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Abstract

Submarine groundwater discharge (SGD) is described as submarine inflow of fresh and brackish groundwater from land
into the sea. The release of sewages from point and non-point source pollutants from industries, agricultural and domestic
activities gets discharged through groundwater to ocean creating natural disparity like decreasing flora fauna and phyto-
plankton blooms. Hence, to quantify fluxes of SGD in coastal regions is important. Quantification of SGD was attempted
in Coleroon estuary, India, using three dissimilar methods like water budget, Darcy law and manual seepage meter. Three
seepage meters were installed at two prominent litho units (alluvium and fluvio marine) at a distance of (0-14.7 km) away
from Bay of Bengal. The water budget and Darcy law-quantified submarine seepage at a rate of 6.9 x 10° and 3.2 x 10° to
308.3 x 10° m? year™!, respectively, and the seepage meter quantified seepage rate of 0.7024 m h™! at an average. Larger
seepage variations were isolated from three different techniques and the seepage rates were found to be influenced by hydro-

geological characteristics of the litho units and distance from the coast.

Keywords Submarine groundwater discharge (SGD) - Water budget - Darcy’s law - Manual seepage meter - Coleroon

estuary

Introduction

Submarine groundwater discharge (SGD) is one of the major
water conduits that connect the land and ocean in global
water cycle. SGD originating in freshwater aquifers to ocean
or from saline water to aquifers has been recently isolated as
a major factor influencing the coastal zone (Taniguchi et al.
2002). The groundwater discharging from coastal aquifers
and/or the incoming saline water contains elevated concen-
trations of nutrients, inorganic and organic substances and
radionuclides triggering the coastal areas towards environ-
mental degradation.

In the last few decades, nutrients transporting from land
to ocean have increased as a result of anthropogenic activi-
ties (Diaz and Rosenberg 1995; Soetaert and Middelburg
2006; Elsdon et al. 2009; Ouyang 2012; Wang et al. 2014;
Gaume et al. 2016). In coastal environments globally, this
has triggered eutrophication and hypoxia (Rabalais and
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Turner 1996; Seitzinger et al. 2010). Additionally, unequal
changes within riverine nutrient concentrations on account
of human activities include altered food-web constructions
and cause dangerous algal blooms. (Soetaert and Middelburg
2006). The boundary between the fresh water discharge and
saline ocean water produces the boundary of salinity gradi-
ent from land to sea. Hence, SGD integrates the recirculating
sea water and fluxes of nutrients from sea to costal aquifers
(Swarzenski and Baskaran 2007). In particular, SGD has
been recognized as an important source of nutrients (Garcia
Solsona et al. 2010), dissolved inorganic carbon (Cai et al.
2003) or trace metals (Beck 2007) to coastal waters, since
they are considered to be the principal drivers of ecologi-
cal change in coastal communities (Howarth et al. 2000).
Through SGD the continuous loading of nutrients and trace
metals alters the water quality resulting in environmental
degradation of coastal regions (LaRoche et al. 1997; Black
et al. 2009; Lee et al. 2011; Rodellas et al. 2015; Trezzi et al.
2016). Hence, quantification of SGD is important and also
a challenging task due to slow, diffuse and heterogeneous
nature of the discharge that occurs below the water surface.

