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Summary 
Submarine groundwater discharge (SGD) has been recognized as a potential direct 

pathway for water and dissolved nutrients from land to sea.  Nutrients of anthropogenic origin, 

e.g. from septic tanks, agricultural fertilizers or factory wastes, heavy metals, radionuclides and 

organic compounds find their way to the ocean via SGD. SGD is a widespread phenomenon and 

might be of ecological significance, since it can play an important role in the marine 

geochemical cycles of elements and can lead to environmental deterioration of coastal zones 

especially in areas where its magnitude rivals surface runoff.  

Almost all coastal zones are subject to flow of groundwater either as submarine springs 

or disseminated seepage and with the deteriorating quality of groundwater due to 

anthropogenic stresses – coastal areas are likely to experience environmental degradation.  

Occurrences can result in coastal eutrophication, bacterial development, viruses, hypoxia, 

increase of algal blooms and harmful algal blooms (red tide), marine biota, fish/shellfish 

mortality and even human casualties. The effects associated with nutrients via SGD are 

biological, economical and social, thus SGD is a phenomenon which cannot be taken for 

granted. Understanding the mechanism behind its occurrence and the factors influencing it are 

all important especially to coastal management. 

This thesis examined the different hydrogeologic processes and factors which influence 

the magnitude of SGD flux, also the effects of changing climate conditions, sea level rise and 

how anthropogenic induced factors influence the SGD. 
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The selected study area is located on the Southeastern coast of the Bataan Peninsula in 

the Philippines.  It is situated on the SE slopes of Mt. Mariveles, a potentially active 

stratovolcano. The area stretches on 12 km of coastline where preliminary SGD flux 

measurements were made earlier.   

A regional scale modular variable-density groundwater flow model (MOCDENS3D) has 

been used to estimate the magnitude of submarine groundwater discharge to Manila Bay 

(Chapter 2).  Key features of the groundwater system include high relief in the upper slopes and 

narrow low relief coastal plain. The model domain incorporates both the terrestrial recharge 

and re-circulated water in the coastal sediments.  Different scenarios were run to evaluate the 

sensitivity of SGD to different hydrogeologic parameters, e.g. changes in geology, topography, 

also the changes in water sources and sinks such as rainfall, rivers, and groundwater extraction 

wells.  

Model results are consistent with previously measured SGD rates using seepage meters 

and geochemical tracers by Taniguchi et al. (2008).  Simulations results show that significant 

SGD from terrestrial origin discharges to Manila Bay from the southeastern flank of Mt. 

Mariveles as a consequence of the steep topography, geology and high rainfall conditions.  

There’s also a marine component (sea-water recirculation) in the SGD flux result but its 

contribution is difficult to quantify.   

Model SGD rates peak during the rainy season and there’s a month delay to the peak 

rainfall, this shows the major influence of rainfall (recharge) on the SGD flux.  Sensitivity 
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analysis results allow the quantification of the major influence of geology especially the 

presence of confining units, topography and other hydrogeological parameters on SGD fluxes. 

The presence of confining layers greatly affects the offshore extent of SGD, and therefore its 

potential impact on the regional environment.  

The modeling is extended to incorporate the effects of changing climate conditions 

(ENSO), sea level rise, and anthropogenic induced changes, such as changes in land-use and 

groundwater extraction to the magnitude of SGD flux in Chapter 3.  El Niño–Southern 

Oscillation (ENSO) alters rates of precipitation evapotranspiration, and soil moisture patterns; 

sea level rise influences the freshwater heads, and groundwater concentrations; excessive 

pumping of ground water lowers the level of the water table and removes water from storage 

in the aquifer; and land-use modifications, changes the amount of groundwater recharge by 

altering the infiltration rates.  To determine how these factors affect the magnitude of SGD, 

several scenarios were developed.  These simulations are a continuation of those presented in 

Chapter 2, thus the same physical and hydrological parameters, and boundary conditions as in 

the reference case (Scenario 1) are implemented in the model, otherwise indicated to be 

different.   

ENSO affects SGD fluxes in two different ways.  During El Niño, the SGD fluxes are 

significantly reduced at an average of 7% change.  La Niña does not change or influence the SGD 

flux greatly.  High amounts of rain poured during La Nina are just flushed out of the system 

through the drains.  The geology determines the capacity of water that can be handled by the 

aquifer and thus as long as there is no change in the geology, there is a limit to the amount of 
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water that the system can handle.  Sea level rise have a minor effect on the SGD fluxes, 

lowering of SGD fluxes by 2-3% depending on the height of sea level rise.  Excessive 

groundwater extraction and land-use changes can greatly influence the magnitude of SGD flux 

especially when combined with sea level rise resulting to 8-10% change in the SGD fluxes by 

year 2055. 

This study enabled the first 3D approach and representation of SGD systems, resulting in 

a more realistic model, and therefore in a better understanding of the underlying mechanisms.  

Data from field campaigns ideally should be coupled to hydrogeological modeling in order to 

establish key control factors of SGD rates and to ultimately allow coupling water fluxes to 

nutrient fluxes.  
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1. Introduction 
 

 

 
Image: Mt. Mariveles Volcano viewed from the sea (Source: Dr. Fernando Siringan) 
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1.1 Background 

Submarine groundwater discharge (SGD) has been recognized as a potential direct 

pathway for water and dissolved nutrients from land to sea (Johannes, 1980; Charette, 2001; 

Slomp and van Cappellen, 2004; Dürr et al., 2008; Spiteri et al., 2008). Nutrients of 

anthropogenic origin, e.g. from septic tanks, agricultural fertilizers or factory wastes, heavy 

metals, radionuclides and organic compounds find their way to the ocean via SGD. SGD is a 

widespread phenomenon and might be of ecological significance, since it can play an important 

role in the marine geochemical cycles of elements and can lead to environmental deterioration 

of coastal zones especially in areas where its magnitude rivals surface runoff. Although of great 

importance, assessing groundwater fluxes and their impacts on the near-shore marine 

environment is still much more difficult compared to river fluxes, as there is no simple means to 

directly measure these fluxes to the sea. Major rivers however can be gauged and well 

analyzed, thus allowing relatively precise estimates of freshwater and contaminant inputs to 

the ocean.  Another issue is the cultural and disciplinary differences between hydrogeologists 

and coastal oceanographers which have inhibited interactions. 

Almost all coastal zones are subject to flow of groundwater either as submarine springs 

or disseminated seepage and with the deteriorating quality of groundwater due to 

anthropogenic stresses – coastal areas are likely to experience environmental degradation 

(Burnett et al., 2006).  Occurrences can result in coastal eutrophication, bacterial development, 

viruses, hypoxia, increase of algal blooms and harmful algal blooms (commonly known as “red 
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tide”), marine biota, fish/shellfish mortality and even human casualties. The effects associated 

with nutrients via SGD are biological, economical and social, thus SGD is a phenomenon which 

cannot be taken for granted. Understanding the mechanism behind its occurrence and the 

factors influencing it are all important especially to coastal management. 

1.2 Definition of Submarine Groundwater Discharge 

SGD’s definition is rather vague and has been used in different ways.  Zekster et al., 

(1983) defined it as the net groundwater discharge which is essentially the groundwater coming 

from recharge. On the other hand, Church (1996) defined it as the direct groundwater outflow 

from land to sea which includes the re-circulated SGD component (RSGD).  Because of this 

confusion, several misunderstandings arise as noted by Taniguchi and Iwakawa (2004) when 

comparing SGD to freshwater discharges, SGD hydrological model results and oceanographic 

mass balances. 

In this research, SGD will follow the definition of Li et al. (1999), Church (1996) and 

Taniguchi et al. (2002) which represents the total groundwater discharge i.e. all direct discharge 

of subsurface fluids from land to the sea.   The total SGD includes 2 major components based 

on source: (1) freshwater SGD and (2) re-circulated SGD (Figure 1.1).  The freshwater 

component SGD comes directly from the effective recharge on land, while the re-circulated 

component is derived from several mechanisms such as  wave set up, tidally driven oscillation, 

and convection (either density or thermal) (Taniguchi et al., 2002). The separation of the re-
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circulated and freshwater components of SGD is essential, since only the freshwater 

component represents a net input to the marine environment (Dürr et al., 2008) and is the only 

source of calculated SGD fluxes in most hydrological models. 

 

Figure 1.1 Simplified hydrologic cycle showing the different components of the 
hydrologic system and the 2 types of SGD based on source.  

 

There are 3 pathways for SGD (Figure 1.2): (1) near shore seepage, (2) seepage through 

a break in the confining bed of an underlying aquifer, and (3) submarine spring discharge 

(Burnett et al., 2001). 

Modified from: WHOI, 2009 
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Figure 1.2 Diagram of the zone between the coastal aquifer and the ocean illustrating 

the three pathways of groundwater transport to the continental shelf. 

 
Figure 1.3 Schematic depiction (no scale) of processes associated with SGD.  Arrows 

indicate the direction of fluid movement.   

Source: Burnett et al., 2001  

Source: Taniguchi et al., 2002 
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1.3 Driving mechanism of SGD 

The driving mechanisms of SGD can be subdivided in two groups: terrestrial and marine 

(Figure 1.3).  The terrestrial components are: (1) the hydraulic gradient, also called the Darcy 

slope, used to determine the discharge (Darcy flux), which is a result of the difference in 

pressure head.  This difference determines in which direction the water should flow. The 

relationship is shown by the equation: 

                = =    

where  is the hydraulic gradient (dimensionless), ℎ is the difference between two hydraulic 

heads (length, usually in m or ft), and  is the flow path length between the two piezometers 

(length, usually in m or ft); (2) Water level differences across a permeable barrier which is 

known to induce subterranean flow – Examples are the narrow reefs of the Florida Keys (Reich 

et al., 2002; Chanton et al., 2003) and barrier islands of Fire Island, New York (Bokuniewicz and 

Pavlik, 1990); and (3) Geothermal heating.   

The marine components include (1) Tidal pumping (Riedl et al., 1972; Nielsen, 1990); (2) 

Wave action which induce pressure gradients at the shore (Li et al., 1999); (3) Large storms 

(Moore and Wilson, 2005); (4) Current induced pressure gradients which happens over 

topographic expressions such as sand ripples (Huettel and Gust, 1992; Huettel et al., 1996); and 

(5) Convection (salt-fingering) (Webster et al., 1996). 
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1.4 Interests and Issues Related to SGD 

SGD is a subterranean non-point pathway of material transport, (Moore, 1999; Charette 

and Sholkovitz, 2002) diffuse, temporally variable, and may involve multiple aquifers, thus 

reliable methods to measure these fluxes need to be refined and the relative importance of the 

processes driving the flow needs clarification and quantification (Burnett et al., 2006). The 

different methods used to measure SGD will be summarized in Section 1.5. 

