CHAPTER 6

T1idal Dynamics of Groundwater Flow and

Contaminant Transport in Coastal Aquifers

L. Li, D.A. Barry, D.-S. Jeng, H. Prommer

1. INTRODUCTION

Coastal/estuarine water pollution is becoming an increasingly serious
global problem largely due to input of land-derived contaminants. For
cxample, nutrient leachate from the sugar cane production areas of North-
East Queensland is causing great concern for the Great Barrier Reef in
Australia [Haynes and Michael-Wagner, 2000]. The resulting degradation of
coastal resources affects significantly economic and social developments of
coastal regions, Traditionally, terrestrial fluxes of chemicals to coastal water
have been estimated on the basis of river flow alone. However, recent field
observations indicate that contaminants entering coastal seas and estuaries
with groundwater discharge (submarine groundwater discharge, SGWD) can
significantly contribute to coastal pollution, especially in areas where serious
groundwater contamination has occurred (e.g., Moore [1996], Burnett ef al.
[2001]).  The International Geosphere-Biosphere Programme (IGBP)
[Buddemeier, 1996] has identified submarine groundwater discharge as an
important but rather unknown source of contamination for coastal marine
and estuarine environments. As the groundwater contamination problem
worsens, the SGWD may become a dominant source of coastal pollution in
certain areas.

SGWD consists of both groundwater flow from upland regions and water
exchange at the aquifer—ocean interface [Simmons, 1992]. While the upland
groundwater flow can be estimated based on the aquifer recharge [Zekster
and Loaiciga, 1993], it is difficult to quantify the rate of water exchange
across the seabed, which is influenced by near-shore processes [Li ef al.,
1997a; Turner et al., 1997; Li and Barry, 2000]. Large rates of SGWD,
derived from geochemical signals of enriched natural tracers (e.g., **Ra)
[Moore, 1996] in coastal seas, have been found excessive and cannot
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Figure 1: A simple model of SGWD consisting of inland fresh groundwater
flow (D,) and seawater recycling (water exchange due to wave set-up 1),
and due to tides D,). The mixing of the recycling water with fresh
sroundwater results in the near-shore salinity profiles as schematically
shown by the thin dashed lines (in contrast with the traditional saltwater
wedge view shown by the thick dot-dashed lne).

be supported by the aquifer recharge [Younger, 1996]. This suggests thal
water exchange at the interface may have constituted a large portion of the
SGWD. A theoretical model of SGWD has been developed to include tidally
oscillating groundwater flow and circulation due to wave set-up (i.c., on-
shore tilt of the mean sea level; Figure 1). These two local processes were
found to cause a large amount of water exchange across the interface.

Although the exchanging/recycling water is largely of marine origin, it
mixes and reacts with groundwater and aquifer sediments, modifying the
composition of the discharging water. The exchange processes can reduce
the residence time of chemicals in the mixing zone of the aquifer, similar to
tidal flushing of a surface estuary [Li ef al., 1999]. As a result, the rates of
chemical fluxes from the aquifer to the ocean increase but the exit chemical
concentrations are reduced (dilution effects). The exchange can also alter the
seochemical conditions (redox state) in the aquifer and affect the chemical
reactions. It has been shown numerically that the exchange enhances the
mixing of oxygen-rich seawater and groundwater, and creates an active zone
for aerobic bacterial populations in the near-shore aquifer. This zone leads to
a considerable reduction in breakthrough concentrations of aerobic
biodegradable contaminants at the aquifer-ocean interface [Enot ef al., 2001,
Lietal., 2001].

In essence, the water exchange and subsequent mixing of the recycling
water with fresh groundwater, driven by the oceanic oscillations, lead to the
creation of subsurface estuary (subsurface analogue to surface estuary) as
suggested by Moore [1999]. The role of a subsurface estuary in determining
the terrestrial chemical input to the sea may be compared with that of a
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surface estuary. Most previous studies of coastal groundwater, focusing on
large-scale saltwater mtrusion in aquifers, have ignored the dynamic effects
of tides and waves on the flow and mixing processes in the near-shore area
of the aquifer (e.g., Huyakorn et af. [1987]). Despite some early work on
coastal groundwater {flow and discharge to the sea [Cooper, 1959], it was not
until the 1980s that researchers began to investigate the environmental and
ecological impacts of groundwater discharge [Bokuniewicz, 1980: Johannes,
1980].

Globally, the fresh groundwater discharge has been estimated to be a few
percent of the total freshwater discharge to the ocean [Zekster and Loaiciga,
1993]. Recently, Moore [1996] conducted experiments on “*°Radium
cnrichment in the coastal sea of the South Atlantic Bight. From the
measurements, he inferred, on the basis of mass balance, that groundwater
discharge amounts to as much as 40% of the total river flow into the ocean in
the study area. This estimate contrasts with previous figures that range from
0.1 to 10%. Younger [1996] suggested that the recharge to the coastal aquifer
could only support 4% of the estimated discharge. A model that includes
recycling/exchanging water across the seabed was found to predict the
excessive discharge rate [Li ef af., 1999].

