in the aquifer reaches a maximum around 122.5 d. Following this time the
biomass decay rate exceeds its growth rate from biodegradation, and the total biomass
population decreases until the initial unperturbed conditions are reached. The total
subsurface oxygen content is lowest around 127 d. After this time the delivery rate of
oxygen to the subsurface by the recirculating seawater exceeds the rate at which oxy-
gen is consumed by both toluene biodegradation and the competing natural processes.
Oxygen concentrations continue to increase until the oxygen input rates and consump-

tion rates reach the initial quasi-equilibrium conditions.
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To quantify the extent of biodegradation occurring in the subsurface prior to
discharge, the total mass (moles) of BTEX compound i discharging across the aquifer-

ocean interface (I, ;) was calculated by:
_ 1 final
Id—[ - IO v[mlf qCIdet ’ (5)

where ¢ is the specific discharge across the interface (m>d") and s is the distance

along the interface (m). A percentage removal efficiency was then determined using,

0

I, —1, .
Removal Efficiency = —=——2=x100, (6)

0_i
where [y ; is the initial moles of BTEX compound i released into the aquifer. The si-
mulations predict that with tides present the removal efficiency for toluene is 79%
compared with 1.8% for non-tidal conditions. This reveals that for the simulated con-
ditions tidal forcing strongly influences the transformation of toluene in the subsur-
face and thus its impact on the interstitial beach environment and near-shore coastal

waters.

In addition to enhancing the attenuation of toluene in the near-shore aquifer,
tidal forcing also increases the subsurface residence time of the contaminant (Figure
S5a). Based on the mass remaining in the aquifer following injection (without biodeg-
radation), the mean residence time of toluene in the subsurface increases from 90.5 to
140 d when tides are included. This increase is due primarily to the lengthening of
toluene’s transport path [10]. With biodegradation included, toluene’s mean subsur-
face residence time is reduced to 126 d for the tidal case as opposed to only 90 d for
the non-tidal case; thus further illustrating the limited attenuation of toluene in the ab-

sence of tides. The total chemical flux across the aquifer-ocean interface behaves si-
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milarly for tidal and non-tidal conditions, but with a time lag of approximately 50 d
for the tidal conditions (Figure 6). The maximum toluene flux across the interface oc-
curs at 82 d and 140 d for the non-tidal and tidal simulations respectively. For the
non-tidal conditions, the difference between toluene’s mean residence time (90 d) and
time at which the toluene flux across the interface is the greatest (82 d) indicates that
for these conditions the mass discharge pattern is slightly asymmetrical. In Figure 6 it
can be seen that tides also increase the longitudinal spread of toluene as indicated by
the chemical flux across the interface occurring over a longer period of time. This
longitudinal spread significantly reduces the maximum flux as shown by the tidal si-
mulation without biodegradation (—x— in Figure 6). As expected, the chemical flux is

further lowered when biodegradation is considered (— — in Figure 6).

Perhaps more significantly, the toluene exit concentrations at the beach face
are over an order of magnitude lower with tides present and are again reduced when
biodegradation is considered (Figure 7). This suggests that the threat of groundwater-
borne contaminants on the interstitial beach and near-shore ecosystems is likely mark-
edly reduced by tidal effects. For conservative contaminants (i.e., without biodegrada-
tion, Figures 7a and c), such reduction in exit concentrations is due primarily to the
mixing and dilution of the contaminant with the tidally-driven recirculating seawater.
As indicated by the wider discharge zone for tidal conditions (Figure 7c), tides also
enhance the transverse spread of toluene. Here toluene discharges largely around the
low tide mark (x = 47.5 m) as opposed to the vicinity of the shoreline for the non-tidal
case. Thus, in summary, these simulations indicate that for certain conditions, tidal
effects could significantly enhance the natural attenuation of toluene in the near-shore
aquifer prior to discharge and thereby reduce the need for engineered remediation

schemes. It is important to note that in these simulations oxygen is the sole electron
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acceptor for biodegradation and if other acceptors were also considered (e.g., sulfate,

nitrate) then biodegradation rates would likely increase further.