“It is clear that submarine groundwater discharge is widespread and, in some areas, of 

greater ecological significance than surface run off” (Johannes, 1980).  There are different 

ecological significance and impacts related to SGD.  SGD has initially been studied as a 

freshwater resource and is still now being considered for this potential in some coastal areas 

(Zekster, 1996).  In the recent years however, the ecological studies related to SGD have been 

concentrated on its nutrient and material content due to several environmental concerns.   

Some areas such as the Florida Keys and Hawaii, low nutrient freshwater SGD is a 

requirement for marine organisms e.g. corals, hydrophytes and mangroves growth (Oki et al., 

1999; Porter et al., 2002; Grossman et al., 2008).  SGD is a primary factor for coral reef health 

and growth in the Florida Keys (Porter et al., 2002) and along the arid Kona coast in the island 

of Hawaii (Grossman et al., 2008).  Anchialine ponds and other wetland biota can also be 

dependent on nutrients supplied by SGD (Presto et al., 2007).  Along the coast of Kaloko-

Honokōhau (KAHO) Hawaii, urban development since 1978 lead to increased groundwater 

withdrawals for city fresh water supply, resulting in decreased groundwater (SGD) flux to the 



Chapter 1 

 
 

28 
 

coast by 50%, threatening the SGD-dependant coastal communities in the area (Oki et al., 

1999). These key sites show the importance of SGD to marine biota and make them vulnerable 

to any change that can happen to it, both in terms of quantity and quality. 

Nitrogen inputs via SGD are important to the overall nutrient budget of salt marshes 

(Valiela et al., 2002). In the Eastern Florida Bay, it was estimated that the SGD nutrient inputs 

are almost equal to the surface run-off (Corbette et al., 1999; Charette et al., 2006).  The 

estimated SGD nutrient flux to the salt marshes in South Carolina exceeds those that can be 

derived from all the South Carolina Rivers altogether (Krest et al., 2000).  In the Great South 

Bay, New York, SGD accounts for >20% of freshwater input (Bokuniewicz, 1980; Bokuniewicz 

and Pavlik, 1990) and contributes to approximately 50% of the nitrate input into the bay 

(Capone and Bautista, 1985; Capone and Slater, 1990). Significant inputs of nitrogen and 

dissolved organic phosphorus from groundwater have been observed by Lapointe et al. (1990) 

in the Florida Keys. In many of the cases cited above, the high nitrogen concentrations can be 

because of contamination from household septic systems and fertilizers from agricultural lands.  

High nutrient SGD to coastal waters can strongly influence productivity and can result in 

coastal eutrophication, hypoxia and may trigger algae blooms, including harmful algal blooms, 

having negative impacts on the economy of coastal zones (LaRoche et al., 1997; Paerl, 1997; 

Hussain et al., 1999; Gobler and Sanudo-Wilhelmy, 2001; Kim et al., 2003; Hwang et al., 2005; 

Hu et al., 2006; Lee and Kim, 2006). Specific examples include the coastal eutrophication in the 

coral reef lagoons in Mauritius (Paytan et al., 2004); HABs in Florida, USA (Hu et al., 2006), 
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Southern Sea, South Korea (Lee and Kim, 2006), and Manila Bay, Philippines (Taniguchi et al., 

2008) 

SGD supplied nutrients have also been related to increase bacterial concentrations in 

coastal waters resulting to massive mortalities of benthic and marine organisms, indirectly 

affecting the organisms depending on them e.g. birds (Boehm et al., 2004; Boehm et al., 2006); 

Pathogenic bacteria and viruses which causes acute gastrointestinal illness in humans have 

been also related to SGD (Paytan et al., 2004).  

1.5  Quantify and Qualify SGD 

1.5.1 Historical Overview 

Although fairly recent in terms of popularity, the knowledge of SGD has been around for 

decades.   According to Kohout (1966), Strabo, who lived from 63 BC to 21 AD, mentioned the 

submarine springs 2.5 miles off-shore from Latakia, Syria in the Mediterranean.  Another 

historical account tells of water vendors in Bahrain collecting potable water from off-shore 

submarine springs for shipboard and land use (Williams, 1946).   Etruscan citizens using coastal 

springs for “hot baths” (Pausanius, ca. 2nd century AD), and submarine “springs bubbling 

freshwater as if from pipes” along the Black Sea (Pliny the Elder, ca. 1st century AD) (in Burnett 

et al., 2006).  

Some physical concepts which lead to the awareness of SGD include the findings of 

Newell et al. (1953) where from an ecological perspective found that seawater can and does 
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cycle in advective way through sediments due to the fresh groundwater hydraulic head;  the 

idea of mixing zone or zone of dispersion conceptualized by Cooper (1959);  quantitative 

corroboration of Cooper’s hypothesis and the use of the advection-diffusion equation to 

account for hydrodynamic dispersion by Henry (1959, 1964); and the idea and quantification of 

continuous cycling of seawater as a result of hydrodynamic dispersion by  Kohout (1960, 1964). 

Follow up studies by Kohout (1965, 1967, 1977) postulated thermal convection as a possible 

mechanism for seawater circulation in the Floridian plateau. 

Manheim (1967) identified a localized SGD in the Southeastern Atlantic Coast.  

Subsequent developments later on focus on the identification and quantification of the 

different driving mechanism for SGD such as:  the significance of surf action on movement of 

seawater through marine sediments in intertidal and sub tidal zone of a sandy beach (Riedl, 

1971; Reidl and Machan, 1972); sub tidal pumping resulting to seawater circulation (Riedl, 

1972); saline fluid convection as a mechanism of seawater cycling, reflux and cycling along 

mixing zones (Simms, 1984); and the advective cycling of seawater through sediments due to 

fresh groundwater head (Reilly and Goodman, 1985). 
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Table 1.1 List of various methods used to locate and quantify SGD.    (Modified from: Spiteri, 2006) 

Method Description Additional comments References 
 
Remote Sensing 
 

Aerial Thermal Imagery 

Exploits seasonal temperature differences 
between groundwater, with a relatively 
constant temperature throughout the year 
and surface water with a seasonally-
variable temperature. 

Advantage: 
-Used as a proxy to locate hot 
spots of SGD prior to field 
measurements 

Portnoy et al., 1998; 
Miller and Ullman 2004;  
Mulligan and Charette, 2006 

 
Tracer Studies 
 

Salinity/conductivity Tracing of low-salinity freshwater into more 
saline receiving coastal waters

Most obvious tracers for locating 
SGD 

Breier et al., 2005; 
Stieglitz, 2005

Temperature  Analysis of temperature-depth sediment 
profiles  Taniguchi et al., 2003; 2006 

Radium isotopes 
(223Ra, 224Ra, 226Ra 
and 228Ra) 

Ra absorbed onto charged surfaces of 
mineral grains but is liberated upon 
exposure to seawater, leading to higher Ra 
concentrations in SGD than in the receiving 
coastal waters. 

Natural isotopes generated in the 
uranium-thorium decay series, 
widely used to identify SGD at the 
local to regional scale. Often 
include the re-circulated seawater 
component as well. 
 
Advantage: 
-Ra isotopes (as well as tracers in 
general) provide an integrated 

e.g., Charette et al., 2001;
Abraham et al., 2003; 
Crotwell and Moore, 2003; 
Breier et al., 2005; 
 Boehm et al., 2006; 
Moore, 2006;  
Paytan et al., 2006; 
Shellenbarger et al., 2006; 
Windom et al., 2006 
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estimate of SGD over a large area, 
smoothing out small-scale 
temporal and spatial variability. 

 
 
 

Radon-222 

The Rn formed by the decay of dissolved 
and particle-bound Ra is transported as a 
dissolved gas within the groundwater, 
resulting in a progressive enrichment of Rn 
in groundwater prior to discharge. Being a 
noble gas, Rn is highly unreactive and 
conservative. 

Disadvantage: 
-Subject to losses at the air-sea 
interface which may limit its use in 
shallow water environments 
(Burnett et al., 2003b) 
 

Stieglitz, 2005;  
Burnett and Dulaiova, 2006; 
Povinec et al., 2006 

Others: 
(1) barium 
(2)uraniumthorium-series 
nuclides 
(3) flourescein 
(4) sulfur 

 

hexafluoride (SF6) 
SF6 often used in systems with 
high groundwater velocities and 
discharge rates. 

(1) Shaw et al., 1998 
(2) Porcelli and 
Swarzenski, 2003 
(3) Corbett et al., 2000 
(4) Dillon et al., 1999 

 
Seepage Meters 
 

   

Manual seepage meters 

Measurement of the volume of water 
entering the plastic collection bag over a 
known time and area and calculation of the 
average flow rate of fluid across the 
sediment-water boundary.

Advantage: 
-Inexpensive, point measurement 
of SGD. 

Giblin and Gaines, 1990; 
Portnoy et al., 1998;  
Michael et al., 2005 

Automated seepage 
meters: 
(1) dye-dilution 
(2) thermal 
(3) ultrasonic 

 

Advantage: 
-Less labor-intensive than 
conventional seepage meters. 
 

(1) Sholkovitz et al., 2003 
(2) Taniguchi and Iwakawa, 
2001 
(3) Paulsen et al., 2001 
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Hydrological Methods 
 

Darcy’s Law 

=  −  ℎ
 

 
where  
Q - groundwater discharge (L3T-1) 
K - hydraulic conductivity (LT-1) 
A -  cross-sectional (L2)  

 - hydraulic gradient (-) 
derived from the hydraulic head, 
h (L), measured in at least two piezometers 
separated by a distance, l (L). 

Disadvantages: 
-The hydraulic conductivity often 
varies by orders of magnitude 
within an aquifer and thus 
averaged values might not always 
be representative. 
 
-Since piezometers, (as well as 
seepage meters), provide a very 
local estimate, many meters are 
usually needed to resolve the 
temporal and spatial variability of 
the discharge measurements. In 
fact, piezometer nests are often 
used in conjunction with seepage 
meters to get hydraulic 
conductivity estimates from the 
observed seepage rates and 
hydraulic gradient. 

e.g.  Giblin and Gaines, 1990 

Water balance method 

Estimation of the freshwater SGD as the 
difference between all long-term averaged 
input and outputs of water flow through a 
groundwater shed, represented 
mathematically as: 
 

Mostly used for global-scale 
estimates of SGD.  