Since the exchanging water is largely of marine origin, its impact on the
fate of chemicals in the aquifer and chemical fluxes to coastal water depends
on its mixing with groundwater. Laboratory experiments have revealed large
tide-induced variations of flow velocities and salinity in the intertidal zone of
the aquifer. This suggests that the mass transport of salinity is affected by
tides significantly. The mixing of the tide-induced recycling water with fresh
groundwater results in a salinity profile of two saline plumes near the shore
| Boufadel, 2000], as schematically shown in Figure 1. The mixing zone is in
contrast with the traditional saltwater wedge. Field measurements also
showed fluctuations of salinity near the shore in response to tides and waves
[Nielsen, 1999; Cartwright and Nielsen, 2001]. Tidal effects on salinity
distribution in the aquifer have also been demonstrated by numerical
investigations [Ataie-Ashtiani ef al., 1999; Zhang ef al., 2001]. These results
suggest the existence of a mixing zone of the coastal aquifer that behaves
much like an estuary. In this subsurface estuary, flow and mass
transport/transformation are affected by both the net groundwater flow and
water exchange/mixing induced by oceanic oscillations, particularly the
tides.

The first part of the chapter is on the effects of tides on coastal
groundwater, focusing on the water table fluctuations in shallow aquifers.
Various analytical solutions of the tide-induced groundwater table
tfluctuations under different conditions will be presented briefly. The second
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Figure 2: Schematic diagram of tidal conditions at the beach face and water
table fluctuations in an unconfined aquifer.

part of the chapter 1s to examine the effects of the tide-induced groundwater
fluctuations on the fate of chemicals in the near-shore aquifer and chemical
fluxes to coastal waters. The discussion is based on several on-going studies
aiming to improve the understanding and quantification of subsurface
pathways and fluxes of chemicals to coastal environments. Additional
materials of animated numerical simulation results and color plots are
available on the accompanying CD.

2. TIDE-INDUCED GROUNDWATER OSCILLATIONS IN
COASTAL AQUIFERS

Groundwater heads in coastal aquifers fluctuate in responses to
oceanic tides. Such fluctuations have been subject to numerous recent studies
(e.g., Nielsen [1990], Tumer [1993], L1 ef al. [1997a], Nielsen ef aif. [1997],
Baird ef al. [1998], Raubenheimer ef al. [1999], Li ef al. [2000], L1 and Jiao
[2002a, b], Jeng et al. [2002]). In unconfined aquifers, such responses are
manifested as water table fluctuations. These fluctuations are attenuated as
they propagate inland, while the phases of the oscillations are shifted
[Nielsen, 1990]. Modeling of tidal groundwater head fluctuations are often
based on the Boussinesq equation assuming negligible vertical flow,

oh _O°h

D |
o ox” (D

where 4 is the groundwater head fluctuation ( Ff — H , H is the total head and

H 1s the mean head) as shown in Figure 2; x 1s the inland distance from the
shore; ¢ is time; and D is the hydraulic diffusivity, = 7/5 (S and 7 are the
aquifer’s storativity/specific yield and transmissivity, respectively). Note that
Eq. (1) is a linearized Boussinesq equation. Although 1t 1s applicable to both
confined and unconfined aquifers, the application to the latter requires that
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the tidal amplitude be relatively small wilth respect o the mean aquiter
thickness [Parlange ef «f., 1984]. The effects of nonlinearity will be
discussed later.

Analytical solutions for predicung tudal groundwater head
fluctuations are available, for example [Nielsen, 1990,

h= A, exp(—xx)cos{wr —Kkx) (2a)

where A, and « are the tidal amplitude and frequency, respectively; & 1s the
rate of amplitude damping and phase shift, and 1s related to the udal
frequency and the aquifer’s hydraulic diffusivity,

il
T it M
\ 2D (2b)

The solution can be presented 1n an alternative form,
= Re[;fu exp(imﬁ — f-Lt“)] (3a)

with

- o

where i=+/—1 and k is the complex wave number. The relation expressed by
FEg. (3b) is termed wave dispersion. The solution assumes that the seaward
boundary condition of the groundwater head 1s delined by the tidal sca level
oscillations, 1.e.,

#0,1)= A, cos{er) (4)

Far inland (x — =), the gradient of / 1s taken to be zero (the tdal effects are
dimimished), 1.¢.,
Oh

Ox

- () (5)

x=l=a

This simple solution also assumes: A,// (for unconfined aquifers) small,
.e., neghgible nonhnear effects; vertical beach face; negligible capillary
effects; no leakage exchange between shallow and deep aquifers; negligible
vertical flow effects (Hx small); and negligible seepage face formation. In
the following, we discuss relevant effects in situations where these
assumptions do not hold.
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2.1 Nonlinear Effects

