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Submarine groundwater discharge

Abstract. We simulate large-scale dynamics of submarine groundwater discharge (SGD) in three dif-

ferent coastal aquifers on the Mediterranean Sea. We subject these aquifers to a wide range of different

groundwater management conditions, leading to widely different net groundwater drainage from land to

sea. The resulting SGD at steady-state is quantifiable and predictable by simple linearity in the net land-

determined groundwater drainage, defined as total fresh water drainage minus groundwater extraction in

the coastal aquifer system. This linearity appears to be general and independent of site-specific, variable

and complex details of hydrogeology, aquifer hydraulics, streamlines and salinity transition zones in

different coastal systems. Also independently of site-specifics, low SGD implies high seawater content

due to seawater intruding into the aquifer and mixing with fresh groundwater within a wide salinity

transition zone in the aquifer. Increasing SGD implies decreasing seawater content, decreased mixing

between seawater and fresh groundwater and narrowing of the salinity transition zone of brackish

groundwater in the aquifer.

Introduction

In coastal aquifers, intruding seawater through the free connection to the sea may

be mixed with and measurably diluted by fresh groundwater derived from land

drainage. Such a dynamic mixing zone constitutes also a zone of salinity transition,

from fresh groundwater to pure seawater and has been described as a subterranean

estuary that may be of great importance for coastal ecosystems by supplying

brackish groundwater, along with chemical tracers and nutrients to the coastal

waters (Buddemeier 1996; Moore 1996, 1999). The definition of submarine

groundwater discharge (SGD) from this salinity transition zone into the sea,

however, has been ambiguous and led to yet unresolved discussions in the literature

about the actual magnitude of SGD and its appropriate quantification (Moore 1996;

Moore and Church 1996; Younger 1996; Li et al. 1999; Uchiyama et al. 2000).

Moore (1996) argued that SGD must have been the main source of observed

enriched 226Ra concentrations in coastal waters of the South Atlantic Bight,

yielding an SGD estimate for the investigated coastline and time period of about

40% of the river water flow into the same coast. In absolute terms, this SGD

estimate was about 3�107 m3 day�1, distributed over a coastline length of about
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320 km. Younger (1996) argued from a hydrological and groundwater hydraulic

basis that there is neither sufficient groundwater recharge, nor the required com-

bination of hydraulic conductivity and hydraulic gradient in the considered coastal

aquifer to even come close to supporting such a high SGD estimate. Younger

(1996) also argued that density driven groundwater dynamics in the transition zone

between fresh and salt water cannot support a fresh water seepage zone that has

greater seaward extent than a couple of 100 m at the maximum. This extent should

then be compared to the landward seepage zone of 20 km, required for making the

estimated total SGD rate of 3�107 m3 day�1 consistent with measured submarine

groundwater fluxes at the coast of North and South Carolina, which are in the range

of 5–20 l m�2 day�1 (Simmons 1992). Moore and Church (1996) replied that there

is great uncertainty in both groundwater recharge and groundwater flux estimates,

and that total SGD does not only include fresh groundwater discharge, but also

seawater that intrudes into the aquifer and then flows back into the sea mixed with

the fresh groundwater.

Li et al. (1999) suggested that temporal variability in the seawater component of

SGD, due to sea-level fluctuations by tide and wave setup may explain the observed

excess 226Ra transport into the coastal waters of the South Atlantic Bight even for

low average SGD. Uchiyama et al. (2000), however, simulated in detail SGD under

realistic conditions of tidal fluctuations, finding both SGD and the associated

desorbed nutrient transport to be minor in comparison to the river flow and

transport in the investigated area.

In general, SGD investigations have thus so far opened and left open a series of

questions regarding the quantification of total SGD, its possible division into a

freshwater and a seawater component, the temporal variability of these two com-

ponents and the tracer transport that the SGD may carry with it to the coastal water.

The objective of the present paper is to shed light on and answer some of these open

questions about the SGD quantification, by using, comparing and combining SGD

results from different site-specific numerical simulations of fresh water outflow and

associated seawater intrusion and outflow back into the sea in coastal aquifers.