Oberdorfer et al., 1990;  
Taniguchi et al., 2005 
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= − − −  
 
where  
P - precipitation 

- evapotranspiration 
 - surface discharge  
 - change is the water storage assumed 

to ~0 over long time scales. 

Hydrograph separation 

Estimation of the freshwater SGD based on 
the assumption that discharges along the 
shoreline is the same as the base flow of a 
stream or river. 
 
Commonly used by Russian scientists to 
quantify continental and global SGD. 

Disadvantage: 
-Although relatively simple, it (as 
well as the water balance method) 
is typically inaccurate, since the 
uncertainties associated to the 
specified  components are often 
on the same order of magnitude 
as the freshwater discharge itself

Zektser et al., 1973; 
Zektser and Dzhamalov, 1981 

 
Numerical Modeling 
 

Variable-density 
flow models 
 

Since there are no analytical solutions for 
non-trivial density driven flow problems, 
solutions can only be obtained with 
numerical methods (Holzbecher, 1998).  

Originally developed to predict 
saltwater intrusion (Reilly and 
Goodman, 1985; Oude Essink, 
1998; Bobba, 1993). 
 
Advantage: 
-Small-scale temporal 
complexities, such as tidal 
pumping and spatial 
heterogeneities in aquifers can 

Oude Essink, 1998; 
Uchiyama et al., 2000;  
Kaleris et al., 2002;  
Langevin, 2003;  
Destouni and Prieto, 2003; 
Smith, 2004;  
Michael, 2004; 
Robinson et al., 2007 
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also be incorporated. 
 
Disadvantages: 
-The required small time stepping, 
fine grid spacing and coupled 
iterative simulations increase the 
computational demands 
drastically. A compromise 
between the degree of spatial and 
temporal detail and computation 
capabilities must be found based 
on the scope of the investigation. 
 
-Accurate quantification of SGD is 
often hampered by insufficient 
field data (Loaiciga and Zektser, 
2003).
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1.5.2 SGD Measuring Techniques  

More recent studies made on SGD are primarily devoted to developing and adapting 

new tracer techniques and methods for the identification and quantification of SGD.  Table 1.1 

shows the different techniques used to locate and quantify SGD.  It is difficult to quantify SGD 

because until now there are no methods available to directly measure the SGD flux, all of the 

methods summarized in Table 1.1 are indirect requiring several assumptions and having large 

uncertainties.  To increase the confidence in the SGD value determined, multiple methods 

should be used.  Measured fluxes coupled with hydrogeologic modeling can be the best 

approach.  

Choosing the type of method to quantify SGD is largely dependent on the type of data, 

time, resources available, and most importantly the purpose of the investigation.  Different 

methods have different requirements, scale, advantages, disadvantages and measure different 

SGD components.   

Different techniques will measure fresh SGD or re-circulated SGD or both, therefore it is 

important to determine what component of SGD is being measured (Oberdofer, 2003).  

Garrison et al. (2003) distinguish the fresh and re-circulated seawater components.  Most 

hydrogeologic modeling techniques and CTD profiling have been only applied to the freshwater 

SGD component and thus results from this 2 methods can be compared (Oberdofer, 2003).  

Seepage meter measurements can result from either fresh or re-circulated SGD component and 

therefore care has to be taken when comparing it to hydrogeologic models.  Scale is also 
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another important factor to be taken into account.  Modeling, CTD profiles, and radium 

determinations are applied on regional scale whereas seepage meter and radon measurements 

tend to be more localized to a given portion of shoreline, and so the results from these 

techniques can be less or exceed those that result from regional models.   

The ultimate factor in determining the type of technique to be used in the SGD 

quantification is the purpose of the investigation.  If the purpose of the investigation is to 

determine the terrestrial input of SGD to the coastal zone, then techniques that can distinguish 

freshwater inputs should be used.  If the purpose is to determine the nutrient budget, then 

techniques which give the total input of SGD should be used.  However, it is important still to 

separate the freshwater and re-circulated component of SGD even for this purpose since the 

freshwater SGD gives the net input of nutrients to the marine environment. 

 

Figure 1.4 Map of the world showing the distribution of published studies of SGD.  
Details can be found in Table 1.2. 



Chapter 1 

 
 

38 
 

Table 1.2 Summary of SGD occurrence and rates throughout the world.  Some locations have multiple SGD estimates 
depending on the method/technique used and some on the timing of measurement. 

Location SGD flux Method Reference 
Crescent, FL 42 m3 s-1 (1500 ft3 s-1) Salinity Brooks (1961) 
Hawaii Island 10-100 million gallons day-1 Thermal image analysis Fischer et al. (1964) 
Italy Unknown Salinity, water quality Burdon (1964) 
Florida coast, USA No data Boreholes, sampling Kohout (1966) 
Mediterranean Unknown Salinity Kohout (1966) 
East coast, FL Peninsula Unknown Seafloor coring, salinity Manheim (1967) 
Hawke Bay, New Zealand Unknown Sea temperature, salinity Ridgway and Stanton (1969) 
Golden Bay, New Zealand Unknown Water quality Williams (1977) 
Great South Bay, NY 40 liters day-1 m-2 Seepage meter Bokuniewicz (1980) 
Perth, Australia Unknown Nitrate Johannes (1980) 
Discovery Bay, Jamaica Unknown Nitrate D'Elia et al. (1981) 
Off the coast, GA Unknown Seafloor coring, salinity Manheim and Paull (1981) 
West FL 25 liters s-1 Flow meter on the drum 

placed over the vent 
Fanning et al. (1981) 

Black Sea, Crimea Unknown Salinity, 222Rn Kir'yakov et al. (1983) 
Baffin Island, Canada 0.34 m3 s-1 Remote acoustic imaging of 

the plume 
Hay (1984) 

Off the coast, NJ Unknown Side-scan sonar image Robb (1984) 
Off the west coast, FL Peninsula Unknown Temperature, water quality, 

biological community 
Paull et al. (1984) 

East coast of FL  
(Indian River Lagoon) 

(0.77-1.03) x 10e-6 m s-1 Seepage meter Zimmermann et al. (1985) 

Great South Bay, NY 3.6–18.3 m3 m−2 yr−1 Sediment chemistry Capone and Bautista (1985) 
Perth, Australia 4.8 x 10e4 m3 day-1 Salinity Johannes and Hearn (1985) 
Plymouth, UK Unknown Thermal image analysis Roxburgh (1985) 
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Barbados, West Indies (8.5-14.4) x 10e-4 cm s-1 Seepage meter, Piezometer Lewis (1987) 
Salt marsh estuaries, SC 0.15-0.75 liters m-2 h-1 Seepage meter Whiting and Childers (1989) 
Nankai wedge, Japan 0.27 m day−1 Temperature Henry et al. (1989);  

Lallemand et al. (1992) 
Cape Cod, MA (4.3 - 5.5) x 10e4 m3 day-1 Seepage meter Giblin and Gaines (1990) 
Cape Cod, MA (0.94 - 1.2) x 10e4 m3 day-1 Water balance Giblin and Gaines (1990) 
Cape Cod, MA (4.4 - 8.9) x 10e4 m3 day-1 Salinity budget Giblin and Gaines (1990) 
Cape Cod, MA 0.79 x 10e4 m3 day-1 Hydraulic dynamics Giblin and Gaines (1990) 
Coastal bays of New England 2 - 4 liters m-2 h-1 Salinity, seepage meter Valiela et al. (1990) 
Buttermilk Bay, MA 19 cm d-1 Darcy's law/water balance Weiskel and Howes (1991) 
Laholm Bay, Sweden 75 m year-1 Seepage meter Vanek and Lee (1991) 
Chesapeake Bay, VA 0.02 - 3.69 l m-2 h-1 Seepage meter Reay et al. (1992) 
North Slope of AK 0.07 m year-1 Heat flow Deming et al. (1992) 
Off the coast, FL Keys 5.4 - 8.9 liters m-2 day-1 Seepage meter Simmons (1992) 
Off the coast, Wilmington (NC) 6 - 20 liters m-2 day-1 Seepage meter Simmons (1992) 
Onslow Bay 0.6 – 2.0 cm d−1 Seepage meter Simmons (1992) 
Off the coast, OR Unknown Side-scan sonar image, 

biological community 
Tobin et al. (1993) 

Puck Bay, Baltic Sea Unknown Temperature, Conductivity Jankowska et al. (1994) 
Beppu, Japan Unknown Temperature, water quality Kohno and Tagawa (1996) 
Capo Palinuro, Italy Unknown Geochemistry Stuben et al. (1996) 
Chesapeake Bay, MD Unknown Thermal image analysis Banks et al. (1996) 
Chesapeake Bay, USA 2.7×107 m3day−1 222Rn Hussain et al. (1999) 
Chesapeake Bay, VA 0.63 liters m-2 h-1 (including 

65% re-circulated water) 
Seepage meter Gallagher et al. (1996) 

Mississippi Delta 1.0 cm d−1 226, 228Ra Krest et al. (1999) 
NE coast Gulf of Mexico, USA 2.5×104 – 9.9×104 m3day−1 km−2 222Rn, CH4 Cable et al. (1996) 
Northeast Gulf of Mexico 1.4 – 11.5 cm d−1 CH4 Bugna et al. (1996) 
Northeast Gulf of Mexico 2 – 10 cm d−1 Radon Cable et al. (1996a) 
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Northeast Gulf of Mexico 1.4 – 11.5 cm d−1 Radon and CH4 Cable et al. (1996b) 
Northeast Gulf of Mexico, FL 10 - 80 ml m-2 min-1 Seepage meter Bugna et al. (1996) 
Northeast Gulf of Mexico, FL 10 - 80 ml m-2 min-1 Seepage meter Cable et al. (1996a) 
Northeast Gulf of Mexico, FL 180 - 710 m3 s-1 / 500 m3 s-1 Rn, Ra Cable et al. (1996b) 
Off the coast, SC 350 m3 s-1 Ra Moore (1996) 
Oita Prefecture, Japan No data Temperature, electrical 

conductivity, video 
Kohno and Tagawa (1996) 

Puck Bay, Baltic Sea 4.7 liters s-1 km-2 Nutrient, isotope Piekarek-Jankowska (1996) 
Sagami Bay, Japan 310-500 m3 day-1  

(area: 2 km2) 
Heat flow, chemical 
composition 

Tsunogai et al. (1996) 