Parlange ef al. | 1984] examined the nonlinear effects. Their analysis
1s briefly presented here. The head fluctuation 1s governed by the nonlinear
Boussinesq equation as follows,

i [(ﬁm)@} (6)

ot n ox ox

&

The seaward and landward boundary conditions are the same as described by
Eqgs. (4) and (5). A perturbation technique is applied to solve Eq. (6). The
solution of 4 1s sought for in the following form,

h=H {ghl +&%h, + 0(53)] (7)

where ¢ 1s the perturbation variable, = A, / H : it is less than unity under

normal conditions. Substituting Eq. (7) into Eq. (6) results in two
perturbation equations for 4, and 4,. Solving these two equations gives,

h = A, exp(—xx)cos(wt —Kxx)+

%[cxp (*\'/EK’I) COS (2.-:1}! = -\/Ef{':-t:) —exp(—2xx)cos (2wt — Zﬂ:"x)} (8)

AUE
+—=| 1 —exp(—2xx
L1 exp(-2xx)]
The nonlinear effects as shown by Eq. (8) lead to the generation of a second
harmonics (the second term of the right-hand side with frequency 2w) and a
water table overheight (increase of the mean water table height; the third
term of the RHS). The superposition of the second harmonics and the
primary signal gives rise to the asymmetry between the rising and falling
phases of the water table fluctuations, often observed in the field.

2.2 Slope Effects

Nielsen [1990] reported the first analytical investigation on the slope
effects. He derived a perturbation solution for small amplitude water table
fluctuations based on the linearized Boussinesq equation by matching a
prescribed series solution with the moving boundary condition due to the
slope. Later, Li ef al. [2000] presented an improved approach, as described
below. To focus on the slope effects, only small amplitude tides are
considered, as modeled by the linearized Boussinesq equation (1) subject to
the boundary conditions defined by Egs. (5) and (9).

As shown in Figure 3, tidal oscillations on a sloping beach create a
moving boundary:
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Figure 3: Schematic diagram of watcr table fluctuations in a coastal aquifer
subject to tidal oscillations at the sloping beach face.

h[,}:’ (f),f} =n(t) and X(t)= cot{ B)n(4) (9)

where X(7) is the x-coordinate of the moving boundary (the origin of the x-
coordinate is located at the intersection between the mid-tidal sea level and
the beach face), £ is the beach angle, and n(f) represents tide-induced
oscillations of the mean sea level. By introducing a new variable
z=x-X(1), Egs. (1), (9) and (5) are, respectively, transformed to,

ah O°h oh

—=0 — vl )— 10

Ot Oz° 1I(‘r).-’;"f?;: (102)
10,1) = nit) (10b)
ch
Ez o = {) (10¢)

where
v(t)= —%f—}—: Awcot( B)sin(wt) (10d)

The moving boundary problem of Eq. (1) 1s thus mapped to a fixed boundary
problem of Lq. (10). A perturbation approach is adopted to solve Eq. (10),
1.€.,

h=h, +eh +0(c) (11)

where £= 4 xcol(f) and xis given by Eq. (2b). The solution 1s,
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h= Aexp(-kz)cos(wt —kz)+

—‘i—g{i + \/E exp(—ﬁh"z)ma(z.ﬂ}f = -\EE'E’ + g} (a3 (12)
J2 K [2 f—K +£}+ ( z-Z b0
exp( z) COS| 2@ z 4 US| X 4 ) ( )

To obtain the solution in the x-coordinate, one can substitute

= x — Acos(B)cos(wt) into Eq. (12). The solution shows that the slope
effects are qualitatively similar to those caused by the nonlinearity of finite
amplitude tides, i.e., generation of the sub-harmonics and water table
overheight.

2.3 Capillary Effects

Parlange and Brutsaert [1987] derived a modified Boussinesq
equation to include the capillary effects,
th r ¥ -:32 BH 0
( :KHL{I_F“ U;’Ij (13)

ot n, &x° n, Otox”

where B is the average depth of water held in the capillary zone above the
water table. Barry ef al. [1996] solved this equation subject to the boundary
conditions described by Egs. (4) and (5),

h = A, exp(—« x)cos{wt — Kk,x) (14a)
with
n,m | wB
K= == F — (14b)
o _\/Kz HwB) K +(@B)
and

1,0 l B
K, = =

V27| i (o) K +B)

(14¢)

The capillary effects cause the difference between the damping rate (&) and
the wave number (x3). The solution suggests that capillary effects are only
important for high frequency oscillations. Under normal conditions, the
effects of unsaturated flows on the tidal water table fluctuations are small.

More detailed discussion on the capillary effects can be found n Li ef al.
[1997b].
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Figure 4: Schematic diagram of a leaky confined aquifer with an overlying
phreatic aquifer.