In many cases, spills of BTEX produce a continuous input of BTEX to the aq-
uifer over a longer period than simulated here by a relatively short pulse injection. For
a continuous source, the extent of toluene biodegradation would over time reach a
steady value whereby the amount of biodegradation occurring would match the rate at
which oxygen is delivered to the mixing zone by the tidal circulations, minus that
consumed by the competing natural processes (taking into account the biodegradation
stoichiometry, Table 2). For the conditions simulated, as it was shown that the rate of
oxygen consumption by both toluene biodegradation and the natural processes was
greater than the rate of oxygen input to the subsurface (Figure 5c), it is expected that,
for a continuous input with a similar source concentration and flow rate, the extent of
biodegradation will reduce over time until the system reaches steady state. At this
time the rate of biodegradation will correspond to the rate of oxygen delivery to the

intertidal subsurface mixing zone.

3.3  Biodegradation of other BTEX compounds

The transport and biodegradation of a contaminant plume containing toluene
as well as benzene, ethylbenzene and xylenes was also simulated to evaluate the in-
fluence of tides on the attenuation of these additional BTEX compounds. The aquifer
parameters, forcing conditions and contaminant release were the same as for the simu-
lations presented above but the composition of the injected contaminant solution was
varied (Table 1). The ratio of the BTEX compounds in the solution was based on Bar-

ry et al. [35].
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Toluene is predicted to have the highest removal efficiency (46%), followed
by benzene (37%), ethylbenzene (36%) and finally xylenes (33%). Due to increased
competition and thus reduced oxygen availability in the intertidal aquifer, the extent
of toluene attenuation decreases from 79% to 46% when the other BTEX species are
present. For non-tidal conditions the extent of biodegradation in the near-shore aquifer
is again limited with removal efficiencies less than 2% for all the compounds consid-

ered.

The chemical fluxes across the aquifer-ocean interface for each compound
with and without tidal forcing are shown in Figures 8a and b, respectively. The tem-
poral behavior of the chemical flux is similar for all compounds with the magnitude
varying according to the initial mass injected and the extent of biodegradation. Similar
to the simulations with only toluene injected, tides are shown to increase the contami-
nants’ subsurface residence time. In addition, as discharge occurs over a longer period
the maximum chemical fluxes are reduced. The maximum chemical flux occurs ap-
proximately 140 d after injection for tidal conditions compared with 82 d for non-tidal
conditions. The exit concentrations at these times are shown in Figures 8c and d, indi-
cating the maximum expected contaminant concentrations at the beach face. For com-
parison, the WHO guideline values for drinking-water quality [42] for each species
are also indicated in Figures 8c and d. The WHO guidelines for safe recreational wa-
ter environments [43] suggest using these drinking-water quality guideline values as a
basis for screening the potential risk of a particular contaminant. If the drinking-water
guideline value is exceeded, it is recommended that a specific evaluation of the risk of
the contaminant is undertaken. By comparing the exit concentrations with the guide-
line values [42], it can be seen that while the exit concentrations significantly exceed

the guideline values for non-tidal conditions, with tides present the concentrations are
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reduced to an acceptable level for all components except benzene. Benzene has the
highest maximum exit concentration, however as it is the most toxic and carcinogenic
compound it also has the lowest guideline value. Even with tides present, for the con-
ditions simulated, the predicted benzene exit concentrations are more than 50 times
greater than the guideline concentration. This suggests that remediation technologies
may need to be implemented to reduce benzene concentrations to an acceptable level

prior to its release to coastal waters even in tidally-influenced environments.

3.4  Magnitude of tidal and inland forcing

Due to enhanced seawater recirculation and thus increased oxygen availability
and mixing between the discharging fresh groundwater and recirculating seawater in
the near-shore aquifer, the model predicts that toluene attenuation increases signifi-
cantly as the tidal amplitude increases (Figure 9a). Despite the complexity of the reac-
tive processes, for small tidal amplitude the removal efficiency increases directly with
the amplitude. This correlates with a linear increase in the tidally-driven seawater re-
circulation rates (Q;, Figure 9b). The relationship becomes non-linear as the removal

efficiency approaches 100% (asymptote).