Sagami Bay, Japan 310–500 m3 day−1 Geochemistry, heat flow Tsunogai et al. (1996) 
South Atlantic Bight 350 m3 s−1 226Ra Moore (1996) 
Northeast Gulf of Mexico 2 – 24 L m−1 min−1 Seepage meter Cable et al. (1997) 
Northeast Gulf of Mexico, FL 0.23 - 4.4 m3 s-1 Seepage meter Cable et al. (1997a) 
Northeast Gulf of Mexico, FL 17.7 ml m-2 min-1 Seepage meter Cable et al. (1997b) 
Crescent Beach, FL, USA 2.6×104 – 7.3×105 m3 day−1 Boreholes, sampling FGS (1998) 
Nauset Marsh, MA 72 cm d-1 seepage chambers/aerial 

thermal imagery 
Portnoy et al. (1998) 

NE coastal Gulf of Mexico, FL 1 - 10 liters m-2 day-1 Seepage meters, numerical 
modeling 

Rasmussen (1998) 

NE coastal Gulf of Mexico, FL 4.5 - 7.3 liters  m-2 day-1 Seepage meters, numerical 
modeling 

Rasmussen (1998) 

Northeast Gulf of Mexico 0.1 – 1.0 cm d−1 Seepage meter Rasmussen (1998) 
Suruga Bay, Japan No data Carbon isotopes Tsunogai et al. (1998) 
Tokyo Bay, Japan 0.03 - 0.42 m year-1 Groundwater temperature 

depth profiles 
Taniguchi et al. (1998) 

Tokyo Bay, Japan 8.2×10−5 – 1.1×10−3 m day−1 Temperature Taniguchi et al. (1998) 
Biscayne Bay/Florida Bay 1 – 3 cm d−1 Seepage meter Corbett et al. (1999) 
Eastern Florida Bay, FL 1.93 cm d−1 seepage meters/radon Corbett et al. (1999) 
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Keys and Florida Bay, FL 7.2 - 21.2 ml m-2 min-1 Seepage meter Corbett et al. (1999) 
Biscayne Bay/Florida Bay 1.7 ± 0.3 cm d−1 CH4, Radon Corbett et al. (2000a) 
North Inlet SC 3.15 cm d-1 radium isotopes Krest et al. (2000) 
South of Osaka Bay, Japan (1.4 - 4.3) x 10e-4 cm s-1 Seepage meter Taniguchi (2000) 
Biscayne Bay/Florida Bay 6.8 - 10.5 cm d−1 H/He Top et al. (2001) 
Biscayne Bay/Florida Bay 1.2 – 1.7 cm d−1 Radon Top et al. (2001) 
Biscayne Bay/Florida Bay 1.2 – 1.7 cm d−1 Radon Top et al. (2001) 
Waquoit Bay, MA 0.9 cm d−1 radium isotopes Charette et al. (2001) 
Baltic Sea 4.6×103 – 6×103  

m3 day−1 km−1 
Modeling Kaleris et al. (2002) 

Kenya, southern coast 6.1 – 17.9 m2 day−1 Modeling Kamermans et al. (2002) 
Pettaquamcutt, RI 0.15 - 2.2 cm d−1 radium isotopes Kelly and Moran (2002) 
Zanzibar island 0.4 – 10.2 m2 day−1 Modeling Kamermans et al. (2002) 
Biscayne Bay, Fl, USA 3.4×104 – 3.7×105 m3 day−1 Modeling Langevin (2003) 
Delaware estuary, USA 1.21×106 – 2.51×106 m3 day−1 222Rn Schwartz (2003) 
Kahana Bay, HI 8..4 ± 2.1 (inner bay)  

2.3 ± 1.0  (middle bay) 
different tracers Garrison et al.(2003) 

Kurobe fan, Japan No data Temperature, conductivity, 
geochemistry 

Tokunaga et al. (2003) 

Northeast Gulf of Mexico 5 – 50 cm d−1 Radon Lambert and Burnett (2003) 
Northeast Gulf of Mexico 1.5 m3 min−1 223, 224, 226, 228Ra Moore (2003) 
Northeast Gulf of Mexico 0.06 m3 min−1 Numerical model Smith and Zawadzki (2003) 
Northeast Gulf of Mexico 2 m3 min−1 Seepage meter Taniguchi et al. (2003) 
Ovacif-Silifke, Turkey 6.4×104 m3 day−1 Hydro chemical tests, dye 

tracers 
Elhatip (2003) 

Patos Lagoon, Brazil 6.25×107 m3day−1 Hydrochemistry Windom and Niencheski (2003) 
Rishiri Island, Japan No data Electrical conductivity Marui (2003) 
Sao Paulo, Brazil 0.021 –  0.048 m day−1 226Ra, 222Rn Oliveira et al. (2003) 
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Western Australia 9×10−3 – 3.6×10−3 m day−1 Temperature Taniguchi et al. (2003b) 
Chesapeake Bay, VA 1.7 - 3.2 m d−1 radium isotopes Charette and Buesseler (2004) 
Kashima coast, Japan 283–640 m3 day−1 km−1 Modeling Uchiyama et al. (2000) 
Mississippi Delta 2.5 cm d−1 223, 224Ra Moore and Krest (2004) 
Osaka Bay, Japan 2000: 1×10−2 – 3.3×10−2 m d−1 Seepage meters Taniguchi and Iwakawa (2004) 
Osaka Bay, Japan 2001: 4.9×10−3 – 8.2×10−2 m d−1 Seepage meters Taniguchi and Iwakawa (2004) 
Lebanon coast 9.3×105 m3 d−1 Temperature, remote sensing Shaban et al. (2005) 
Onslow Bay 0–0.2 cm d−1 Numerical model Wilson (2005) 
Suruga Bay, Japan 0.04–1.56 m d−1 Remote sensing, seepage 

meters 
Taniguchi et al. (2005) 

Yellow Sea 1.8×109 m3 d−1 226Ra, 228Ra Kim et al. (2005) 
Yeoja Bay, Korea 24 cm d−1 Radium isotopes Hwang et al.(2005) 
Yeoja Bay, Korea 2.6×107 m3 d−1 Nutrients, Ra isotopes Hwang et al. (2005) 
Cockburn Sound, W Australia 2.5-3.7 m3 m-1 d-1 Seepage meter Burnett et al.(2006) 
Cockburn Sound, W Australia 3.2 m3 m-1 d-1 Radium isotopes Burnett et al.(2006) 
Cockburn Sound, W Australia 2-2.7 m3 m-1 d-1 Radon Burnett et al.(2006) 
Cockburn Sound, W Australia 2.5-4.8  m3 m-1 d-1 Modeling Burnett et al.(2006) 
Donnalucata, Sicily 1.2×103–7.4×103 m3 day−1 222Rn Burnett and Dulaiova (2006) 
Donnalucata, Sicily boat basin 300-800 m3 d-1 Seepage meter Burnett et al.(2006) 
Donnalucata, Sicily boat basin 1200-7400 m3 d-1 Radon Burnett et al.(2006) 
Donnalucata, Sicily shoreline 
flux 

10-30 m3 m2 d-1 Seepage meter Burnett et al.(2006) 

Donnalucata, Sicily shoreline 
flux 

1000 m3 m2 d-1 Radium isotopes Burnett et al.(2006) 

Donnalucata, Sicily shoreline 
flux 

30-200 m3 m2 d-1 Radon Burnett et al.(2006) 

Gulf of Aqaba, Israel 388.8 cm d-1 Radium isotopes Shellenbarger et al.(2006) 
Gulf of Thailand - Sri Racha (dry) 1.9 cm d-1 Manual and automated Burnett et al.(2006a) 
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Gulf of Thailand - Hua Hin (wet) 10.2 cm d-1 seepage meters 
Huntington Beach, California 101 cm d-1 Radium isotopes Boehm et al.(2006) 
Mauritius - (Klondyke Hotel) radon: 5.6-9.6 m3 m-1 d-1 

seepage meter: 2-11 m3 m-1 d-1 
Radon, seepage meter Burnett et al.(2006) 

Mauritius - (South Beach) radon: 5.2-9.2 m3 m-1 d-1 
seepage meter: 1 m3 m-1 d-1 - 
8.8 m3 m-1 d-1 

radon, seepage meter Burnett et al. (2006) 

Mauritius - (Spring) radon: 26-56 m3 m-1 d-1 
seepage meter: 0.4 m3 m-1 d-1 - 
120 m3 m-1 d-1 

Radon, seepage meter Burnett et al. (2006) 

Shelter Island, Long Island NY 0.4-17.5 m3 m-1 d-1 Seepage meter Burnett et al. (2006) 
Shelter Island, Long Island NY 16-26 m3 m-1 d-1 Radium isotopes Burnett et al. (2006) 
Shelter Island, Long Island NY 8-16 m3 m-1 d-1 Radon Burnett et al. (2006) 
Shelter Island, Long Island NY 18-20 m3 m-1 d-1 Radon Burnett et al. (2006) 
Shelter Island, Long Island NY 0.23-1.4 m3 m-1 d-1 Modeling Burnett et al. (2006) 
Shelter Island, Long Island NY 0.5 m3 m-1 d-1 Modeling Burnett et al. (2006) 
Shelter Island, Long Island NY 10 m3 m-1 d-1 Modeling Burnett et al. (2006) 
south-eastern Sicily 58 m3 s−1 per km of coast Radon Povinec et al. (2006) 
Ubatuba, Brazil 5-270 cm d-1 manual meters Burnett et al. (2006) 
Ubatuba, Brazil 0-360 cm d-1 continuous heat Burnett et al. (2006) 
Ubatuba, Brazil 2-109 cm d-1 dye dilution Burnett et al. (2006) 
Ubatuba, Brazil 1-29 cm d-1 continuous radon Burnett et al. (2006) 
Ubatuba, Brazil 28-184 cm d-1 MLS SF6 Burnett et al. (2006) 
Mississippi Delta 0.1 cm d−1 H/He, Rn McCoy et al. (2007b) 
Mississippi Delta 0.0–0.04 cm d−1 Numerical model Thompson et al., (2007) 
Onslow Bay 0–4.4 cm d−1 Radon McCoy et al. (2007a) 
Bataan, Philippines 12.4 m3 d-1 m-1 shoreline radon, seepage meter Taniguchi et al. (2008) 
Isola La Cura, Northern Venice 
Lagoon (Italy) 

  radium  Garcia-Solsona et al. (2008) 
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1.5.3 SGD Studies Worldwide 

Figure 1.4 shows the locations of published studies that have reported SGD estimates 

based on different methods.  Details of these SGD estimates are summarized in Table 1.2. 