2.4 Leakage Effects

In the above solutions, the bottom boundary of the aquifer is
assumed to be impermeable. In reality, it is not uncommon to find composite
aquifer systems such as the one shown in Figure 4: an unconfined aquifer
overlying and separated from a confined aquifer by a thin semi-permeable
layer. The groundwater heads fluctuate in both the con fined and the phreatic
aquifer. The two aquifers interact with each other via leakage through the
semi-permeable layer [e.g., Bear, 1972}

oh, .. O'h
8, _{'}_f— = :'r; _E}l; I L(hl e ;'iﬂ ] (153)
oh, . &h
i e LU 15b

where A, and h, are the heads in the confined and the phreatic aquifers,
respectively; 7; and 7, are the transmissivities of these two aquifers,
respectively; s; is the specific yield of the phreatic aquifer and s, 1s the
storativity of the confined aquifer; and L 1s the specific leakage of the semi-
permeable layer.

In reality, the damping of the tidal signal in the unconfined aquifer 1S
much higher than that in the confined aquifer (since s, == §-). Usually the
fluctuations of %, become negligible 100 m landward of the shoreline while
the tides propagate much further inland in the confined aquifer. Jiao and
Tang [1999] solved Eq. (15b) assuming that /; is constant, i.e., neglecting
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the tidal fluctuations in the unconfined aquifer. Their solution shown below
suggests that the leakage reduces the tidal signal in the confined aquifer
significantly, i.e., the damping rate Increascs:

hy =y + A, exp(—k,,x)cos( @t —k, ,x) (16a)
with ‘
L1 Has,) (LY
et iﬂ?——\ rt-{I} (16b)
o1, 2\l T, ) \T,
and
WS
Ko = 16¢
2Lk oo

Jeng et al. [2002] solved the coupled equations (15a) and (15b). Their
solution also demonstrates the reduction of tidal signal in the confined
aquifer due to leakage. However, the cxtent of the reduction is less than
predicted by Eq. (16). The solution also indicates that the water table

fluctuation in the unconfined aquifer is enhanced as a result of the leakage.
2.5 Low Frequency Oscillations

The above solutions consider only one tidal constituent. In reality,
tides are more complicated and often bichromatic, containing oscillations of
two slightly different frequencies: semi-diurnal solar tide with period 77 = 12
h and frequency @ = 0.5236 Rad h', and semi-diurnal lunar tide with 75 =
12.42 h and e» = 0.5059 Rad h'. As a result, the spring-neap cycle (i.e., the
tidal envelope) is formed with a longer period, Ty, = 21/(w;— ap) = 14.78 d.
Raubenheimer et al. [1999] observed water table fluctuations of period T,.
These fluctuations (called spring-neap tidal water table fluctuations,
SNWTF) occurred much further inland than the primary tidal signals (diurnal
and semi-diurnal tides). While one may relate this long period fluctuation to
the spring-neap cycle, the cause of such a phenomenon is not readily
apparent. Spring-neap tides are bichromatic signals as described by

nit)= A, cos(w 1)+ 4, cos(w,t — 5) (17)

where A, and A, are the amplitude of the semi-diurnal solar and lunar tide,
respectively, and & is the phasc dilference between them. Only two primary
forcing signals exist at the boundary. If they propagate in the aquifer
“independently (as would occur 1n a lincarized model assuming a vertical
beach face), the water table responsc will also be bichromatic and simply
described by A, exp(—x,x)cos(af - K x)+ A, exp(—K,X)cos(w,f —0 —K,X).
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the semi-diurnal frequencies. A slowly damped spring-neap tidal water table
fluctuation is not predicted. However, the beach face 1s sloping and creates a
moving boundary as discussed in Section 2.2. The moving boundary mduces
interactions between the two primary tidal signals as they propagate inland.
Such interactions lead to the generation of the SNWTF.

Li et al. [2000] reported an analytical study on the SNWTF. The
same approach as described in Section 2.2 was adopted to solve the
Boussinesq equation subject to the bichromatic tides. The solution 18 as
follows,

@, . ] :
) and (\[ ;‘KH ) are high damping rates corresponding to

h=hy+ (g + by +hy + By +h)e+O(£) (18a)

hy = 4, exp(—k,x)cos(@yf —k,x) + A, exp(—i,x ) cos(@,f — KX = 5) (18b)

B, :%(A, v\ d,) (18c)

h, = \/'L;A‘ exp(—ﬁﬁ"lx]cns[hﬂ!f r\/Ex"ix + -E] (18d)

2, 41 A, ) -
Firgd \/—ff 2 ﬂxp(_ﬁx:x}cos(%ﬂzr ~ 0 —A\/’foﬂer%] (18e)

\E 1+ | A
s ( 2\/7) 2EKp(—H3I)EDS(ﬂJ3f—§—ﬁ’33’+§] (18f)

W o |
Hy= 4 : Lexp(—x,x)cos(w,r -5 —Kk,x+0) (18g)

E

h

13

where £=4 i, cot(f), r=0,/v, = 09662, r, = A4, /A, o,=0,+0,,
Joosalre }

F
1+ 47

K, =l +HK,, 0, =0, —0,, kK, =41-rk, and ﬁarutan{

The solution indicates that, in a bichromatic tidal system, the moving
boundary condition generates an overheight (/10¢), and additional harmonic
waves of frequency 2 (h118), 2 (h128), @, + @, (&) and @, — o, (h148).