Robinson et al. [10,24] revealed however that it is the balance between the tid-
al and inland forcing which controls the subsurface flow patterns and mixing condi-
tions in a tidally-influenced aquifer, rather than just the tidal amplitude. This ratio is
important because, as the seaward-directed fresh groundwater flow increases, the tidal
circulations through the intertidal region become restricted resulting in a reduction in
the seawater recirculation rate and mixing intensity. Robinson et al. [10] showed that
the extent of mixing in a tidally-influenced aquifer can be determined based on the

ratio of the fresh groundwater discharge (Qy) to the tidally-driven seawater recircula-
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tion (Qy). Using this ratio near-shore aquifer systems were classified as either strati-
fied, partially-stratified (partially-mixed) or well-mixed. Here we examined the ensu-
ing affect of this ratio on the subsurface attenuation of toluene by performing simula-
tions with varying tidal amplitude and Q. As expected the removal efficiency of tolu-
ene increases as this flow ratio decreases, i.e., as the tidal forcing strengthens relative
to the inland forcing (Figure 10). It is expected that as this ratio approaches zero and
the inland flow becomes negligible relative to the tidal recirculation, the system will
become completely mixed and the extent of biodegradation will approach 100% bio-
degradation. In addition to the flow ratio influencing the mixing conditions and oxy-
gen availability, toluene’s subsurface residence time increases as the flow ratio de-
creases (i.e., O decreases). As a result the time for toluene to interact with the reactive

mixing zone increases and thus the attenuation of toluene is enhanced.
3.5  Influence of natural oxygen-consuming processes

The extent of toluene attenuation in the near-shore aquifer is strongly influ-
enced by not only the physical forcing mechanisms, which affect the contaminants’
specific flow path and extent of salt-freshwater mixing, but also the availability of
oxygen in the mixing zone. This availability is controlled by the rate of oxygen input
to the subsurface relative to the rate of oxygen consumption. Whilst the former de-
pends on the physical forcing (i.e., tidal beaches with higher seawater recirculation
have greater oxygen input), prediction of the rate of oxygen consumption by natural
processes is complicated as it depends on factors such as organic matter loading, con-
centration of reduced species (e.g., Fez+, Mn2+, H,S), mineralogy and microbial activ-

ity [36,37,44].
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By varying the first-order rate constant by, the effect of the rate of natural
oxygen consumption on the biodegradation of toluene was investigated. For the same
physical forcing conditions, the subsurface oxygen content increases as the rate of the
natural oxygen consumption decreases (i.e., bo decreases; Figure 11a). As by ap-
proaches zero the total mass of oxygen in the near-shore aquifer increases signifi-
cantly. This is because the density-driven recirculating seawater associated with the
saltwater wedge maintains a high oxygen content despite its slow flow rate and long
residence time (i.e., Figure 1b). In contrast, as b¢ increases the total oxygen content in
the aquifer approaches an asymptotic lower limit, the value of which is determined by
the specified minimum subsurface oxygen concentration (10° mol 1. As expected
the attenuation of toluene increases as the oxygen available for biodegradation in-
creases (Figure 11b). Enhanced biodegradation as by decreases is also evident in Fig-
ure S5a where toluene is removed from the aquifer more rapidly when by = 0 d com-
pared with by = 0.09 d”'. The oxygen consumed and biomass produced by toluene

biodegradation also increases as by decreases (Figures 5b and c).

From Figure 11 it can be seen that the significant increase in subsurface oxy-
gen content as by approaches zero is only accompanied by a slight increase in tolu-
ene’s removal efficiency. This is because the increasing oxygen concentrations are not
associated with the recirculating seawater which participates in the intertidal mixing
process, but rather with the seawater recirculating through the subtidal sediments. For
low bo the amount of biodegradation is limited by the actual extent and time available
for mixing prior to the contaminants’ discharge, but as by increases biodegradation
becomes limited instead by the low oxygen availability in the mixing zone. For the
conditions simulated, as bo increases from 0.15 to 0.5 d! although the total subsurface

oxygen content decreases only slightly, toluene’s removal efficiency decreases from
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61% to 14%. This is because for this range of bo, oxygen becomes depleted particu-
larly in the intertidal fresh-saltwater mixing zone where the majority of biodegrada-

tion otherwise occurs.