Materials and methods

General methodology

We have simulated the groundwater dynamics and resulting SGD in three different

coastal aquifers on the Mediterranean Sea, which also constitute well-investigated

case studies of the EU research project WASSER (Utilisation of Groundwater

Desalination and Wastewater Reuse in the Water Supply of Seasonally-Stressed

Regions; see Koussis 2001; Prieto 2001; Prieto et al. 2001; Koussis et al. 2002).

These aquifers are the Coastal aquifer in Israel, the Tsairi basin aquifer on the

island of Rhodes in Greece and the Akrotiri aquifer in Cyprus. Within the WASSER

project, a representative aquifer-sediment cross-section was conceptualized and

quantified for conditions considered typical for each coastal region and we in-
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vestigated the resulting groundwater dynamics in these cross-sections for different

groundwater management scenarios (in terms of pumping and artificial infiltration)

by use of the coupled water flow and transport simulation model SUTRA (Voss

1984).

Figure 1 illustrates schematically some main common features for all three site-

specific simulation cross-sections, along with the overall boundary and managed

groundwater flow rates that generally drive the resulting SGD, defined as the total

mixture of seawater and fresh groundwater flowing out from the aquifer, into the

coastal water, through the underlying sediments. These boundary and managed flow

rates are: FWI, the freshwater inflow rate through the landside boundary (specified

directly, or determined by a specified water pressure in the different simulations);

NR, the effective (infiltration from rainfall, minus evapotranspiration and surface

runoff) natural recharge rate through the soil surface boundary; SWI, the seawater

inflow at the seaside boundary (due to the specified seawater level there, in con-

junction with the hydraulic conditions within the simulated cross-section); QP, the

pumping, or extraction rate of groundwater; and QR, the potential artificial

groundwater recharge of treated waste water. When steady-state conditions are

established in the different simulations, all these different input and output flow

rates must be in dynamic equilibrium over the total simulated flow domain and the

water balance relation between them is:

FWI þ NR þ QR þ SWI ¼ QP þ SGD ð1Þ

with the left hand side summarizing all the input flows and the right hand side all

the output flows for the simulated aquifer-sediment cross-section.

In terms of salt concentration, the landside input flows FWI, NR and QR contain

only freshwater (TDS concentration� 500 ppm), and the seaside input flow SWI

only seawater (TDS concentration of 35,000 ppm). The land and seaside output

Figure 1. Schematic representation of main common features common to all modeled aquifer-sediment

cross-sections, including illustrative definitions of coastline integrated and averaged boundary and

managed system flow rates and representative pumping, P(XP,ZP), and artificial recharge, R(XR,ZR), well

positions.
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flows, QP and SGD, respectively, however, might at steady-state be any resulting

mixture of salt and fresh groundwater, depending on the simulated groundwater

management practices and boundary conditions. In addition to the water balance

expressed by Equation (1), we may express the balance of salt transport at steady-

state as:

ðSGDF þ SGDSWÞ � cSGD ¼ SGDF � cF þ SGDSW � cSW ð2Þ

where SGDF and SGDSW are the components of fresh groundwater and seawater in

the total SGD, respectively, such that SGD¼ SGDFþ SGDSW, and cSGD, cF and

cSW are the salt concentrations in total SGD, the fresh groundwater component and

the seawater component, respectively. By re-arranging (2), we then arrive at the

following expression of the fresh groundwater and sea water component fractions

of SGD, SGDF=SGD and SGDSW=SGD, respectively:

SGDF

SGD
¼ 1

1 þ ðcF � cSGDÞ=ðcSGD � cSWÞ ;
SGDSW

SGD
¼ 1 � SGDF

SGD
ð3Þ

which can thus be evaluated from known fresh water, cF, and seawater, cSW, con-

centrations and the resulting SGD salt concentration, cSGD, in different case study

and groundwater management simulation scenarios.