The oscillation of @ —, represents the spring-neap tidal water table

fluctuations. Since the damping rate, iy, is much smaller than x, %, and x3,
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the SNWTF propagates much further inland, with a damping distance (1/xy)
five times larger than those for the primary mode water table fluctuations.

2.6 Vertical Flow LEffects (Intermediate Depth)

The validity of the Boussinesq equation depends on the shallowness
of the aquifer, i.e., nwH /K small [Parlange et al., 1984; Nielsen et al.,

1997]. For aquifers of intermediate depths, the vertical flow effects become
considerable, in which case the Boussinesq equation needs to be expanded to
include high-order terms, e.g., [Parlange ef al., 1984 ]

?"E—.E___ hi 2 Oh O h. l;? f_”ﬁ (19)
ot n cx| Ox ﬁx &x* 3 &
In a linearized form
- T i q4
oh_KH { h I ﬂ 20)
ot no| ox” 3 E’x

The solution to Eq. (20) subject to the usual tidal boundary conditions is

h=A exp (—HH}:) COS {mr — ﬁ'l,zjf) (21a)
with
x| —|+\/1+i‘“’”H (21b)
H 12 3 K

1 4 jon H
K, = Im EE\/i 1 \/l --s-gmzf’ (21c)

The behavior of x,; and &, i1s different from that predicted by the Boussinesq
solution. The vertical flow effects lead to difference between the damping
rate and wave number (the rate of phase shift). In particular, the signal
appears to propagate faster than predicted by the Boussinesq solution, 1.e.,
smaller phase shifts.

Using a Rayleigh expansion of the hydraulic potential function in
terms of the aquifer depth, Niclsen ef af. [1997] derived a groundwater
oscillation equation that includes an infinite number of high-order terms to
account for the vertical flow effects.

2.7 Density Effects

The above solutions ignore the density effects due to seawater
intrusion in the aquifer. Wang and Tsay [2001] investigated the density
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effects based on a sharp interface approach and derived a governing equation
for & including the density elfects,

- e ol ~
088 -"3{(5;? + H)ﬁ} (22)

ot n, Ox ox

where 77 is the height of the saltwater—freshwater interface from the base of
the aquifer (/ is the height of the water table also from the base of the
aquifcr) and & is given by

A

0 =
JO o U.'.'

sl (23)

where p, and p, are the density of the Ireshwater and seawater,
respectively; and v, and v, are the kinematic viscosity of freshwater and
scawater, respectively. Taking p, = 1000 kg/m’, p = 1020 kg/m’, v, =

1.01 x 10° m%s, and v, = 1.06 x 10° m%s, & is calculated to be -0.028.
The ratio of &1 to  is at the maximum (ncar the shoreline where 7 i1s at the

maximum, being close to H) -0.028. Fquation (22) can therefore be
approximated by the Boussinesq equation. In other words, the density effects
on the water table fluctuations are negligible.

2.8 Seepage Face Effects

In reality, the occurrence of seepage faces is commonplace, in which
case the exit point of the water table at the beach face 18 decoupled from the
tidal signal (Figure 2). The boundary condition 1s then defined by the
movement of the exit point rather than the tidal level. Based on the following
model of Dracos [1963] and Turner [1993], one can show that the formation
of seepage faces reduces the primary forcing signals (semi-diurnal solar and
lunar tides) and causes a spring-neap forcing oscillation on the boundary.
The inland propagation of this oscillation leads to the SNWTE too.

In the Turner/Dracos model, the movement of the ecxit point 18
described by,

Coupling phase:
g =z for k. = —Ef-'.in2 (5) (24a)

Hde =
n,
Decoupling phase:

2, T ----:Esin2 (ﬁ)(f ‘fe-,-;) for V_ < —-Es;in2 (,ﬂ) (24b)

1 I

[ &
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Eied)

Figure 5; Calculated clevations of the sca level (thin solid line) and the exit
point (thin dashed line). Thicker solid and dashed lines show the 25-h
averaged elevations of the sea level and the exit point, respectively.

where z, and z, are the elevations of the exit point and shoreline, respectively;
Ve 1 the tidal velocity; ¢, is the instant when decoupling commences; and
Zey 18 the elevation of the exit point at time /.