Taniguchi et al. (2002) was the first to provide a comprehensive review of the world-

wide occurrence or magnitude of SGD; however this compilation was limited to literature 

citations of discharge estimates using seepage meters, piezometers, and/or geochemical / 

geophysical tracers. Gallardo and Marui (2006) did the same few years later which included 

SGD estimates other than those techniques mentioned in Taniguchi et al. (2002).  Burnett et al. 

(2006) did an extensive inter-comparison study of 5 sites using multiple methods.  In the recent 

years, SGD studies were extended to Korea (Kim et al., 2003), Hawaii (Garrison et al., 2003), 

North-East Australia (Stieglitz, 2005), the West coast of the United States (Boehm et al., 2006), 

Brazil (Windom et al., 2006), Thailand (Burnett et al., 2006a), Israel (Shellenbarger et al., 2006) 

and Philippines (Taniguchi et al., 2008).  

The locations of the available published studies are mostly concentrated on the east 

coast of the United States, Europe, Japan and Oceania, whereas regions such as South America, 

Africa, India, China, and especially Asia have not yet been extensively investigated. 

Global estimates of SGD rates are mostly obtained using hydrological methods (Table 

1.3).  Values from these estimates are generally lower than those obtained using water balance 

approach, possibly because of the underestimation of the coastal aquifer thickness (Burnett et 

al., 2003). At the local scale, the variation in SGD is quite significant. According to Taniguchi et 
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al. (2002), SGD rates may vary from 3 % (Valiela et al., 1978) to 87 % (Valiela and Costa, 1988) 

of total freshwater fluxes. In some areas, such as in enclosed bays, karstic and fractured 

systems (e.g., Hawaii; Garrison et al., 2003), or at locations where rivers are small or non-

existent (e.g., Yucatan peninsula; Hanshaw and Back, 1980), SGD is a prominent discharge 

pathway. 

Table 1.3 Global scale relative contribution of submarine groundwater discharge to 
freshwater outflow.  (Modified from: Taniguchi et al., 2002 and Gallardo and 
Marui, 2006) 

Reference Role of SGD Method 
Nance (1970) 1% of surface runoff Hydrogeologic assumptions 

Garrels and McKenzie (1971) 10% of surface runoff Water balance 

Zekster et al. (1973) 10% of surface runoff Water balance 

Lvovich (1974) 31% of the total water flux Water balance 

Berner and Berner (1987) 6% of the total water flux Literature review 

COSODII (1987) 0.3% of surface runoff Hydrological assumptions 

Zekster and Loaiciga (1993) 6% of total water flux Hydrograph separation 

2% of global precipitation Water balance 

Church (1996) 0.01-10% of surface runoff Literature review 

Burnett et al. (2003a) 0.3-16% of global river flow Literature review 

SCOR/LOICZ Report (2004) 6% of surface runoff Literature review 

Slomp and van Cappellen (2004) 5% of total global water flux Literature review? 
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1.6 Philippines: an SGD key site 

The Philippines’ coastal zones (Total land area=300,000km2; Total Coastline=36,289 km) 

that represent nearly half of the country surface area are characterized by high rainfall, karstic 

and volcanic terrains (Figure 1.5a), and high relief (Figure1.5c) (Bokuniewicz et al., 2003; 

Taniguchi et al., 2008), features commonly associated to the presence of SGD in coastal areas.  

75% of the population live in coastal areas and the population growth is the highest of SE-Asia 

(National Statistics Office - Manila) (Figure 1.5b), which means that anthropogenic activities 

have a huge impact on groundwater resources in terms of quantity, and quality and thus on 

freshwater SGD and related nutrients. The economy of this country is largely dependent on 

coastal resources (e.g. fish, corals, sea grass, etc.), and its marine habitat is one of the most 

diverse in the world (Carpenter and Springer, 2005). The major source of potable water in this 

country is groundwater, since there is an economical and cultural difficulty for tapping on 

surface water source. 

On both economic and environmental aspect, SGD have very significant influence. 

Therefore it is critical to fully understand the mechanism, variability and impact of SGD in this 

region, as well as the controlling factors.  In addition to this, the global SGD database has very 

few information of SGD on Asian countries so any additional knowledge would be very 

significant. 

All around the country algal blooms have been occurring over the past decades:  Figure 

1.6 shows the different embayment affected by harmful algal blooms (HABs) and the years of 
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observed occurrences.  Effects of HABs include massive fish kills (Figure 1.7) and even human 

casualties.  There are more than 2000 cases of paralytic shellfish poisoning (period: 1983-2002) 

and more than 100 human deaths (Relox and Bajarias, 2003). 

Manila Bay is one of the areas heavily affected by HABs in the Philippines (Taniguchi et 

al., 2008) and it was previously thought that the cause of these blooms is eutrophication. 

Results of the study made by Taniguchi et al. (2008) however confirmed the occurrence of SGD 

in this area with elevated nutrient levels. SGD flux from the shallow aquifers was estimated to 

be about 12 m3 m-1 day-1 (8.3x108 m3 y-1) with potential magnitude of DIN input at 42% to 96% 

of river input (Taniguchi et al., 2008). Therefore, SGD instead of the river supplied nutrients 

may be triggering the observed HAB outbreaks. There is a possibility that the same scenario is 

occurring to other sites affected by HABs displayed in Figure 1.6. 
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Figure 1.5 Major characteristics of the Philippines which make it a key study site for SGD related research. (A) Geological 
map of the Philippines (B) Population Density, 2000 (C) Slope map of the Philippines  
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Figure 1.6 Embayment in the Philippines with harmful algal bloom occurrences.  

Data Sources: Red tide locations from PNRI; bathymetric data, shoreline water bodies 
and rivers from GIST  
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Figure 1.7 Photo showing the incident of a milkfish mass mortality in Bolinao, 
Pangasinan due to harmful algal blooms (HABs) on 02 Feb 2002.  

 

 

 

 

 

 

Source: Relox and Bajarias., 2003 
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1.7 Thesis Outline 

The major goals of this study are to: 

(1) Understand and determine the hydrogeologic factors that influence the magnitude 

of SGD flux, and find out which of these factors are more important in driving SGD 

through hydrogeological modeling and comprehensive sensitivity analysis.  

(2) Analyze the effect of changing climate conditions and sea level rise to the magnitude 

of SGD flux by means of multiple simulations.  Also how anthropogenic induced 

factors influence the SGD flux. 

In Chapter 2, a regional scale modular variable-density groundwater flow model 

(MOCDENS3D) has been used to estimate the magnitude of submarine groundwater discharge 

to Manila Bay focusing on an area situated at the south-eastern flank of Mt. Mariveles volcano 

in Bataan Peninsula, Philippines, a potentially active stratovolcano. The model domain 

incorporates both the terrestrial recharge and also the re-circulated water in the coastal 

sediments.  Different scenarios were run to evaluate the sensitivity of SGD to different 

hydrogeologic parameters, e.g. changes in geology, topography, also the changes in water 

sources and sinks such as rainfall, rivers, and groundwater extraction wells. 

In Chapter 3, the modeling is extended to incorporate the effects of changing climate 

conditions and also sea level rise to the magnitude of SGD flux.  Also examined are the 

anthropogenic induced changes, such as changes in land-use and groundwater extraction. 
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Chapter 2 

2. 3D Density Dependent Modeling of 
Submarine Groundwater Discharge 

 
 
 

 
 
Image:  Concentration distribution of base case model result, snapshot Jan 2005. 
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2.1 Abstract 

A regional scale modular variable-density groundwater flow model (MOCDENS3D) has 

been used to estimate the magnitude of submarine groundwater discharge to Manila Bay.  The 

model area is located at the south-eastern flank of Mt. Mariveles volcano in Bataan Peninsula, 

Philippines, a potentially active stratovolcano.  The area stretches on 12 km of coastline where 

preliminary SGD flux measurements were made earlier.  The hydrogeologic properties of these 

sediments are estimated using information from pumping tests, borehole data, seismic sections 

and geological maps. Key features of the groundwater system include high relief in the upper 

slopes and narrow low relief coastal plain. The model domain incorporates both the terrestrial 

recharge and also the re-circulated water in the coastal sediments.  Different scenarios were 

run to evaluate the sensitivity of SGD to changes in different input parameters. SGD rates peak 

during the rainy season and there’s a month delay to the peak rainfall. SGD shows major 

influence of rainfall (recharge), geology and topography. Model calculations suggest that there 

is substantial contribution of freshwater from terrestrial origin which discharges to the bay.  

The presence of confining layers greatly affects the offshore extent of SGD, and therefore its 

potential impact on the regional environment. Model results are consistent with previously 

measured SGD rates using seepage meters and geochemical tracers by Taniguchi et al. (2008). 
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2.2 Introduction 

This chapter examines the hydrogeologic factors which influence the magnitude of 

submarine groundwater discharge (SGD) to Manila Bay, focusing mainly on the factors 

associated with volcanic systems using a 3D variable density dependent hydrogeological model 

(MOCDENS3D).   Results of the study made by Taniguchi et al. (2008) confirmed the occurrence 

of SGD in this area with estimated SGD flux from the surficial aquifer to be about 12.4 m3 m-1 

day-1 (8.3x108 m3y-1).  This study is a part of the master research project designed to investigate 

and analyze the magnitude and quality of SGD to Manila Bay with accompanied field 

measurements via computer modelling. 

SGD is defined as the total water (terrestrial freshwater and re-circulated seawater) 

regardless of its source and concentration flowing out of the seabed into the coastal water 

through the underlying sediments.  A detailed discussion of SGD source and driving mechanism 

can be found in Chapter 1. 

Direct measurements of SGD mostly have focused in the near shore environment where 

the SGD fluxes are expected to be the highest (see Table 1.1 and Table1.2).  It is expected that 

these fluxes decrease with distance from the coast, however in cases where the confining layer 

extends further offshore, leakage across this layer may promote SGD kilometers beyond the 

shoreline in the form of submarine springs. 
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A fewer number of studies have attempted to quantify SGD using geochemical tracers, 

water balance method and hydrological modeling (see Table 1.1, Table1.2 and Table 1.3).  

Results from hydrological models are oftentimes lower than the other methods primarily due to 

the underestimation of some hydrologic parameters.  The results presented here show the 

potential role of each hydrologic parameter in the magnitude of SGD using multiple sensitivity 

analysis. 