There are four different methods to quantify SGD (Bur-
nett et al. 2006; Wang et al. 2014): (1) groundwater flow
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models, (2) seepage meters, (3) natural tracers including
nutrients, trace elements, radioisotopes, salinity and major
ion chemistry and (4) water budget and Darcy law method.
Groundwater modeling is applied in quantifying SGD by
observation, measurements and mathematical methods
(Cox et al. 1997). Numerical models have emerged as via-
ble tools for understanding and quantifying SGD (Uchiyama
et al. 2000; Langevin 2001; Kaleris et al. 2002; Destouni
and Prieto 2003; Oberdorfer 2003a, b; Smith and Nield
2003; Smith and Zawadzki 2003; Haider et al. 2015; Gopi-
nath et al. 2016a). Quantification of SGD in Western Aus-
tralia by MODFLOW has been attempted by McDonald
and Harbaugh (1988) and Harbaugh et al. (2000). SGD by
FEFLOW code in Berling, Germany, by Diersch (1996) and
Destouni and Prieto (2003) used the finite-element SUTRA
code in NE gulf cost, Mexico, Voss (1984) developed a
finite-difference code to simulate SGD in coastal aquifers
of Mediterranean Sea, Uchiyama et al. (2000) developed
a finite-difference code to simulate SGD and associated
nutrient transport at Hasaki Beach, Japan. Langevin (2001)
used the finite-difference SEAWAT code in Biscayne Bay,
Florida, to simulate SGD, Kaleris et al. (2002) developed
a constant density flow model using MODFLOW to simu-
late SGD in Baltic sea. Major nutrients are the most studied
constituents of SGD due to their significant role in driving
ecological changes in coastal communities (Howarth et al.
2000). Several SGD studies have been conducted to identify
potential sources and interactions of nutrients in the Ocean
(Corbett et al. 1999, 2000a; Dillon et al. 1999; Top et al.
2001). Agricultural development in near-shore areas, lead-
ing to increased inputs of nitrogen (N) and phosphorus (P)
from fertilizer and wastewater has been attempted in differ-
ent parts of the globe (Burnett 1999; Corbett et al. 1999;
Moore 1996, 1999; Valiela et al. 1990) and role of micro
nutrients like DIN, DIP and DSi in quantifying SGD (Slomp
and Van Cappellen 2004; Knee and Paytan 2011; Garcia
Solsona et al. 2010; Rodellas et al. 2012) has been discussed.
A few studies have documented trace metal fluxes into the
ocean associated with SGD (e.g., Beck 2007; Windom et al.
2006). Quantification of SGD using Rn isotopes has been
attempted in many parts of the globe (Burnett et al. 2001;
Cable et al. 1996; Corbett et al. 2000a, b; McCoy et al. 2007,
Charette et al. 2005; Krest et al. 1999; Moore 1996). The use
of °H, “He isotopes have also been utilized in recent SGD
studies (Castro, 2004; McCoy et al. 2007; Top et al. 2001).
GIS-based quantification of SGD was done using major
ion chemistry, salinity, EC, SAR and mixing ratios (Somay
and Gemici 2009; Srinivasamoorthy et al. 2011; Gopinath
et al. 2016b; Prakash et al.2017). Basin-scale estimations of
fresh SGD using water balance and Darcy law method have
been performed in many places (Allen 1976; Muir 1968;
Pluhowski and Kantrowitz 1964; Sekulic and Vertacnik
1996; Kroeger et al. 2007). Studies using various types of
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seepage meters to measure SGD flux have been attempted
globally (Lee 1977; Taniguchi and Fukuo 1993; Cable et al.
1997; Taniguchi and Iwakawa 2001; Taniguchi et al. 2006).
From the several methods attempted, seepage meter is one
of the best methods to measure the groundwater discharge or
inflow in locations where sediment interface and fluid fluxes
are large (Winter 1981; Shaw and Prepas 1989). Hence, the
present focus of the study is to quantify and characterize
the rate, pattern and variability of submarine groundwater
discharge using water budget, Darcy law and seepage meters.