This sensitivity analysis indicates that the by value (0.09 d') we have adopted
for the base conditions results in a comparatively high removal efficiency of toluene.
This value is appropriate for the tidal simulations because high-energy sandy beaches
are typically well-drained with low organic matter content and thus relatively high
oxygen content [5,38]. However by was also set to 0.09 d! for the non-tidal simula-
tions. Here we have likely over-predicted the subsurface oxygen concentrations and
removal of BTEX as lower energy beaches typically have higher concentrations of
organic matter and microorganisms and thus higher bp. However, as simulations pre-
dict that the removal efficiency of toluene approaches zero for non-tidal conditions,
the influence of using a low by is trivial as the extent of biodegradation is limited by
the negligible mixing between recirculating seawater and the discharging groundwater

rather than the competitive consumption of oxygen.

3.6  Influence of aquifer heterogeneity

The results presented thus far assume an isotropic and homogeneous aquifer.
Additional simulations were conducted to illustrate the variations introduced by a het-
erogeneous flow field and thus uncertainty associated with predicting the attenuation
of BTEX in a tidally-influenced aquifer. Heterogeneous hydraulic conductivity fields
were produced using the random log-normal field generator available within Process-
ing Modflow for Windows (PMWIN) [45]. The generated fields have a mean K = 15
m d™, standard deviation (base 10) = 0.5 and correlation length/overall model length =

0.1. The standard deviation and correlation length adopted are based on a summary of
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field data compiled by Gelhar [46] which shows that, at most sites (including sandy
aquifers), the standard deviation is between 0.4 and 1, and for overall scales less than
1 km, the correlation length is around 10% of the overall scale. Simulations were per-
formed using four different heterogeneous conductivity fields (fields 1-4). Except for
the hydraulic conductivity, the models were identical to the base tidal simulation (Sec-

tion 3.2).

While the removal efficiency of toluene is 79% for the homogeneous condi-
tions, this efficiency varies from 68% (field 1) to 91% (field 4) with heterogeneities
present. The rates of toluene flux across the aquifer-ocean interface for these simula-
tions are shown in Figure 12. With the correlation scale and standard deviation used,
toluene’s average subsurface residence time varies significantly for the different cases
and the extent of biodegradation changes accordingly. For field 1 toluene is rapidly
transported through the aquifer along a preferential flow path with its mean residence
time (without biodegradation) decreasing to 94.7 d compared with 140 d for homoge-
neous conditions. As the time for toluene to interact with the reactive mixing zone is
reduced, the biodegradation of toluene decreases (removal efficiency of 68%). In
comparison, for fields 2 and 4, toluene’s average subsurface residence time (without
biodegradation) is increased to 202 and 226 d respectively, resulting in higher re-
moval efficiencies of 88% and 91%. Heterogeneities also modify the seawater recir-
culation patterns and thus oxygen distribution in the intertidal sediments. This effect is
illustrated by the simulation performed with field 3 where although toluene’s average
residence time is larger (159 d) than for homogeneous conditions, the removal effi-
ciency is reduced (74%). The reduced attenuation is attributed to lower rates of sea-
water recirculation through the intertidal region and thus less subsurface oxygen

available in the mixing zone for biodegradation.
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Heterogeneities also enhance the longitudinal spread of toluene as it is trans-
ported through the aquifer (Figure 12). While the temporal behavior of the chemical
flux is relatively symmetrical for homogeneous conditions, heterogeneities lead to a
highly unsymmetrical discharge pattern with marked tailing. This is particularly evi-
dent for the case of no biodegradation (Figure 12a). The tailing is reduced when bio-
degradation is considered as toluene is more susceptible to attenuation the longer it
remains in the subsurface (Figure 12b). Heterogeneities also significantly influence
the maximum exit concentrations at the beach face. For example, for fields 2 and 4 the
maximum exit concentrations are reduced by nearly an order of magnitude compared
with homogeneous aquifer conditions due to both the enhanced biodegradation of to-

luene and its increased longitudinal spread.

The variability introduced by aquifer heterogeneity illustrates the difficulties
associated with accurately predicting the fate of toluene in the subsurface and its sub-
sequent flux across the aquifer-ocean interface even when an aquifer system is rela-
tively well-characterized. Nevertheless, the simulations reveal that regardless of the
specific heterogeneities, the biodegradation of toluene in the subsurface is strongly
controlled by both toluene’s subsurface residence time and the availability of oxygen
in the intertidal salt-freshwater mixing zone. Moreover for all cases considered the
removal of toluene in the subsurface is significantly enhanced (> 65%) by tidal ef-

fects.