2.3 Regional setting and features of Manila Bay 

Manila Bay, a semi-enclosed estuary facing the South China Sea, is one of the best 

natural harbors in the world.  The bay is located on the southwestern part of Luzon Island 

between 14°15’ - 14°50’ N and 120°30’ - 121°00’ E (Figure 2.1). It has a surface area of 1800 km2 

with a coastline of approximately 190 km. It is a gently sloping basin with a depth increasing at 

a rate of 1 meter per kilometer from the interior to the opening of the bay.  It has an average 

depth of 25 m and is approximately 52 km long, with widths varying from 19 km at its mouth to 

56 km inside the bay. Corregidor and Caballo Islands divides the entrance to the Bay into a 

North Channel, <4km wide and has maximum depth of 71 m and South channel which is <6 km 

wide and <47 m deep. The deepest parts of both channels are adjacent to the intervening 

islands. It is bordered by major coastal cities and municipalities. 

The bay receives drainage from approximately 17000 km2 of watershed consisting of 26 

catchment areas.  The catchment is bounded by the Sierra Madre mountain range to the east, 
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the Caraballo mountain range to the north, the Zambales Mountains to the northwest and the 

Bataan mountains which includes Mt. Mariveles to the west.  The tide is predominantly diurnal 

and within the micro tidal range, average of 1.2m during spring tide and 0.4m during neap tide. 

2.4 Study area and Physiography 

The selected study area is located on the SE coast of the Bataan peninsula.  It is situated 

on the SE slopes of Mt. Mariveles, a potentially active stratovolcano (Figure 2.2).  It contains 

several structurally controlled rivers, namely from N to S: Lamao, Lucanin, Cayangcam, 

Pangolisanin, Babuyan, San Jose, Digunin and Doracan.  All these drainage basins are elongate 

and east-southeast flowing except the Lamao River, owing its pattern to the structurally 

controlled terrain.  Several ephemeral streams and springs which drain to the main rivers are 

also found.  The area is characterized by rolling topography and steep slopes mostly 4-6% but 

some as much as 20%, with a relatively very narrow and flat coastal area. The ground surface 

reaches an elevation of approximately 850 m at the northwestern extent of the study region. 

Climate affecting the area is tropical with pronounced dry (November to April) and wet 

(May to October) season.  The average annual rainfall in the area obtained from the rain gauge 

station in Limay (indicated by the black star in Figure 2.2) is 3001 m yr-1, using measurements 

taken between 1922-1930 and 1932-1939.  Least rainfall is during January and February while 

August is the max.  In Balanga, north of the study area, mean monthly temperatures are from 

25.5 ⁰C to 29 ⁰C, the lowest occur in January and February, and the warmest months are April 
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and May with means of 29 ⁰C and an average annual temperature of 27.1 ⁰C. Mean annual 

maximum is about 32 ⁰C although cooler weather is experienced in the highlands. 

 
 

Figure 2.1 Regional Setting of Manila Bay. The model area is shown in rectangular 
orange box, Details in Figure 2.2.  

Modified from: Soria, 2009;  Data Sources: SRTM from USGS (2004), bathymetry 
from USDMA (1982), faults from Maleterre (1989) and Rimando and Knuepfer  
(2006) and radon transect from Tanguchi et. al., 2008.   
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Figure 2.2 Digital Terrain Model of the model area.  Also shown are the different 
geographical features, including water bodies.  

Data Sources:  Aster GDEM from ERSDAC, 2009,,bathymetry from USDMA, 1982, radon transect 
from Tanguchi et. al., 2008, rivers from MGB  
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Relative humidity averages about 85% during the rainy months and 70 percent during 

the dry.  No normal wind spreads are reported. Wind velocity could be similar to Manila or 

Mindoro which range from about 5 to 20 km per hour. The southeast monsoons are dominant 

from June to November while the northeast monsoons and east-west winds prevail during the 

other months. 

 

Figure 2.3 Mean monthly rainfall in Limay and Balanga stations.  Blue line represents 
the monthly variation in temperature.  Also indicated are the years when the 
measurements were taken. 

 

No open pan evaporation measurements are available for Bataan. Measurements in 

surrounding areas e.g. Manila and Angat waterbed, averaged 1050 mm and 1020 mm, 

Data Sources:  Rainfall and temperature data from PAGASA obtained from Geological Oceans 
Laboratory, MSI and MGB  
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respectively.  The International Rice Research Institute (IRRI) at Los Banos, Laguna reported a 

1:1 relationship between rice evapotranspiration and open pan evapotranspiration in 1965.  

Due to lack of information, the actual evapotranspiration (aET) in the study area is estimated 

using the FAO Penman-Monteith Method (FAO, 1998), where the reference evapotranspiration 

(ETref) is multiplied by a crop factor (Kc) which represents the type of vegetation in the area.  Kc 

is approximated using the information from the land-use map obtained from the Mariveles 

Municipal Planning and Development Office.  ETref and Kc values used in the calculation can be 

found in Appendix II.   

 
 

Figure 2.4 3D surface of the study area with the land-use type map overlay. 

Data Sources:  Land-use map from Mariveles Municipal Planning and Development Office, 
DEM from ERSDAC (2009).  
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Approx 10% of the study region is composed of built-up areas. The agricultural area 

accounts for about 25%. Mixed fruit tree, coconut and irrigated rice paddy are the major 

agricultural crops in the area. A large portion of the industrial area in northeastern Mariveles is 

occupied by the industrial park of the Philippine National Oil Co. (PNOC) Petrochemical 

Development Corp. in the major development in the area is the Batangas Dos where 

petrochemical processing (polypropylene, polyethylene and polyvinyl chloride) plants occupy a 

280 ha area (Taniguchi et al., 2004). The upper parts of the drainage basins in Mariveles and 

Limay are covered with forest which accounts for almost 50%.  

The direct run-off is estimated using the Thornthwaite water balance approach 

(Ferguson, 1996).  Given by the equation: 

= 0                                                   −0.095 + 0.208 .  <   0     
= −0.095 + 0.208 .                   −0.095 + 0.208 .  ≥   0     

where  is the average monthly direct runoff,    is related to the soil and cover characteristics 

of the soil, which is represented through its relationship to the value of the runoff curve 

number ( ) given by: 

=  100 −  10     ( ℎ ) 

 is the curve number, estimated based on land-use and  is the average monthly 

precipitation.  The CN values used and further explanation can be found in Appendix II.   
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 The method by Ferguson (1996) is chosen because the available data for rainfall is only 

monthly. Conventional curve number methods for estimation of direct run-off cannot be used 

since it calculates the run-off using short period (hourly, daily) rain events.   

 The effective recharge in the area is represented by: 

= − − + ∆  

where,  is the effective recharge,  is precipitation,  is the actual evapotranspiration,  

is the run-off and ∆  is the change in soil water storage.  Assuming that ∆  is negligible or close 

to 0, the effective recharge in the area using the mean average rainfall is represented in Figure 

2.5.  Here we can clearly see that precipitation exceeds  throughout most of the year, 

providing abundant water to the system.  

There are several extraction wells in the area.  Figure 2.6 shows the location of the 

extraction wells and the corresponding extraction rates.  Wells with very high extraction rates 

belong to industries such as Petron or to the Mariveles Water District (MARIWAD) which 

supplies the potable water in the area.  Several private wells and open dug wells are still 

present.  Near the coast, several “free flowing” wells are found.   

Limited numbers of wells have information on the water quality.  If available, 

continuous monitoring was never made.  Water quality samples from the wells have very low 

total dissolved solids concentration (150-200 ppm or mg l-1 TDS) even at great depths (200m 

below surface).  Because of this the freshwater-saltwater interface is difficult to determine.  

Nevertheless, there are no reported cases of salt water intrusion in the area. 
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Figure 2.5 Graph showing the rainfall, calculated average run-off, ET and effective 
recharge in the study area. 

 
Figure 2.6 Extraction wells in the area and corresponding extraction rates in m3d-1. 

Data Sources:   Well locations and extraction rates from LWUA and fieldwork.  
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2.5 Geology and Hydrogeology 

The main rock sequence of the area includes lava flows, agglomerates, fine tuff, 

uncemented pyroclastic deposits, worked finer pyroclastic, intrusive andesite bodies and 

quaternary alluvium (Figure 2.7).  This geological map is created using partly the data from 

Almero, 1989 in Payot et al., 2005. 

The lava flow occurs near the central cone and subsiding vents. It is largely of 

hornblende and pyroxene andesite, characterized by closely-spaced, low dipping joints, 

suggestive of sheeting planes.  The agglomerates are mostly sub-angular to sub-rounded 

fragments of andesite, with greater proportion of cementing ash and/or mud. They are well 

lithified and widely layered.  This rock occupies the slopes and topographic lows.  The more 

recent volcanics occur as volcanic plug with late Pleistocene to Pleistocene andesite flow. They 

are generally andesite and/or dacitic in composition these rocks occupy the center portion of 

the Bataan volcanic cones. 

More than 80% of Bataan is underlain by various intercalated pyroclastic rock occurring 

as densely cemented breccias, agglomerates, tuff, mudflows, volcanic conglomerates, re-

worked tuff and cemented to poorly cemented volcaniclastic deposits. The pyroclastic 

sequence is normal to irregular to lenticular. 
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Figure 2.7  (A) Geological Map of Bataan. (B) DEM showing locations of available 
borehole data, corresponding to the grey dots in Figure 2.7A.  
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Figure 2.8  Interpreted cross-section logs from borehole data.  Vertical scale in meters (m) from surface.  

 

Data Source: Bore hole data from LWUA 
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Figure 2.8 cont.  Interpreted cross-section logs from borehole data.  Vertical scale in meters (m) from surface. 

Data Source: Bore hole data from LWUA 
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Available borehole data made it possible for a more extensive study of the underlying 

geology.  Figure 2.8a and 2.8b shows the interpreted cross-sections logs from borehole data. 

The location, depths and extent of confining units can be derived from the logs.  Confining 

layers mainly composed of fine (clay- to silt-sized), form discontinuous layers at different 

depths.  The characteristics of the sediments in the seaward side of the study area are 

determined using isopach maps, both of muddy sediments (Figure 2.11a) and sand 

(Figure2.11b). 

 

Figure 2.9 Index map showing the swath of seismic track lines of and the area covered 
by the isopach maps.  Numbers indicate the sampling sites used by the 
authors.   

Modified from:   Siringan and Ringor, 1998.  
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Figure 2.10 Seismic reflection profiles across the bay mouth. 