Hydrology and hydrogeology

The river Coleroon is one of the tributaries of river Cauvery
that originates at Mukkombu, 17 km away from Trichy and
configures Bay of Bengal in Kodiyampalayam near Chid-
ambaram, Tamil Nadu, after flowing a stretch of 160 km.
The Coleroon estuary is a semi-arid estuary located on the
east coast of India lying between longitude 79°42'14.56"
and 79°49'39.13"E and latitude of 11°19'37.79" and
11°22'13.74"N with an aerial extent of 18.78 km? (Fig. 1)
with an average depth of 1 m and a tidal range of 1.0 m (Tide
forecast of India May 2015). The temperatures as moderated
by the sea with a mean winter temperature of 26.62 °C while
summer temperature averages 31.08 °C with an approximate
evapotranspiration rate of 617 mm year™' (IMD 2014). The
regional climate is dominated by monsoons, with average
monthly precipitation of 124 mm month™! during wet season
(September—December), and 229.5 and 72.2 mm month™!
during dry season (January—August) (PWD 2014). The river
Coleroon has a maximum elevation of 5 m and slopes down
towards the coast. The estuary is covered by two predominant
geological formations such as alluvium and fluvio marine
sediments (Fig. 1) and geomorphological features like coastal
plain, flood plain and alluvial plain are distributed in the
study area. Many well-connected irrigational tanks are pre-
sent around the river flow. The average freshwater discharge
in the river is 263 mm year™! (Jain 2012) and it carries an
annual sediment load of 24 t km™ year™! (Vaithiyanathan
et al. 1992). The sediment transport is mainly by rivers and
sand moved by coastal currents. Coleroon estuary combines
two different aquifers like unconsolidated alluvium aquifer
and quaternary shallow (fluvio marine sediments) aquifer.
Both the aquifers act as major water-bearing aquifers in
the study area. The aquifers of this group occur at 2-3 m
bgl (below ground level) within the depth of 45 m bgl and
comprise sand, silt and clayey sand. Most of the dug wells
are found at a depth of 8—12 m bgl, shallow tube wells are
present at a depth of 20-50 m. The groundwater discharge
from alluvium aquifer is 5-10 L per second with a drawdown
of 0.5-2 m and transmissivity (7) range between 438 and
1900 m? day~! with storage (S) of 7.72 x 107°-9.5 x 1073,
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Fig. 1 Seepage location and geology map of the Coleroon estuary

The discharge rate in quaternary shallow aquifer is < 1-63 L
per second with a drawdown of 2—5 m and transmissivity
(T) ranges between 11 and 1100 m? day~! with storage
(S) of 4.8 x 107! to 4.4 x 107'° with a specific capacity
of 13.43-870 Ipm m~! (CGWB 2009). Due to the perme-
able nature of the aquifers, SGD might be a major source for
freshwater and allied nutrients to the coastal regions.

The Coleroon River, a major tributary of river Cauvery,
is the key supply for both commercial and recreational users
for many decades. Land use within the study area is largely
of residential, commercial, industrial and agricultural activi-
ties. Hence, the river has experienced chronic hypoxia due to
release of effluents from point and non-point source pollut-
ants like nutrients, pesticides, heavy metals and major ions
(Ramanathan et al. 1988; Seralathan and Setharamaswamy
1982a, b). Hence, it has been proposed to isolate the spatial
and temporal distribution of SGD at selected locations using
seepage meters and validated using Darcy’s law and water
budget calculations in transporting freshwater to Bay of Ben-
gal. Much attention has been given to the surficial aquifer,

since water flow to the aquifer immediately by precipitation,
recharge and surface flows including SGD. The proposed
study is first of its kind in the study area.

Materials and methods

A total of three seepage meters (Fig. 2) were constructed
from the ends of 20 L drums similar to those described in
Lee (1977) (Fig. 3). Each has a 1-cm vent hole, left open
during placement so that pressure quickly equilibrated with
the bay. First seepage meter (S1) was fixed in the alluvium
formation 14.7 km distance from the Coast. Second seepage
meter (S2) was fixed at fluvio marine sediments 13.5 km
from the Coast and the third seepage meter (S3) was also
fixed in fluvio marine sediments at a distance of 5.7 km from
the river mouth. These meters were pushed into the sedi-
ments > 15 cm to assure a complete seal around the base of
the meter. Each bag was pre-filled with 100 mL of distilled
water to prevent under filling (Shaw and Prepas 1989) and