4. Conclusions

Numerical simulations revealed that tidal effects may enhance the attenuation
of BTEX compounds in an unconfined near-shore aquifer before their discharge to

coastal waters. Tide-induced seawater circulations set up a reactive mixing zone in the
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intertidal region between the discharging contaminated groundwater and oxygenated
recirculating seawater. Significant aerobic biodegradation of BTEX was shown to oc-
cur in this mixing zone leading to a reduction in the total mass of BTEX transported
from the aquifer to ocean and the rate of chemical discharge. Consequently, tides are
expected to lessen the threat of BTEX compounds released in a coastal aquifer on the
interstitial beach and receiving estuarine and marine ecosystems. For the conditions
simulated, tidal forcing reduced the exit concentrations of the BTEX compounds con-
sidered, except for benzene, to levels below those set by standard water quality guide-
lines. Such positive tidal effects may reduce the need to implement engineering reme-
diation strategies to enhance the removal of contaminants before they discharge to

coastal waters.

Simulations further showed that enhanced natural attenuation of toluene (and
other BTEX compounds) is likely at sites where the tidal forcing dominates over the
inland forcing. This is because the tide counter-balanced by the inland flow controls
the magnitude of tide-induced seawater recirculation, the extent of mixing between
seawater and discharging groundwater, and the contaminants’ specific subsurface dis-
charge pathway and residence time. In addition the extent of biodegradation was
shown to be limited by the availability of oxygen in the intertidal mixing zone. This
availability depends on the rate of oxygen input (i.e., rate of seawater recirculation)
relative to the rate of natural oxygen-consuming processes in the subsurface. While
simulations performed with heterogeneous hydraulic conductivity fields illustrated the
uncertainty associated with predicting the mass of BTEX discharged, for all simula-
tions tides were shown to enhance attenuation regardless of the complexity of the flow
patterns. Moreover, these heterogeneous cases further demonstrated that the extent of

biodegradation is strongly controlled by the contaminant’s residence time in the inter-
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tidal aquifer and the availability of oxygen there. In addition to the uncertainties asso-
ciated with the physical flow and transport processes, it is important to note that the
natural geochemical processes and biologically-mediated reactions which affect the
extent of biodegradation are significantly more complicated than those represented by
the geochemical model we have adopted. Nevertheless, the model predictions provide
valuable insight into the importance of the tide-induced salt-freshwater mixing zone
on the fate and thus potential impact of terrestrial subsurface BTEX compounds dis-

charging to coastal waters.
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Figure Captions

Figure

Figure

1. Tide-induced (a) salt distribution, (b) oxygen distribution with no natural
oxygen-consuming processes (bp = 0) and (c) oxygen distribution with natural
oxygen consumption (bp = 0.09 d')in a tidally-influenced near-shore aquifer
(base conditions). The upper saline plume (USP), saltwater wedge and fresh-
water discharge zone (FDZ) are denoted in (a). The arrows represent the

groundwater flows averaged over a tidal cycle.

2. Model geometry and boundary conditions. The model domain is divided
into two zones: a surface water zone (Zone A, not shaded) and an aquifer zone

(Zone B, shaded).

Figure 3. Concentrations of toluene (a-c), biomass (d-f) and oxygen (g-i) 75 d, 100 d

and 125 d after injection of toluene for simulation with aerobic biodegradation
and bo = 0.09 d' but no tidal forcing. The arrows represent the steady state
flow. The contour lines depict the salt distribution in the near-shore aquifer
where the contour levels (fraction seawater) are the same for all subplots and
are notated in (d). Note that there is only minor biomass growth close to the

shoreline (evident 75 d and 100 d after injection) for these conditions.

Figure 4. Concentrations of toluene (a-c), biomass (d-f) and oxygen (g-i) 75 d, 100 d

and 125 d after injection of toluene for simulation with tidal forcing, aerobic
biodegradation and by = 0.09 d'. The arrows represent the tide-averaged
groundwater flow. The contour lines depict the salt distribution in the near-
shore aquifer where the contour levels (fraction seawater) are the same for all

subplots and are notated in (d).
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Figure

5. (a) Total moles of toluene, (b) change in total moles of biomass and (c)
change in total moles of oxygen in the aquifer following toluene injection for
simulations without tides and without biodegradation (——), without tides but
with biodegradation and by = 0.09 d?! (-+), with tides but without biodegrada-
tion (—x—), with tides, biodegradation and by = 0 d! (—) and with tides, bio-

degradation and by = 0.09 d'— -).