The physical interpretation of the different flow rates in Equation (1), within the

considered two-dimensional simulation domain (Figure 1), is that they all represent

large-scale coastal system variables, which are appropriately integrated over coast-

line length, seepage zone extent and time, in order to represent annual and coastline

averaged quantities. They vary between different case study and management sce-

nario combinations, but are, at steady-state, constant for each such combination (i.e.,

they will be representative constants for each coastal groundwater management

scenario at steady-state). In the following subsection, we describe how such large-

scale input values can be independently estimated for a site-specific case study.

Site-specific simulations

Figure 2 illustrates the three different site-specific aquifer-sediment cross-sections,

along with some key input data, initial and boundary conditions for each in-

vestigated site. Table 1 lists all the physical and numerical parameter values used in

the SUTRA simulations, which along with the input specifications shown in Figure

2 remain the same for all considered water management scenarios for each site.

For the site-specific NR and FWI inputs, we have used the catchment-re-

presentative hydrologic and groundwater management quantifications made and

used within the WASSER project, with detailed quantification descriptions being

reported by Koussis (2001), Prieto (2001), Prieto et al. (2001), Koussis et al. (2002).

In summary, NR was in the Israel case (Figure 2(a), Table 1) estimated based on

local data records of rainfall and evapotranspiration (Tahal 1999), with the

boundary inflow rate FWI being, in this case, a simulation output variable, de-

pending on the specified boundary water pressure (based on site-specific hydro-
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geological data records) and resulting hydraulic conditions within the simulation

domain. In the Rhodes case (Figure 2(b), Table 1), NR was estimated from applying

and calibrating the hydrologic model SWAT (Soil and Water Assessment Tool,

Neitsch et al. 1999) on available hydrologic data for the Tsairi basin; the boundary

Figure 2. Site-specific simulated aquifer-sediment cross-section for: (a) the Israel case study, (b) the

Rhodes case study, and (c) the Cyprus case study; the pumping and artificial recharge well positions,

P(XP, ZP) and R(XR, ZR), respectively, are given in meters, quantifying horizontal distance from shoreline

for the X coordinate and vertical distance from sea level for the Z coordinate; the QP, QR and NR

definitions are as in Figure 1.
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inflow rate FWI was in this case specified to be zero, based on the assumption that

future upstream groundwater management practices would not allow for any sub-

stantial groundwater inflow into the simulated coastal groundwater system. In the

Cyprus case (Figure 2(c), Table 1), both NR and the specified boundary inflow value

FWI were obtained from the hydrological PRMS model (Precipitation–Runoff

Modeling System; Leavesley et al. 1983; Leavesley and Stannard 1995), operated

Table 1. Physical and numerical parameter values used in the SUTRA simulations for the three case

studies.

Parameter Israel Rhodes Cyprus

Length of simulated cross-section (m) 4000a 3750a 3500a

Representative width of simulated cross-section (m) 16000 2500 4000

Formation (unsaturated and saturated zone) depthb (m) 125 175 55

Mean unsaturated zone depthc (m) &3 &20 &25

Number of elements 2200 3710 1640

Number of nodes 2375 3886 1793

Spatial discretisation

Horizontal, Dx (m) 25 25 25

Vertical 1: Dy1 (m) 2.5d 2.5e 2.5f

Vertical 2: Dy2 (m) 10g 10h 5i

Mean effective natural groundwater recharge

NR (m3 year�1 m�1)

707 282 249

Mean saturated hydraulic conductivity (m/s) 1.75 � 10�4 4.86 � 10�5j

3.24 � 10�4

Effective porosity 0.36 0.36 0.2

Longitudinal dispersivity (m) 12.5 12.5 12.5

Transverse dispersivity (m) 1.25 1.25 1.25

Fluid compressibility 0 0 0

Fluid viscosity (kg m�1 s�1) 10�3 10�3 10�3

Aquifer matrix compressibility 0 0 0

Parameter a in Van Genuchten equation (m s2 kg�1) 5 � 10�5 5 � 10�5 5 � 10�5

Parameter n in Van Genuchten equation 2 2 2

Residual degree of saturation 0.3 0.3 0.3

Molecular diffusivity of solute in fluid (m2 s�1) 10�9 10�9 10�9

Base solute concentration (ppm TDS) 100 500 100

Freshwater density (kg m�3) 998.275 998.575 998.275

Seawater density (kg m�3) 1024.45 1024.45 1024.45

Density change with concentration coefficient

(kg2 kgTDS�1 m�3)