Pigllase ¢l ay .
e e O) Springer



13 Page4of11

Applied Water Science (2018) 8:13

Fig.2 Mannual seepage meter
established for the present study
(modified after Lee 1977)
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Fig.3 Lee type seepage meter (Lee 1977)

allowed for flow measurement in the sediments. Discharged
water was collected in a thin-walled plastic bag attached
with a quick-connect fitting. After deployment, the bags
were weighed to determine the amount of groundwater seep-
age along with measurement of salinity, EC, pH and TDS by
Hanna potable water quality analyzer. The sampling cam-
paign was conducted during May 2015, arrayed perpendicu-
lar to the coast (Fig. 1). Seepage waters were sampled every
hour from morning 6 am to evening 6 pm by considering
the Tidal cycle and subjected to physio-chemical analysis.

Methods to estimate submarine
groundwater discharge

Measuring submarine groundwater discharge and related
chemical fluxes to the oceans poses unique challenges due
to the involvement of subsequent equipment to measure
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the discharge. The dynamic nature of the groundwa-
ter—sea water interactions in the coastal zone hampers the
accurate quantification of the SGD. Relatively short time
series and the scarcity of hydrogeological data constitute
another serious impediment to the accurate estimation of
SGD. The most common methods to quantify the SGD
are using the seepage meters and water budget techniques.
Since, varied methods sometimes agree well or in other
cases lead to large discrepancies (Knee and Paytan 2011).
These discrepancies will shed more light on understand-
ing the sophisticated system. Hence, attempt has validated
using techniques like water budget, Darcy law and seepage
meters.

A water budget calculates the amount of water entering
in and out of a system. It calculates groundwater flow as
equal to precipitation by removing the surface runoff and
evapotranspiration from the system. It assumes freshwater
input to the groundwater system by precipitation discharges
as SGD (Oberdorfer 2003a, b). This is one of the indirect
methods to estimate the annual fresh groundwater discharge
for a river basin (Burnett et al. 2006; Kroeger et al. 2007).
Water balance method has been attempted successfully by
Garrels and MacKenzie (1971), Lvovich (1974) and Zektser
et al. (1973). For the present study watershed water budget
methodology suggested by Kroeger et al. (2007) has been
attempted. The water budget equation for the estimation of
fresh SGD (Burnett et al. 2006) is as follows:

P =E; + Dg + Dg +dS, (1)
where P is precipitation/rainfall, E; is evapotranspiration, Dg
is surface discharge, D is fresh groundwater discharge, and
dS is the change in water storage assumed to be insignificant
(Burnett et al. 2006). The modified equation as proposed
by Kroeger et al. (2007) for calculating SGD is as follows:

Dg = P—E1—Dgq, )
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(all the units expressed in millimeter per year) where SGD
(DQG) is calculated from precipitation (P) after incorporat-
ing corrections for evapotranspiration (E) and stream flow
(Dg). Since water table elevation in the surficial aquifer is
close to land surface (CGWB 2009), the groundwater water-
shed assumption has been adopted for the proposed drainage
basin as suggested by Kroeger et al. (2007).

Darcy’s law explains the flow of water (Q, LT
through an aquifer is directly proportional to both the cross-
sectional area (A, L™") and hydraulic gradient (dA/d! dimen-
sion less) and equals the hydraulic conductivity (K, LT™").
Hence, Darcy law for flow is O = —KA dh/dl. The ability and
driving force of water through aquifer is guided by hydrau-
lic conductivity and hydraulic head. The assumption of the
Darcy’s law is that the water migrating in the aquifers will
reach the ocean as SGD. The horizontal discharge of ground-
water (V) has been attempted using Darcy’s law (Freeze and
Cherry 1979; Kroeger et al. 2007). The calculations were
made by multiplying the hydraulic gradients and porosity
between sea level and groundwater level and dividing by
the hydraulic conductivity using the following equations:

V = K/Porosity X i ?3)