Figure 6. Total toluene flux across the aquifer-ocean interface versus time since tolu-

Figure

ene injection for simulation without tides and without biodegradation (),
without tides but with biodegradation (:--), with tides but without biodegrada-
tion (—x—) and with tides and biodegradation (= —). For all simulations by =

0.09d".

7. Toluene exit concentrations along the aquifer-ocean interface for simula-
tions (a) without tides and without biodegradation, (b) without tides but with
biodegradation, (c) with tides but without biodegradation, and (d) with tides
and with biodegradation. Results are shown for 75 d (——), 100 d (--+), 125 d
(=) and 150 d (—x—) after toluene injection. Note the changes in vertical

scale.

Figure 8. Total flux of benzene (— —), toluene (---), ethylbenzene (—x—) and xylenes

(—) across the aquifer-ocean interface versus time since BTEX injection for
simulations (a) with and (b) without tides. The exit concentrations along the
aquifer-ocean interface for each component (c¢) 140 d after BTEX injection
with tides present and (d) 80 d after BTEX injection in the absence of tides are

also shown. The WHO guideline concentrations [42] for benzene (0.13 pmol
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1), toluene (7.6 pmol 1™, ethylbenzene (2.8 umol ") and xylenes (4.7 pmol
I'") are indicated in (c) and (d). Note the change in vertical scale between (c)

and (d).

Figure 9. Influence of tidal amplitude on (a) the removal efficiency of toluene in the

Figure

Figure

subsurface prior to discharge and (b) Q; (tidally-driven seawater recirculation)

across the aquifer-ocean interface.

10. Relationship between Oy /Q; (ratio of fresh groundwater discharge to tidal-
ly-driven seawater recirculation) and the removal efficiency of toluene in the
subsurface prior to discharge. Circles indicate results from simulations with
tidal amplitude varied from the base conditions and crosses indicate results

from simulations with Qy varied from the base conditions.

11. Influence of the first-order oxygen decay constant (bp) on (a) the total
moles of oxygen in the aquifer and (b) the removal efficiency of toluene in the

subsurface prior to discharge.

Figure 12. Total toluene flux across the aquifer-ocean interface versus time since tolu-

ene injection (a) without biodegradation and (b) with biodegradation for ho-
mogeneous aquifer conditions (—) and heterogeneous conductivity fields 1 (—
=), 2 (=x=), 3 (-++) and 4 (——). Note the change in vertical scale between (a)

and (b).
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795  Table 1. Concentrations of aqueous components.

Component Initial concentration in Zone B and  Constant concentration in Concentration in contaminant
concentration in Oy (mmol Y Zone A (mmol 1'1) source (mmol 1)

Toluene 0 0 5

Benzene 0 0 7

Ethylbenzene 0 0 1.5

Xylenes 0 0 1.5

Oxygen 0.025 0.25 0.025

Biomass 1.8x 107 1.8x 10 1.8x10°

NaCl 0.01 600 (~ 35 g/l) 0.01

796
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797  Table 2. Aerobic biodegradation reactions and Monod kinetic parameter values for

798  BTEX compounds.

799

Parameter Value Reference
Toluene

Reaction C;Hg +9 0, =7 CO, + 4 H,0O

Hinax _Toluene 8.6d" [47]
K, totuene 0.0076 mmol 1! [47]
Y Totuene 0.6 [47]
Benzene

Reaction C¢Hg+7.50,=6CO, + 3 H,0

Himax_Bencene 8.4d" [47]
K, penzene 0.03 mmol I" [47]
YBenzene 0.6 [47]
Ethylbenzene

Reaction CgHjp + 10.5 0, =8 CO, + 5 H,O

M max_Ethylbenzene

8.5d"

Estimated from [48]

K Emytbenzene 0.05 mmol I Estimated from [48]
Yemytbenzene 0.6 [47]

Xylenes

Reaction CsHjp +10.5 0, =8 CO, + 5 H,O

M max_Xylene

8.5d"

Averaged from [48]

K xyiene 0.065 mmol 1! Averaged from [48]
Yxytene 0.6 [47]

Aerobe Biomass

K, o 0.036 mmol 1! [47]

by, 0.1d" [35]
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Fig.3
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