750 750 750

aOf which 500 m is on the seaside; over this length, the sea depth goes from 0 to 20 m in Israel, from 0 to

12 m in Rhodes, and from 0 to 8.5 m in Cyprus.
bOn the landside.
cVaries in time and space.
dFor elements above sea level.
eFor elements within the uppermost soil layer of 25 m.
fFor elements within the uppermost soil layer of 5 m.
gFor elements below sea level.
hFor elements below the uppermost soil layer of 25 m.
iFor elements below the uppermost soil layer of 5 m.
jThe uppermost soil layer of 25 m in the Rhodes case has differing hydraulic conductivity of

3.24 � 10�4 m s�1
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within the USGS’MMS (Modular Modeling System; Leavesley et al. 1996a,b;

Leavesley et al. 2002) and calibrated for the considered catchment.

Using the thus specified NR (and in the Rhodes and Cyprus cases also FWI), we

simulated different groundwater management scenarios for each site, in terms of

different combinations of the managed pumping and artificial recharge rates, QP

and QR, as summarized in Table 2. The site-specific locations of simulated pumping

and recharge wells (R(XR,ZR) and P(XP,ZP) in Figures 1 and 2) remained the same

for all simulated management scenarios listed in Table 2 and were determined

within the WASSER project from known, site-specific well location and pumping

rate distributions, and from groundwater dynamics investigations of associated

efficient recharge well locations (Koussis 2001; Prieto 2001; Koussis et al. 2002).

In all three case studies, groundwater pumping and possible artificial recharge

over the considered aquifer simulation domains do presently take place in wells that

are quite evenly distributed along the coastline and around the simulated re-

presentative well locations. For such relatively uniform well rate and location

distributions, the use of a representative two-dimensional groundwater simulation

domain appears justified for the main interest of this paper, which is to quantify

coastline and temporally integrated and averaged SGD values, representative of an

entire coastal system. It appears generally unlikely that total groundwater pumping

and artificial recharge, in amounts that are significant by relative to the total natural

groundwater recharge and boundary inflow in a coastal aquifer, would take place in

only one, or a few individual wells. Should this anyhow be the case, or if one’s

interest is to quantify local SGD fluxes, a detailed three-dimensional groundwater

simulation model would be required for quantifying singular well influence zones

and corresponding details of SGD variability along the coastline.

Results

The combined analysis of simulation results from all considered management

scenarios in all three case studies showed an overall SGD pattern emerging in terms

of the independent master variable:

QN � FWI þ NR þ QR � QP ¼ SGD � SWI ð4Þ

which will in the following be referred to as the net land-determined groundwater

drainage. The QN value is independent because all of its component flow rates can

be estimated independently, by off-line catchment-scale hydrologic modeling and

known groundwater management practices, as discussed above. The second

equality in Equation (4) follows from a corresponding re-arrangement of the water

balance Equation (1) and shows that the land-determined groundwater drainage QN

must, at steady-state, equal the net seawater outflow rate, SGD � SWI.