O=K X A Xi, 4
where Vis flow velocity of fresh groundwater in the aquifer
(m day™), K is aquifer hydraulic conductivity (m day_l), i
is the hydraulic gradient in the aquifer (m m™"), Q is amount
of fresh groundwater discharge (m® day™'), and A is aquifer
cross-sectional area. The hydraulic conductivity assumed
for the alluvium and fluvio marine aquifers were 10~! and
1073 cm s7!, respectively, the hydraulic gradient assumed
were based on the topographic and water level variations.
Measurements of groundwater seepage rates are often
made using manual seepage meters. Seepage meters were
first developed by Israelsen and Reeve (1944) to measure
the water loss from irrigation canals. Lee (1977) designed a
seepage meter consisting of steel drum fitted with a sample
port and a plastic collection bag. The drum forms a chamber
that is inserted open end down into the sediment. Water seep-
ing through the sediment will displace water trapped in the
chamber forcing it up through the port into the plastic bag.
The change in volume of water in the bag over a measured
time interval provides the flux measurement. Based on the
lee type seepage meter we assembled a manual seepage meter
(Fig. 2), which is 1 feet high with 1 feet diameter and 0.5 feet
radius, one end of the 20-L steel drum each has a 1-cm vent
hole, left open during placement so that pressure quickly
equilibrated with the bay, the small hole was connected to
hose and the other side of the hose is connected to 1-L plastic
bag. The drum forms a compartment that is inserted open end
down into the sediment. Water seeping through the sediment

will displace water trapped in the compartment forcing it up
through the port into the plastic bag.

Results and discussion

The area of the proposed study has been calculated and data
for parameters like precipitation, evapotranspiration and
stream flow were collected from (IMD 2014; PWD 2014).
Based on the water budget method, the rate of SGD calcu-
lated is 19 x 10° m? day~! in total (Table 1) and found to be
1.4 times higher than the rate of stream flow.

For the SGD estimation by Darcy’s law, the hydraulic
conductivity has been calculated for two different aquifers
(alluvium and fluvio marine) at three different locations,
where the seepage meters have been installed. The hydraulic
conductivity calculated for the alluvium and fluvio marine
sediments were 107! and 107> cm s™!, respectively. The
aquifer cross-sectional area ‘A’ calculated was 26,717.1,
28,294.2 and 38,343.2 m?, respectively, for three differ-
ent locations. The SGD calculated in alluvium formation
at distance of 14.7 km from the coast was 844.86 m> day™!
and the fluvio marine formations at a distance of 13.5 km
from the coast accounts 8.94 m® day~! and 12.12 m? day™!
and for the third location at a distance of 5.7 km away from
the coast. Higher SGD was noted in alluvium formation
when compared with the other two fluvio marine forma-
tions, which might be due to greater hydraulic conductiv-
ity (Table 2) noted in the alluvium formation (Oberdorfer
2003a, b; Simmons et al. 1991). Lower flow observed in flu-
vio marine sediments might be the lower permeability of the
formations resulting in reduced groundwater discharge. The
measured seepage rates are noted in the table. The highest
SGD rate of 0.1119 m h™! was observed in seepage meter 1
and minimum was noted in all the three seepage meters with
average values of 0.057, 0.0276 and 0.0245 m h7!, respec-
tively (Table 3, Fig. 4). The amount of fresh water discharge
observed per day accounts 36.6 x 10> m* day~! for the first
seepage meter and 18.74 x 10% and 22.5 x 10> m? day~! for

Table 1 Water budget-calculated SGD for the study area

Parameters Rate

18,780,000 m?
1252 mm year™

Proposed study area (A)
Rainfall (or) precipitation (P) !
617 mm year™!

1

Evapotranspiration (Ey)
Stream flow (or) runoff (dS)
Fresh groundwater discharge to bay (D) (year)

263 mm year™
6.9 x 10% m® year™
19 x 10° m® day™
795 m*h™!