As an example, Figure 5 shows the calculated seepage face over a
spring-neap cycle using the above model. The long period (of T,,) oscillation
is clearly evident in the exit point’s movement. Further analysis based on the
Fourier transformation shows that large oscillations occur at the spring-neap
frequency while the amplitudes of the semi-diurnal oscillations are reduced
by a factor of 0.4,

3. IMPLICATIONS FOR CONTAMINANT TRANSPORT AND
TRANSFORMATION IN TIDALLY INFLUENCED COASTAL
AQUIFERS

As demonstrated above, the tides affect significantly the coastal
groundwater. The water table fluctuations are the manifestation of such
effects in the shallow unconfined aquifer and have been studied extensively.
These fluctuations result in oscillating groundwater flow in the near-shore
area of the aquifer, enhancing the water exchange and mixing between the
aquifer and coastal sea‘estuary. In the following, we illustrate the importance
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Figure 6: A box model of chemical transfer from the aquifer to coastal sea.

of these local flow, exchange, and mixing processes for chemical transport
and transformation in the near-shore aquifer and the associated chemical
fluxes to coastal water.

3.1 Tide-Induced Flushing and Dilution Effects on Chemical
Transport Processes

Li et al. [1999] developed a model of SGWD that incorporates the
outflows of the tide-induced oscillating groundwater flow and wave-induced
sroundwater circulation as well as the net groundwater discharge (Figure 1),

Digge =0 30} 4) (25)

SGWI

Using a “box” model described below, Li er al. [1999] examined the
importance of SGWD, especially D, and D,, on the process of chemical
transfers from the aquifer to the ocean.

The model includes three water bodies: coastal sea (CS), brackish
aquifer (BA), and freshwater aquifer (FA). Chemical transfers occur between
the water bodies as shown by arrows in Figure 6. The chemicals are assumed
to be strongly absorbed by sand particles in fresh groundwater and to desorb
into brackish groundwater. The mass balance for FA can be described by

F:’*".f] iH = Ff.lf_f;z.u lf S = S&?qr (2 63‘)

Ff'}“r out U ﬂnd VF;}[ iﬁg— = Ff"ﬁl in if. J'S‘ < Se.‘r.}' 2 (26]:))
C

F. =DC, (26¢)

(26d)
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where Fy 5 and Fry ., are the input and output mass flux for FA,
respectively; S is the amount of absorbed chemical and the subscript eg
denotes the equilibrium state; V4 1s the effective volume of the FA; K, 1s the
disiribution coefficient; and C;, 1s the put chemical concentration.
Equations (26a) and (26b) express the equilibrium and non-equilibrium
states, respectively.

For BA, the governing equations are:

gl .
Vs d:ﬁ 0 (F;’-';J_rm.r +Ho +F ]_ Fscwp (27a)
Foowp = (‘{)n FLL L), ) Coa (27b)
Frg = (Du il erkak) ) (s (27¢)
dV
F.o=85 o 27d
§ 7 (27d)

where Vg4 18 the volume of BA and (4 18 the chemical concentration in BA.
Ces 1s the chemical concentration in the ocean and, for the contaminants
considered, 1s usually small compared with Cp,; and can be neglected. Fy
results from seawater intrusion. The chemical adsorbed on sand particles
tends to desorb in seawater. Thus, seawater intrusion produces an input flux
to BA, and the magnitude of this flux 1s related to the speed of seawater
intrusion and the amount of adsorption §. Vg is the volume of intruded
seawater.

Chemicals such as phosphate and ammonia are, in most cases, land-
derived pollutants as a result of nutrient leaching from the agricultural
fertilizer. Sediments in the freshwater aquifer, as a temporary storage for
these chemicals due to high adsorption, become the immediate source of
chemicals to the brackish aquifer when seawater intrusion occurs and the
chemicals desorb into the brackish groundwater from the sediment. Here, a
stimulation 1s presented to illustrate how the local groundwater circulation
and oscillations affect the transfer of land-derived pollutants. In the
simulation, the FA was assumed to be in an equilibrium state initially and
scawater intrusion occurred between f = 0 and 10 d. The saltwater front
retreated shoreward between ¢ = 10 d and 20 d. Other assumptions were: K, =
400. D, = 3.75 mgfdfm, D, + D,=90 m’/d/m, dVJdt = 5%D,, C,, = 1 kgh‘nﬁ,
and V3, = 500 m’/m. During seawater intrusion, the output mass flux from
the FA is described by Eq. (26a) and during the retreat of the salt wedge,
Fra ou 18 given by Eq. (26b). The time that it takes for the FA to reach the
equilibrium state after the retreat of the sall wedge can be estimated by

I'SII.?J/FFA ot
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Figure 7: Simulated rates of the transfers of land-derived chemicals to
the ocean.

The simulated rate of chemical transfer to the ocean is shown 1n
Figure 7, with the results from a comparison simulation with D, and D,
neglected. A large increase of the transfer rate is clearly evident as a result of
the seawater intrusion and the local groundwater circulation/oscillating
flows. The first factor (i.e., seawater intrusion) contributes to an extra and
excessive source of the chemical. The second factor (i.e., the local
aroundwater circulation and oscillating flows) provides the mechanism for
rapid flushing of the BA, resulting in increased chemical transfer to the
ocean. Without the second factor, the large impulse of chemical input to the
ocean would not occur as demonstrated by the comparison simulation
(dashed curve in Figure 7). The increase of Fscwp 18 substantial, more than
20 times as high as the averaged rate. As the salt wedge retreats, the transfer
rate decreases to zero since the inland chemical is all adsorbed in the FA.
The local processes do not change the total amount of the chemical input to
the ocean, which is determined by the inland source.