Source:  Siringan and Ringor, 1998.
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Figure 2.11 (A) Isopach map of muddy sediments (B) Variations in sand composition (%) of the bay sediments in the study 
area.  

Source:   Siringan and Ringor, 1998.  
 

Source:   Dr. Siringan presentation material on SGD, 2005 
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Combining the knowledge of the topography, geology, cross-section logs, seismic profiles and 

isopach maps – conceptual geology profiles for the study area with 4 main lithologic units for 

the hydrogeology are created. The representative hydrogeologic profile for the study area is 

shown in Figure 2.12, other profiles made for the model area are found in Appendix III.  These 

profiles are done at different strategic locations based on the available data.  These lithologic 

interpretations were used to create a 3D (hydro) geology model (Figure 2.13), containing the 

information of the different hydrogeologic units.   

Detailed descriptions of these groups are summarized in Table 2.1.  This grouping is the 

basis for assigning the different hydraulic parameters in the model. 

 

Table 2.1 Geologic description of each hydrogeologic group 

Group Description 

Qv Fractured lava flows and intercalated pyroclastic 

Qvp Volcaniclastics – Breccia and agglomerate intercalated with 
tuff 

Qal Quaternary Alluvium 

Interpreted 
confining (clay) 

units 

Type 1 Top soil and sea floor mud 

Type 2 Buried soil profiles, ash layers 
(clayey sand or clayey silt) 

Type 3 Buried soil profiles, tuffaceous  clay 
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Figure 2.12 Representative hydrogeologic profile for the study 
area.  Also shown are the cross section logs used 
for the interpretation.  Index map on the upper 
right side shows the location of the profile. 
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Figure 2.13 Created 3D (hydro) Geology Model of the study area.  (A) Combined cross 

sections (B) Block model – sea is blanked for a better view of the 
underlying confining units. 
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There are two types of aquifer in the study area (confined and unconfined).  Both 

aquifer units are mainly composed of Quaternary sand- to gravel-sized volcaniclastic sediments 

derived from the nearby inactive volcanoes (Group Qvp and Qal). The confining layers are 

mainly composed of fine (clay- to silt-sized) ash and soil which form discontinuous layers at 

different depths (clays in Figure 2.13A and B).  The extent of the confining units offshore is set 

at 1km from the shoreline, inferred from the presence of a fault in the seismic profile (Figure 

2.10).  Based on interpreted cross-section logs (Figure 2.8A and B), the materials of the 

unconfined aquifers in the study area the same as those found in the confined aquifers.   

2.6 Numerical Model 

2.6.1 Governing Equations 

In modeling the submarine groundwater discharge, it is necessary to use a density-

dependent groundwater flow model to incorporate the effects of spatial variations in fluid 

density on groundwater flow patterns and fluxes especially on the freshwater – saltwater 

boundary.   

The governing equations for the groundwater flow are as follows:   

The mathematical expression for groundwater flow in a porous media as described by 

Bear (1972) is given by: 

 ℎ =  −   +   +   –   
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where  is the specific storage (L-1), ℎ the hydraulic head (L),  the Darcy specific discharge (L T-

1) and  is a source or sink term (T-1), examples of sources of sources and sinks are natural 

recharge, artificial recharge and abstraction.  The Darcy specific discharge in the x, y and z-

direction is given as: 

 =  −        ,      =  −         ,      =  −   +    
where, , ,  are the intrinsic permeabilities (L2) of the porous media in x, y and z-

directions,  is the viscosity of the groundwater (M L-1 T-1),  is the pressure (M L-1 T-2),  is the 

gravity constant (L T-2),  is the density of the groundwater (M L-3). The hydraulic head is 

defined as: 

ℎ =    +   

where,  ℎ is the the hydraulic head (L),  is the elevation head (L).  If  is constant the hydraulic 

conductivities in the x, y and z-direction are defined as: 

 =        ,      =           ,      =      
when the term   is constant then the combination turn out to be the equation for specific 

discharge given by: 

 =   ℎ       ,      =   ℎ        ,      =   ℎ
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To relate density to concentration (Cl or TDS), salinity, temperature and pressure, there 

are several conversion formulas used.  The relation describes the density as a function of 

chloride concentration (Sorey, 1978; Holzbecher, 1998): 

( )  =      1 +    

Where, ( ) is the density of the groundwater (M L-3), is the reference density which is 

usually the density of fresh groundwater at mean subsoil temperature (M L-3),  is the relative 

density difference (-) given by: 

  =    −  
 

 is the chloride concentration or the so-called chlorinity   and  is the reference 

chloride concentration  .  Often seawater is used as a reference.  

The following values for the different parameters are used in the calculation: 

 = 1000   ⁄ ;  = 1025  ⁄ ;  thus  = 0.025;  

 = 19300   ⁄ ;  in TDS = 34500 ⁄ . 

The freshwater head, which takes into account the density differences, is defined as: 

ℎ   =    +   
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Where, ℎ  is the freshwater head (L) and  is the reference density (M L-3). To take into 

account groundwater density differences in the Darcy specific discharge the vertical specific 

discharge equation becomes: 

 =  −       ℎ +  −  
 

If the density differences are very small, then the viscosity difference may also be neglected and 

the vertical specific discharge may be re-written as: 

 =  −  ℎ +  −  
 

Hydraulic head and density differences drive groundwater flow and affect the transport of 

solutes.  As a result of porous medium heterogeneity and differences in concentration, there is 

hydrodynamic dispersion and diffusion.  Dispersion and diffusion in the porous media is 

described in the solute advection-dispersion equation below: 

   =     +     +     −     −    −    –   +  Ψ 

where  is the retardation factor (-) for equilibrium sorption. This represents the interaction 

between the solute and soil, which is significant to solutes that are travelling with a lower 

averaged velocity than the groundwater.  ,  and   is the hydrodynamic dispersion in the 

-direction (L2 T). This phenomenon describes the dispersion of the solute in the porous 

medium since different flow paths cause the solute to travel in all directions due to turtuosity.  

 is the decay factor (L-1). Decay is the process that describes the decay of solutes due to 
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microbiological activity.  Ψ (L3 T-1) is the term for other sources and sinks. This could mean 

removal of solutes by abstraction and infiltration of salt water. For salts as chlorine there is no 

decay so the advection-dispersion equation for salt transport is then given by: 

   =     +     +     −     −    −    +  Ψ 

2.6.2 PMWIN and MOCDENS3D 

As a modeling environment the Graphical User Interface PMWIN has been used. This 

modeling software is a shell around MODFLOW (McDonald and Harbaugh, 1988) and uses this 

code for groundwater flow in a porous medium.   

The hydrogeological model for SGD in this study is created using MOCDENS3D (Oude 

Essink, 1998; Oude Essink, 2001). MOCDENS3D is a three-dimensional finite-difference, density-

dependent solute transport model originally developed for salt-water intrusion related 

problems.  This model has proven its value in several models created for the different areas in 

the Netherlands (e.g. Oude Essink, 2001a, Oude Essink 2001b, Oude Essink, 2002).  Its main 

characteristics are: 1) it is block-centered 2) it uses the numerical solution technique of 

MODFLOW (McDonald and Harbaugh, 1988) and MOC3D (Konikow et al., 1996), and has been 

adapted for density differences; 3) Advective and hydrodynamic dispersive solute transport 

processes through porous media are modeled by a particle tracking technique (Peaceman, 

1977) in combination with the finite difference method (Konikow et al., 1996), respectively.  
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MOCDENS3D uses the equations enumerated in the governing equations section to model the 

density driven groundwater flow. 

The whole model structure resembles the MODFLOW structure which allows packages 

to be added as required by the problem (e.g., drain package, general head boundary package 

etc.) Most of the MODFLOW packages are manually created by programs done in Dev-Pascal 

using input maps created with GIS software such as ARCMap and Global Mapper.  The detailed 

procedure and created codes for each of the packages can be found in Appendix II. 

2.7 Model Set-up 

The model area has been selected for practical reasons.  In 2005, Taniguchi et al. (2008) 

made SGD measurements using seepage meter and radon in Bataan, Philippines, which makes a 

possible comparison for the simulation results.  Due to other limitations, such as running time 

of the model, a cell resolution of 100m x 100m is selected (model with more than 200 columns 

and 200 rows is impractical) and the extent of the model area is also limited.  The model area is 

shown in red box in Figure 2.14 and the model specifications used in Table 2.2. 

The surface level geometry of the model has been determined by an Aster GDEM from 

ERSDAC (2009) with a resolution of 30x30m.  The top of the model is set at 400m above msl and 

the bottom at -150m. 48 layers are created to ensure the detail in vertical direction. The layer 

thicknesses varies from 50m (top 4 model layers), 25m (next 4 model layers), 10m (next 10 
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model layers), 4m (next 25 model layers), grid refinement is applied in this region immediately 

beneath the sea level (0 m elevation) where SGD is occurring, then lastly 10m (last 5 layers).   

Table 2.2 Model Specifications 

Type Dimensions 

Length 15.5 km 

Width 9.6 km 

Rows 96 

Columns 155 

Cell Resolution 100 x 100 m 

Layers 48 

 

 

Figure 2.14 3D view of the model area showing the model extent in km. 

Data Source:  DEM from ERSDAC, 2009 
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2.7.1 Hydrogeologic Parameters 

Table 2.3 shows the hydrogeologic parameters used in the simulation models.  Pumping 

tests in the partially confined aquifers (Qvp and Qal units) give relatively low hydraulic 

conductivity values, within the range of 2.2 to 5.1 m day-1 (average of 4 m day-1) and 

transmissivity values commonly from 270 to 730 m2 day-1. The low hydraulic conductivities can 

be explained by the very poor sorting of the sediments due to the presence of subordinate 

amounts of clay (Figure 2.8a and 2.8b).  Due to scarce information in majority of the areas, the 

 values for the other units are assumed using known  values of similar lithologies from 

literature.  A single value of hydraulic conductivity was assigned to each hydrogeologic unit.  It 

is also assumed that the setting of this model is anisotropic with the vertical conductivity 10 

times smaller than the horizontal value.  A uniform longitudinal dispersivity of 1 m and 

transverse dispersivity of 0.1 m was assigned for all units.  