Fresh groundwater discharge to bay (D) (day)
Fresh groundwater discharge to bay (D) (h)

m meter, mm millimeter
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Table 2 Darcy law-calculated SGD for the study area

Seep-  Lithology

Distance from

Hydraulic conductivity (K) Aquifer cross-  Amount of fresh SGD

age the coast (km) sectional area
meter (A) m*
1. Quaternary shallow aquifer (alluvium) 14.7 10~  cm s7! (or) 86.4 mday™!  26,717.1 3520 m*> h™!
844.86 m® day !
308.3 x 10° m® year™!
2. Quaternary shallow aquifer (fluvio marine 13.5 1073 cm s~ (or) 0.864 m day™! 28,294.2 0.37m>h™!
sediment) 8.94 m® day™'
3.2 x 10> m® year™!
3. Quaternary shallow aquifer (fluvio marine 5.7 1073 ecm s~! (or) 0.864 m day‘l 38,343.2 0.50 m> h™!
sediment) 12.12 m® day™!
4.4 x 10° m® year™
Table 3 Observed SGD in the study area
Seepage Lithology (A) m? Max (mh™")  Min (mh™) Avg (m h™') Distance from  Amount of fresh SGD
meter the coast (km)
1 Alluvium aquifer 26,717.1  0.1119 0 0.057 14.7 1.5x 10 m*h!
36.6 x 10° m® day™!
13.3 x 10° m® year™!
2 Fluvio marine sediment aquifer ~ 28,294.2  0.0585 0 0.027 13.5 0.78 x 10> m* h™!
18.74 x 10° m3 day™!
6.8 x 10° m?® year™!
3 Fluvio marine sediment aquifer 38,3432 0.0531 0 0.025 5.7 0.9 x 10° m*h~!

22.5 x 10 m? day™!
8.29 x 10° m? year™!

m/hr

Time - Hours

Fig.4 SGD from the seepage meters

seepage meter 2 and 3, respectively. Lower seepage rate was
observed in seepage meter 3 fixed close to the coast and
higher seepage rate was observed in seepage meter 1 fixed
at distance from the coast. In general, seepage rates decrease
with distance away from the coast (Taniguchi et al. 2006) but
inverse relation was observed between the seepages and dis-
tance from the coast. Maximum seepage rate was observed
in seepage meter 1 might be due to the high permeability or
upward flow due to regional groundwater discharge (Freeze
and Cherry 1979).

The seepage waters collected were analyzed for physio-
chemical parameters like pH, EC, TDS and salinity (Table 4)
and found to be varying with locations. Attempts have been
made to isolate fresh SGD, recirculated SGD and saline

Table 4 Physiochemical

Seepage pH EC (milliSiemens) TDS (parts per thou- Salinity (parts per
parameters of the seepage meter sand) thousand)
waters
Max Min Avg Max Min Avg Max Min Avg Max Min Avg
757 715 7.30 1.84 1.6 1.71 098 0.85 0.90 1.13 1.04 1.09
7.8 7.17  1.53 7.4 483 6.23 3.87 26 3.32 48 32 4.1
3 7.1 654 677 351 11.7 3155 186 535 1659 228 8.04 20.6

pH hydrogen ion concentration, EC electrical conductivity, 7DS total dissolved solids, Max maximum, min
minimum, avg average
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SGD. The maximum pH (7.8) was noted in seepage meter
2, The maximum EC (35.1 mS), TDS (18.6 ppt) and salinity
(22.8 ppt) were noted at seepage meter 3 which is very near
to the coast and lower EC (1.84 mS), TDS (0.98 ppt) and
salinity (1.13 ppt) were observed in seepage meter 1 away
from coast and intermediate values of EC (7.4 mS), TDS
(3.87 ppt) and salinity (4.8 ppt) were observed in seepage
meter 2 fixed in between seepage meter 1 and 3.