Figure 3 shows the SGD simulation results for all considered groundwater

management scenarios in all three sites (Table 2) as function of QN, at the resulting

steady-state after subjecting a variety of steady-state (filled symbols in Figure 3) or

arbitrary (open symbols in Figure 3) initial conditions to a step change in QN.
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Figure 3(a) shows the results for site-realistic management practices (i.e., no more

artificial recharge than locally available pumped groundwater, QR�QP in Table 2),

which for all investigated case studies yield relatively small QN values

(�400 m3 year�1 m�1<QN< 800 m3 year�1 m�1, Table 2) and the best linear fit

(solid line in Figure 3(a)):

SGD ¼ 1:3 � QN þ 390 m3 year�1 m�1;R2 ¼ 0:98;

� 400 m3 year�1 m�1 < QN < 800 m3 year�1 m�1 ð5aÞ

Figure 3(b) shows all simulation results, including extended simulations for site-

unrealistic water management practices (QR>QP in Table 2) that yield large QN

values (QN > 800 m3 year�1 m�1, Table 2), and the best linear fitting to all results

(solid line in Figure 3(b)):

SGD ¼ 1:1 � QN þ 470 m3 year�1 m�1;R2 ¼ 0:998;

� 400 m3 year�1 m�1 < QN < 10; 000 m3 year�1 m�1 ð5bÞ

For comparison, fitting over the entire QN range to each individual site case

yields site-specific regression lines (not shown in Figure 3) that are very similar to

Equation (5b): SGD¼ 1.1�QNþ 516 m3year�1 m�1 with R2¼ 0.999 for Israel;

SGD¼ 1.1�QNþ 446 m3year�1m�1 with R2¼ 0.999 for Rhodes; and SGD¼
1.1�QNþ 480 m3 year�1m�1 with R2¼ 0.998 for Cyprus.

The results summarized in Figure 3 and linear regression Equations (5) thus

indicate that SGD is essentially linear in the net land-determined drainage, QN, with

two characteristic slopes that are quite independent of site-specific details of hy-

drogeology and management scenario, or of the specific reason for the QN change

from any initial to some new conditions. The two characteristic slopes depend only

on QN value, with the slightly higher slope around the origin indicating some non-

linearity in SGD for small QN. Both characteristic lines shown in Figure 3 (as well

as all site-specific regression lines) imply that even if QN is decreased to zero by

extracting a groundwater amount that corresponds to the total available fresh

groundwater flow, the resulting SGD will still be greater than zero, and about

400 m3 year�1 m�1 coastline width (from Figure 3(a), which is more accurate for

small QN values). Furthermore, Figure 4 shows that the resulting freshwater frac-

tion, SGDF=SGD, of this total SGD may be up to 30%. The resulting overall

behavior of SGDF=SGD according to Equation (3) appears, in analogy with the

total SGD results, to also be quite independent of field case, exact scenario details

and initial conditions (Figure 4).

If QN¼ 0 while SWI= 0, it follows from Equation (4) that the SGD rate must

then also be non-zero, that is, SGD¼ SWI= 0. Figure 5 illustrates the resulting

steady-state streamlines (Figure 5(a)) and salt concentration isolines (Figure 5(b))

for the example QN¼ 0 simulation scenario of the Cyprus case study (Table 2). The

streamlines in Figure 5(a) show that SWI= 0 and supplies a seawater fraction to

the total pumped groundwater, QP, while some fresh water streamlines evade

pumping, due to the natural and artificial recharge downstream of the pumping
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location, and flow into the sea instead. This evading freshwater yields the almost

30% freshwater fraction shown in Figure 4 for SGD& 400 m3 year�1 m�1, which

corresponds to QN¼ 0 (Figure 3(a)).

For large QN values, we see by comparison of the second equality in Equation (4)

(yielding SWI¼ SGD - QN) to the linear Equation (5(b)) that SWI& 0.1�QNþ
500 m3 year�1 m�1. Figure 6(a) shows the resulting steady-state streamlines for the

example QN¼ 5000 m3 year�1 m�1 simulation scenario of the Cyprus case study

(Table 2), implying SWI& 0.1�QNþ 500 m3� year�1 m�1¼ 1000 m3 year�1 m�1,

Figure 3. Resulting relation between SGD and prevailing QN at steady-state in all three case studies, with

symbols: squares for Israel, triangles for Rhodes, and diamonds for Cyprus, and with filled symbols

indicating simulations starting from steady-state initial conditions and open symbols indicating simula-

tions starting from arbitrary initial conditions in all three cases; the QP, QR, NR and FWI definitions are as in