The tide-induced flushing effect is further illustrated by the
following simulation based on a one-dimensional mass transport model,

-

oC d'c O
B — DI:. g . —— I"rrnl— (283]
ot ox” ox

with
¥ =Ki+ '\/EKK'A" exp (—K’I) COs [mf - KX+ %] (28b)
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Figure 8: Tidal effects on transport of a contaminant plume.

The first term of the RHS of Eq. (28b) is the net groundwater flow rate and
the second term represents the oscillating flow induced by tides (based on the
analytical solution, Eq. (2)). The initial concentration is specified according
to an existing plume shown in Figure 8. The boundary conditions for the
chemical transport are: ¢ = 0 at the inland boundary, and ¢ = 0 for /= 0 and

Oc/ox =0 for V < 0 at the seaward boundary. The following parameter
values are used in the simulation: i, (regional hydraulic gradient) = 0.01, 4y =
0, 1 and 2 m, T (tidal period)=05d, K=20m/d, H =10m,n. =02, a=3
m (D, = aV), L (distance of the landward boundary from the shore) = 150 m.

The results displayed in Figure 9 show that the residence time of the
chemical in the aquifer decreases duc to tidal oscillations (left-hand side
panel of Figure 9). The tidal effects also lead to dilution of the exit chemical
concentration significantly (right-hand side panel of Figure 9). Such dilution
may reduce the impact of chemicals on the beach habitats.

3.2 Tide-Induced Mixing of Fresh Groundwater and Seawater

In this section, we address how the fresh groundwater discharges to
the ocean. Previous studies, neglecting the tidal effects, predict that the
freshwater overlies the intruded seawater and discharges to the ocean with
little mixing with the saltwater. The limited mixing, driven by the density
effects, occurs along the saltwater wedge. A simulation was conducted using
SedWat (http://water.usgs.gov/ogw/seawat/) to examine the tidal effects on
the freshwater discharge. Density-dependent groundwater flow in a coastal
aquifer subject to tidal oscillations was simulated with a set of parameter
values representing the shallow aquifer conditions.

The simulation was run first without the tidal oscillations until a
steady state was reached. The result of the salinity distribution in the aquifer
shaows the traditional view of the groundwater discharge as discussed above
(top panel of Figure 10). The tide was then introduced into the simulation,
which continued to run for 100 tidal cycles and reached a quasi-steady state.
The result shows a very different salinity distribution from that without the
tidal effects (middle panel of Figure 10). First, a saline plume was formed n
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Figure 9: Tidal effects on chemical transport in a coastal aquifer. LHS panel:
mass remaining in the aquifer (in percentage of the nitial mass) versus time
under different tidal conditions. RHS panel: chemical concentration profiles
in the aquifer at different times (from the top to the bottom: the results
shortly after the simulation started, a bit later, much later, and near the end of
the simulation). Dashed lines are for results with tidal effects (4 = 2 m) and
solid lines for results without tidal effects.

the upper part of the beach. The freshwater discharged to the sea through a
“tube” between this upper saline plume and the intruding saltwater wedge.
Secondly, the freshwater discharge tube contracted and expanded as the tide
rose and fell (shown in the attached animation), suggesting considerable
mixing activities. Such mixing is also indicated by the salinity gradient
shown in the bottom panel of Figure 10. These simulated salinity profiles are
consistent with recent results from laboratory experiments [ Boutadel, 2000].

In analyzing the simulated flow and mass transport process, we are
particularly mterested in (a) how the mean (advective) transport of salinity 1s
affected by the oceanic oscillations, and (b) whether the oceanic oscillations
(water exchange) cause diffusive/dispersive transport of salinity. This
diffusive transport represents the local, small-scale mixing. For this purpose,
the following decomposition 1s taken,
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Figure 10: Salinity distribution in the near-shore area of the aquifer. Top
panel: without tidal effects; fresh groundwater discharging to the sea without
much mixing with underlying seawater. Middle panel: tidal effects leading to
the formation of the upper saline plume and the freshwater discharging tube,
and considerable mixing between the freshwater and seawater. Color plots
are available on the CD.