Seepage 1 was installed at 14.7 km away from the
coast (Fig. 1) in alluvial formations encompassing sand as
the dominant litho units. Since the hydraulic conductiv-
ity of sand was higher (107! cm s™!) so was the SGD rate
(1.5 x 10* m® h™!) but with low physio-chemical parameters
(Fig. 5). The pH ranges from 7.17 to 7.57 with an average
of 7.30, EC ranges between 1.6 and 1.84 mS with an aver-
age of 1.71 mS, TDS 0.85-0.98 ppt with average 0.908 ppt
and salinity 1.04—1.13 ppt with average 1.09 ppt. All the
parameters were within the limit indicating fresh ground-
water water discharge (FSGD).

The second seepage meter S2 was installed at 13.5 km
away from the coast (Fig. 1). The geology of the area
is mainly of fluvio marine sediments encompass-
ing silt, sand and clay formations with low conductiv-
ity values (10_3 cm s_l), hence with lower SGD value of
0.78 x 10° m* h™!. The statistics for the physio-chemical
parameters were pH ranges between 7.17 and 7.8 with aver-
age of 7.53, EC between 4.83 and 7.4 mS with average of
6.23 mS, TDS between 2.6 and 3.87 with average of 3.32 ppt
and salinity between 3.2 and 4.8 ppt with average 4.1 ppt
(Fig. 6). The concentrations were higher than fresh ground-
water and lower than saline water indicating the zone as
mixed between fresh and saline water [subterranean estuary
(STE)].

The third seepage meter (S3) was installed at 5.7 km away
from the coast (Fig. 1). This location consists of the fluvio-
marine sediments formation of silt, sand and clay with lower

Il Sccpage Rate- cm/hr
I P H

ElcC-ms

I TDS - PPT

I Sazlinity - PT

-
I

3 Seepage Meter - 1

1d

Concentration & Rate

IN)

Time - Hours

Fig.5 Comparison of seepage rate and physicochemical parameters
for the seepage meter 1

Seepage rate-cm/hr
PH

Seepage Meter - 2

PPT
I salinity - PPT

Concentration & Rate

Time - Hours

Fig.6 Comparison of seepage rate and physicochemical parameters
for the seepage meter 2

conductivity values (1073 cm s, but the recorded SGD
rate (0.9 x 10°> m* h™!) was lower than seepage 1 but higher
than seepage 2. The physio-chemical parameters recorded
were with pH ranges between 6.54 and 7.1 with average
of 6.77 and EC between 11.7 and 35.1 mS with average
of 31.55 mS, TDS between 5.35 and 18.6 with average of
16.59 ppt and salinity between 8.04 and 22.8 ppt with aver-
age of 20.60 ppt. Higher concentrations indicate the influ-
ence of recirculated submarine groundwater (RSGD) due
to tidal influences (Fig. 7). The possible sources for SGD
are explained in schematic diagram Fig. 8. A large varia-
tion in SGD might be attributed to the spatial and temporal
variation of the study site as suggested by Shaw and Prepas
(1989). When compared with the calculated water budget
method of SGD (795 m? h™!), the Darcy law-calculated SGD
values were lower (35.20, 0.37 and 0.50 m® h™!). This in turn
indicates the difference in parameters considered for calcu-
lating the discharge using water budget and Darcy methods.
In water budget method the discharge has been attempted

[_]
[— ]
Ellcc -~ s
i Tos - PPT

[l sainkty - PPT

Seepage rate-cm/hr
PH

Seepage Meter - 3

Concentration & Rate

Time -Hours

Fig.7 Comparison of seepage rate and physicochemical parameters
for the seepage meter 3
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[ Alluvium
Unconsolidated Quatemary Shallow Aquifer
Fluvio marine sediments