Figure 1. Part (a) shows results for site-realistic management practices (QR�QP, and resulting

�400 m3 year�1 m�1<QN< 800 m3 year�1 m�1, Table 2), with linear fit (solid line) SGD¼ 1.3 �QNþ
390 m3 year�1 m�1, R2¼ 0.98; and part (b) shows all the results, including those for site-unrealistic water

management practices (QR>QP, QN> 800 m3 year�1 m�1, Table 2), with linear fit SGD¼ 1.1 �QNþ
470 m3 year�1 m�1, R2¼ 0.998.
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total SGD& 6000 m3 year�1 m�1 (Eq. 5(b)), and resulting freshwater fraction SGDF/

SGD& 5000/6000¼ 0.83; this freshwater fraction value is consistent with the general

salt balance results from Equation (3) shown in Figure 4. The streamlines in Figure 6(a)

then show that the seawater component of 1000 m3 year�1 m�1 discharges into the sea

in a seepage zone that extends much further seaward than the seepage zone for the SGD

freshwater component of remaining 5000 m3 year�1 m�1. Both the streamlines and the

associated salt concentration isolines in Figure 6(b) also show that this seawater has

essentially not been mixed with any freshwater, or flown through any aquifer sediments

on the landside and can therefore not be used for explaining reported observations of

excess coastal transport of tracer that has been desorbed from the aquifer by brackish-

salt groundwater (Moore 1996).

For direct flow rate comparison, the total SGD rate of 3�107 m3 day�1, required for

explaining the observed 226Ra excess in coastal water (Moore 1996), corresponds to a

coastline-averaged (over the 320 km coastline) SGD rate of 34,220 m3 year�1 m�1.

This SGD rate is almost 6 times greater than the SGD rate yielding the streamline and

concentration isoline situation that is illustrated in Figure 6. Such a high SGD rate

would according to the results shown in Figure 4 consist almost entirely of fresh

groundwater (QN& 30,000 m3 year�1�m�1 according to Eq. 5(b)) with some addi-

tional (about 4000 m3 year�1 m�1) seawater being measurable as SGD further sea-

ward, however without having intruded into the aquifer (in analogy with Figure 6).

Relaxing the simplifying assumption of essentially homogeneous aquifers, which

has been made in the present simulations, is not expected to considerably change the

above results. Stochastic simulations have been made of the same three aquifer sites

and simulation domains (Figure 2), under different water management conditions than

those listed in Table 2 and considering both random spatial aquifer heterogeneity

and random temporal hydrologic variability (Koussis 2001; Prieto 2001; Prieto C.,

Figure 4. Resulting relation between the freshwater fraction SGDF=SGD and total SGD in all three

case studies, with symbols: squares for Israel, triangles for Rhodes, and diamonds for Cyprus. For

illustrative purposes we also compare these results with the logarithmic curve SGDF=SGD¼
0.185 ln(SGD)�0.78 (solid line, R2¼ 0.92).
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Destouni G., and Kotronarou A., Effects of coupled spatial–temporal randomness on

seawater intrusion in three coastal aquifer cases, in review for publication 2003). These

stochastic simulations yielded coefficients of variation in the point values of salt

concentrations (i.e., concentrations in pumped groundwater) that were generally

smaller than 100% (i.e., less than a factor two standard deviation from the mean salt

concentration) for all three site cases and heterogeneity assumptions. The uncertainty

in large-scale flow and transport quantities, such as the coastline-integrated and

averaged SGD considered here, should generally be much smaller than for the point

values of salt concentration, that is, much smaller than the factor 2 found for the latter.