H(I,E,.‘f)-_— U (,J:,E)Jru'(x,,z,j) (29a)
ex,z,8)= Clx,z)+c'(x,2,t) (29b)

where u and ¢ are the raw data of instantaneous flow velocity and salimity; U
and C are averaged flow velocity and salinity over the tidal cycle (24 hrs);
and ' and ¢' are the tidally fluctuating flow velocity and salinity. The total
mass transport of salinity can then be determined,

M =uc=UC+u'c’ (30)

The first term represents the transport due to the mean flow (advection). The
second transport component is the diffusive/dispersive flux. In Figure 11, we
show calculated mean transport lux and diffusive flux. It is interesting to
note that the two fluxes exhibit quite different patterns, and the magnitude of
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Figure 11: The mean (a) and diffusive (b) mass transport fluxes,

the mean transport flux i1s one order of magnitude larger than the diffusive
flux. Based on the calculated diffusive/dispersive flux, one can estimate the
apparent diffusion/dispersion coefficient (the local mixing intensity
parameter),

rF_r
WO
VC

D= (31)

where V(' is the mean salinity gradient,

These results show that the tides affect the near-shore groundwater
flow and transport processes significantly, leading to increased exchange and
mixing between the aquifer and the ocean. Such effects can alter the
geochemical conditions (redox state) in the aquifer and modify the chemical
reactions. As shown numerically below, the exchange enhances the mixing
of oxygen-rich seawater and groundwater, and creates an active zone for
acrobic bacterial populations in the near-shore aquifer. This zone leads to a
considerable reduction 1 breakthrough concentrations of aerobic
biodegradable contaminants at the aquifer -ocean interface.

3.3 Tidal Effects on Chemical Reactions

MODFLOW and PHT3D were used to model contaminant transport
and biodegradation in coastal aquifers affected by tidal oscillations. Two
mobile chemicals were included in the simulation: oxygen as the electron
acceptor and toluene as a representative biodegradable contaminant. An
acrobic bacterium was included as an immobile phase. The biodegradation
process was oxygen-limited (1.c., sufficient substrate). The inland
contaminant source was specified at the cells near the water table (Figure
1),
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Figure 12: Schematic diagram of the model set-up and boundary conditions
implemented in the simulation.

The simulation was run first without tides until a steady state of
chemical concentrations was reached. Tides started after that. An animation
of the simulation results is contained in the accompanying CD. The image
plots of steady state concentrations for toluene, oxygen, and bacteria are
shown in Figure 13. Due to the lack of oxvgen, little degradation of toluene
occurred except in the smearing diffusive layers. Correspondingly, little
growth of bacteria can be observed. The chemical concentrations at a high
tide after five tidal cycles were shown in Figure 14. The tidal effect 1s clearly
evident: first it created an oxygen-rich zone near the shoreline, which led to
biodegradation of toluene. Secondly, it enhanced the mixing process. The
smearing layer was thickened. The results at the low tide show similar
patterns and changes in the chemical concentrations. In short, the simulation
demonstrates that tidal oscillations lead to the formation of an oxygen-rich
zone n the near-shore aquifer area. Aerobic bacterial activily sustained by
the high O, concentration in this active zone degrades the contaminants.
These effects, largely 1gnored in previous studies, may have significant
implications for the beach environment.

4. CONCLUSIONS

Coastal water pollution is a serious environmental problem around
the world. Most contaminants arc believed o be sourced from the land. To
develop sound strategies for coastal water pollution control, we must be able
to quantify the sources, pathways, and fluxes of contaminants to the coastal
zone. Traditionally, terrestrial [luxes of chemicals to coastal water have been
estimated on the basis of river flow alone. Recent studies suggest that
contaminants entering the coastal zonc with groundwater discharge can
significantly contribute to coastal marine/estuarine pollution.
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Figure 13: Image plots of the steady state concentrations for toluene (top
panel), oxygen (middle panel), and bacteria (bottom panel). Color plots are
available on the CD.

To determine the fluxes of chemicals to coastal water, it is important
to quantify both the chemical transport processes and reactions on the
pathway. There has been a large amount of research work conducted on how
the chemicals may be transformed during the transport along the surface
pathway, i.e., the role of a surface estuary. In contrast, little is known about
the chemical transformation 1n the near-shore area of a coastal aquifer prior
to chemicals” discharge to coastal water.

In this chapter, we first reviewed a large volume of work on tide-
induced groundwalter oscillations in coastal aquifers, focusing on analytical
solutions of the tidal water table fluctuations. In the second part, we
discussed the effects of tides and other oceanic oscillations on the chemical
transport and transformation in the aquifer near the shore, drawing an
analogy to the surface estuary—subsurface estuary. The discussion, based on
several on-going studics, illusirated the important role that a subsurtace
estuary may play m determining the subsurface chemical fluxes to coastal
waters. Although the tidal influence on the water table dynamics has been
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Figure 14: Image plots of the concentrations for toluene (top panel), oxygen
(middle panel) and bacteria (bottom panel) at the high tide after five tidal
cycles. Color plots are available on the CD.

subjected to numerous studies, the effects of tides on the fate of chemicals in
the aquifer have not been investigated adequately. Quantification of these
effects is clearly needed n order to

« provide better understanding of the pathway of land-derived
nutrients and contaminants enicring coastal waters; and

« provide useful information for integrating the management of upland
and lowland catchments, and for improving strategies for sustaimnable
coastal resources management and development.
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