Tide Level

Bay of Bengal

Fig.8 Schematic diagram of process associated with SGD in Cole-
roon river estuary (A, B, C litho logs, FSGD fresh groundwater dis-
charge, STE subterranean estuary, RSGD recirculated submarine
groundwater discharge)

using data like precipitation, evapotranspiration and gradi-
ent and for Darcy law parameters like porosity, permeability,
aquifer flow velocity, hydraulic conductivity and hydraulic
gradient were considered. The above properties contrast on
the litho units except evapotranspiration and precipitation.
Two different units, alluvium and fluvio marine sediments,
were isolated from the study area. The hydraulic conductiv-
ity of alluvium formation ranges 10~! cm s~! and in fluvio
marine sediments it ranges 1073 ¢cm s~!, hence SGD in fluvio
marine sediments are lower (0.37 and 0.50 m® h™!) when
compared with alluvium aquifer (35.20 m*® h™!). Within
the fluvio marine sediments two distinguished SGD were
recorded. Higher discharge (0.50 m> h™!) was noted close to
the Bay of Bengal coast (5.7 km) with an aquifer cross-sec-
tional area of 38,343.2 m? and low discharge (0.37 m>h™h)
noted inland (13.5 km) with an aquifer cross section of
28,294.2 m?. Compared to Darcy’s and water budget
method, seepage meter methods gives superior SGD rates
(S1—1.5 x 10%, $2—0.78 x 10 and $3—0.9 X 10’ m* h™")
and the seepage rates of the aquifers are controlled by the

Table 5 Comparison of this study SGD fluxes with global averages

hydraulic conductivity of that aquifer. The average SGD rate
from the installed seepage meters was 9.8 x 10° m? year™".
Attempt has been made to compare the present SGD with
global averages (Table 5). From the comparison, the rate of
SGD fluxes in the present study using water budget calcula-
tions was many folds higher than Tampa bay. SGD fluxes
calculated using Darcy law method in the present study were
many folds higher when compared with Tampa Bay. The
present study fluxes calculated using seepage meter were
0.28 times lower than the study conducted in Orelans and 87
times higher than the study conducted in Greater lakes. This
in turn indicates varying climatic condition of the study area
which is semi-arid in nature and also might be due to vary-
ing litho units with dissimilar hydraulic conductivity values.

Conclusion

Quantification of SGD was attempted in Coleroon estuary
using three different methods like water budget, Darcy law
and manual seepage meter. The water budget-calculated
SGD were 19088.71 m?® day™' and was higher than the
stream flow rate. The Darcy law calculations suggest SGD
in alluvium formation as 844.86 m* day~' and for fluvio
marine formations as 8.94 and 12.12 m® day™'. The seepage
meter suggested highest SGD rate of 0.1119 m h™! in seep-
age meter 1 and minimum was noted in all the three seepage
meters. Lower seepage rate was observed in seepage meter
3 fixed close to the coast implying inverse relation between
seepage and distance from coast due to high permeability
or upward flow due to regional groundwater discharge. The
analyzed physiochemical parameters suggest seepage meter
1 as freshwater discharge with lower values and the sec-
ond seepage meter with intermediate values as zone mixed
between fresh and saline water. Higher parameters were
noted in seepage meter 3 suggesting influence of recircu-
lated ocean water. Present SGD was compared with global
averages which suggests that varying climatic condition and

Quantification of SGD Method References Location
4.3-5 x 10* m® day~! (28 times our study is lower) Seepage meter Gaines et al. (1983) Orleans
25-420 m> day~! (87 times our study is higher) Seepage meter Cherkauer and Nader (1989) Greater Lakes
2.9 m* day ™! (1000-fold our study is higher) Water budget Kroeger et al. (2007) Tampa Bay
1.2 m? day™! (many folds our study is higher) Darcy’s law Kroeger et al. (2007) Tampa Bay
3.4-10.4 x 10> m® day™! (our study is 35 times higher) Seepage meter Povinec et al. (2006) Sicily

19,088 m> day™! Water budget This work (2015)
3.2-844.8 x 10° m> day™! Darcy’s law This work (2015) Coleroon estuary
18.74-36.6 x 10> m? day™! Seepage meter This work (2015)
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dissimilar hydraulic conductivity influence the seepage rate
in the proposed study area.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.
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