For solute transport in randomly heterogeneous soils and aquifers, it has been shown

that uncertainty in large-scale discharge values, as quantified by the coefficient of

variation from stochastic simulations, becomes negligible for spatial integration over

Figure 5. Steady-state results for the simulation scenario QN¼ 0 in the Cyprus case study (QN is

defined as in Figure 3; see also scenario definition in Table 2, the resulting SGD value for the Cyprus

case symbol at QN¼ 0 in Figure 3 and the corresponding freshwater fraction SGDF=SGD in Figure 4), in

terms of resulting steady-state: (a) streamlines, and (b) salt concentration isolines.
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twenty, or more correlation lengths of hydraulic conductivity (e.g., Cvetkovic et al.

1992; Destouni 1992); noting that the hydraulic conductivity correlation length is

typically in the range 1–10 m, we see that estimates of large-scale SGD value, in-

tegrated and averaged over a several kilometers long coastline, should not imply any

great uncertainty due to aquifer heterogeneity.

Conclusions

We show that, once a steady-state SGD prevails, or is approached after some water

management or hydrologic change, this SGD value can be modeled and predicted

Figure 6. Steady-state results for the simulation scenario QN ¼ 5000 m3 year�1 m�1 in the Cyprus case

study (QN is defined as in Figure 3; see also scenario definition in Table 2, the resulting SGD value for

the Cyprus case symbol at QN¼ 5000 m3 year�1 m�1 in Figure 3 and the corresponding freshwater

fraction SGDF/SGD in Figure 4), in terms of resulting steady-state: (a) streamlines, and (b) salt con-

centration isolines.
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by simple linearity in the net land-determined groundwater drainage QN, defined as

the total fresh water drainage minus groundwater extraction. This linear relation

appears to be independent of site-specific aquifer hydraulic characteristics, water

management practices, or reason for a possible QN change from one steady-state to

another.

Furthermore, the results imply that even if QN is decreased to zero, by extracting

a groundwater amount equal to the total available fresh groundwater flow, the

resulting SGD will still be greater than zero (about 400 m3 year�1 m�1 coastline

width), containing mostly seawater, but also a significant non-zero fresh water

fraction (about 30%). If QN and thereby SGD are instead large, the fresh water

fraction will also be large and quite insensitive to QN changes, but total SGD will

still include some seawater (around 10% for our simulation limits), which would be

measurable over a much greater seaward extent than the seepage zone for the fresh

SGD component.

Independently of site-specific details, low average SGD and thereby low average

QN will generally imply high average seawater content, because the fresh

groundwater discharge will be too small to prevent the heavier seawater from

intruding into the aquifer and mixing with the fresh water within a wide salinity

transition zone of brackish groundwater. Increasing SGD implies decreasing sea-

water content, increasing efficiency in preventing seawater intrusion and mixing

with fresh water, and narrowing of the salinity transition zone between seawater

and fresh groundwater.

Thereby, very large average SGD values are inconsistent with the high seawater

content and the wide salinity transition zone that are also required for explaining

reported observations of excess desorbed tracer transport from coastal aquifers into

the coastal water (Moore 1996). Tidal oscillation and other possible causes for

temporal SGD variability around its annual average value may provide at least a

partial explanation for such observations, by temporarily allowing for large SGD

with large seawater component to occur, due to the return flow of seawater that

intruded into the aquifer during previous periods of low SGD. This possible ex-

planation needs further investigation and the modeling approach presented here

provides a good basis for extending the present steady-state analysis into temporal

variability effects.

In addition, there is also a need to further investigate the possibility that excess

tracer transport from aquifers into coastal waters may be the result of ongoing

seawater intrusion due to small (rather than to extremely large) direct SGD. Spe-

cifically, low SGD implies formation of a wide salinity transition zone in the

aquifer, from which desorbed tracer may be transported into the sea by indirect

groundwater flow, through groundwater inflow into stream stretches within this

transition zone and then into the coastal water. Such an explanation would be

consistent with resent observations and model interpretation of stream chemistry,

showing that solute transport by groundwater flow into streams and rivers may be

far more important for feeding surface water flow and solute transport, even during

high flow periods, than traditionally believed and modeled (Kirchner et al. 2000,

2001).
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