2.7.2 Boundary Conditions 

Source and sink fluxes have been applied on the top of the model such as recharge, 

rivers and extraction wells.  These fluxes are specified as flow boundary conditions with 

monthly variations (fluctuations are also implicit).  All source fluxes that recharge the 

groundwater system have specified TDS-concentration input.  Infiltrating precipitation 

(effective recharge) is assumed to be 0 mg l-1 TDS. The infiltrating rivers and dams either have 

50 or 20 mg l-1 TDS depending on its catchment area and type.    
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Table 2.3 Hydrologic parameters used in the simulation of the reference case 

Horizontal Hydraulic Conductivity, (m d-1)
      Qv unit 
      Qvp unit 
      Qal unit 
      Confining Unit Type I  
      Confining Unit Type 2 
      Confining Unit Type 3 
      Sea  

Value 
1 
4 
4 
0.1 
0.01 
0.001 
20 

Anisotropic ratio – ⁄ – all units (-) 10
Porosity (-)  
      Permeable units 
      Confining units 
      Sea  

0.25 
0.1 
1 

Specific Storage – all units (m-1) 2.0 x 10-5 
Longitudinal dispersivity – all units (m) 1
Transverse dispersivity – all units (m) 0.1

 

It is assumed that there is no groundwater flow and solute transport through the 

bottom of the model.  The cells at the bottom are inactive.  In reality, the Qvp unit may have 

extended deeper, however for the purpose of simulating the SGD fluxes which only occurs in 

the near surface until the near shore sea surface, the bottom of the model at 150m below msl 

can be considered appropriate.  In addition, deepest portion of the Manila bay included in the 

model area only reaches 50 m below msl which is relatively shallow. 

The north and south sides of the model are defined as a no groundwater flow/no solute 

transport boundary.  The overall groundwater flow direction is parallel to these lateral sides 

hence no flow is assumed over these boundaries. 
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Hydrostatic pressure condition is assumed at the western end (mountain boundary) and 

eastern end (deep sea boundary) of the model. At the mountain boundary a mass boundary 

condition is defined, the concentration increases from 0 to 400 mg l-1 TDS along the 48 layers.  

From 1956 to 2005, there is an observed sea level rise of 0.65 m in Manila Bay.  The sea level 

rise is not constant (Figure 2.15).  This sea level rise is also incorporated in the model as a 

general head boundary (top sea boundary) varying with time.   The concentration of the 

seawater is set to constant 35000 mg l-1 TDS.  This is due to the assumption that the seawater is 

always being replenished.  Tidal fluctuations are not taken into account; also the simulation 

time is in months anyway. 

 

Figure 2.15  Mean sea level difference (m).  0 is equivalent to present day msl.  

  

Data Source:   MSL data from NAMRIA obtained from Geological Oceans Laboratory, MSI. 
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2.7.3 Modeling Approach 

 Several simulations were completed to derive estimates of SGD fluxes.  Sensitivity 

simulation runs were completed and compared to the reference case to assess how physical 

parameters affect the SGD fluxes.   Due to the input parameter complexity of each model 

scenario, the discussion will include the initial boundary conditions used if different from the 

base case.   This way, it will be easy to spot the differences and significance of each parameter. 

 Both steady state and transient simulation were carried out depending on the 

requirement of the case. The time variation in model input is on a monthly basis. This means 

that per month, different input values for precipitation, evaporation, groundwater uses etc. are 

specified. It is assumed that this is detailed enough to include the time-dependent processes 

that are significant in the model area.   

Each scenario is done in 3 consecutive runs, first 150 years, then 100 years and 50 year 

period, equivalent to 1800, 1200 and 600 time steps, where the output of last time step of the 

first run is applied to next and so on.  A detailed explanation of this process will be done in the 

next section.  1 time step is equivalent to 1 month (30.25 days), the chosen time variation for 

the model.   
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2.8 Model Scenarios 

2.8.1 Base Case 

2.8.1.1 Initial Conditions 

The base case scenario uses the parameter values and boundary conditions listed above 

(Sections 2.5.2 and 2.5.3).   The initial freshwater heads are modeled using the results of a 

steady state simulation while the pre-initial concentration (TDS) is implemented based on 

expert judgment of the very limited TDS data from shallow observation wells.  There is no 

information on the salt-freshwater interface, which is very important for the model.  So using 

the very limited knowledge of the concentration, the interface is assumed to be vertical from 

top (starting on the coastline) to bottom.   

These set-up is then used to do the model “spin-up” run  (S1-R1) of 150 years equivalent 

to 1800 time steps in steady state to see how the saltwater or freshwater wedge would develop 

with the given the model system, the sea level is assumed to be at 0.6 m lower than the msl 

and no extraction well is applied.    

Figure 2.16 shows the development of the water wedge through time.  The 

characteristics of the model area lead to the development of a freshwater wedge which 

extends approximately 1 to 2 km from the coastline at the end of S1-R1 (150 years).   
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(A) Block Model             (B) Profile Slices 

 

Figure 2.16  (Animation) Time series development of the freshwater wedge in the spin-up run (S1-R1). (A) shows the block 
model time series concentration development and (B) the representative profile sections for a detailed 
observation.  Time is in years. Applied translucency = 30%.   

Important note:  This animation can ONLY be viewed using Adobe Reader 9, for earlier versions of Adobe 
Reader please refer to Appendix IV for the development of the freshwater wedge. 
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Output concentration plots in the observation wells (Figure 2.17) show that the 

concentration values stabilize after approximately 100 years (1200 time steps) although in 

some locations within a few years.   

 

Figure 2.17 Change in TDS concentration in some observation wells. Conc (i, j, k) is the 
concentration at observation well location layer, row, column respectively. 

 

With the freshwater head distribution and the TDS-distributions from the steady-state 

simulation the model is run in transient simulation (S1-R2)  to get better TDS-distributions, 

which are used as initial conditions to run the model in a scenario mode (S1-R3) where the 

model SGD fluxes will be extracted. S1-R2 represents the period 1856 to 1956 (100 years).   

The mean sea level is still set at 0.6 m below the present msl and extraction wells are 

applied but the extraction rates are halved in the assumption that there is less demand for 

groundwater in the earlier times because the population in the area is also less.  Figure 2.18a 

and 2.18b shows the initial concentration to run the base case scenario. 
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Figure 2.18   (A) Initial concentration distribution of Total Dissolved Solids (TDS) (B) The sea is blanked for a better view of the 
concentrations.  
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 Table 2.4 shows the summary of the steps for each part of the simulation carried out for 

the reference case – Scenario 1.  Also included are the summary of the different assumptions, 

period length (simulation time) and the type of simulation carried out.   

 

Table 2.4 Summary of inputs for each section/part of the reference case scenario 
(Scenario 1) 

Scenario 1 
(base case) Description Period Simulation 

type 

Part 1  

      S1 – R1 

model spin-up run 

monthly variation 

no wells 

top sea (0.6m below msl) 

150 years  

(to reach 
equilibrium) 

Steady state 

Part 2 

      S1 – R2 

pre-initial values run 

with extraction wells (Qwell/2) 

top sea (0.6m below msl) 

100 years 

(1856 – 1956) 
Transient 

Part 3 

      S1 – R3 

model SGD fluxes are extracted 

with full extraction wells 

top sea changing based on 
actual sea level curve 

50 years 

(1956 – 2005) 
Transient 
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2.8.1.2 Results and Discussions 

Figure 2.19 shows the monthly variation, snapshot in year 2005 of total SGD flux in the 

reference case.  The SGD flux peaks correspond to the rainfall peaks in the system however the   

applied specific storage of 0.00002 seems to dampen the response.  The trend of the SGD fluxes 

highly resembles the pattern of the calculated effective recharge showing the immense 

influence of rainfall to the calculated SGD flux.  

 

 

Figure 2.19 Scenario 1 model results – monthly total integrated SGD shoreline flux (in 
2005) compared with rainfall and calculated effective recharge.  Shaded 
region corresponds to the time Taniguchi et al. (2008) did the SGD 
measurements and used as comparison for the subsequent model results 
analysis. 
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The model result total integrated shoreline flux averaged over 12 months (2005) is 6.1 

m3 m-1 day-1 (Figure 2.20).  This value is lower (~50%) but in the same order as the SGD flux 

measured by Taniguchi et al. (2008), estimated to be about 12.4 m3m-1day-1.   

 

 

Figure 2.20   Scenario 1 model results - total integrated shoreline flux year 2005 
average compared with Taniguchi et al. (2008) measured SGD flux.  
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Figure 2.21  (A) Latitudinal variation of model SGD fluxes compared with radon 
measurements  (B) Plot of model SGD fluxes vs. distance from the 
coastline.  Location of these transects are the red dots in Figure 2.21A. 
(Model results both extracted from Jan-2005) 
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The latitudinal variability of the model SGD fluxes are shown in Figure 2.21a. These 

model results are taken from the period Jan-2005 to be compared with the SGD measurements 

done by Taniguchi et al. (2008).  We can see in the trend that some shoreline segments have 

higher SGD fluxes compared to others.  Higher SGD fluxes are found north of the model area 

and a more regular trend towards the south. This variation is a relatively good fit to the trend of 

the radon survey results in the area.  

Figure 2.21b shows the model SGD flux change with distance from the coastline.  SGD 

flux peaks coincide with the relative position of the confining units intersecting the sea surface.  

Multiple peaks can be explained by the several confining units in the system located at different 

depths.  This will be explained further in the geological effects on SGD flux in the sensitivity 

analysis section. 

 

Figure 2.22   Distribution of Rn-222 (dpm L-1) in surface waters along the coast of the 
Bataan Peninsula and along a shore normal transit out into Manila Bay. 

Source:  Taniguchi et al., 2004 
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The measured SGD flux for Manila Bay by Taniguchi et al. (2008) is approx 50% higher 

than the reference case model result (Scenario 1).  The difference in the measured SGD and 

standard model result (Scenario 1) could be explained by the following:  

 

1) Difference in the extent of the study area. Taniguchi et al. (2008) did their seepage 

meter measurement within 500m offshore and 500m length of shoreline and the 

radon survey measurements extend approx 10 km further north of the model area. 

Whereas the model area in this 3D model covers the area up to 5km offshore and 

11.66 km of shoreline. Figure 2.22 show higher Rn-222 (dpm L-1) in surface waters 

north of the study area, which is not covered by the model.  Since high radon 

readings correspond to high SGD fluxes, this could be one of the reasons for the 

underestimation in the model SGD flux.  

 

2) Underestimation of hydraulic conductivity values.  There are very limited pumping 

well tests in the study area and thus high uncertainty in the hydraulic parameter 

estimation.  Higher assigned hydraulic conductivities will result to higher SGD fluxes. 
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2.8.2 Sensitivity Analysis 

 The main objective of this research is to identify the major factors which influence the 

magnitude of SGD flux, and this can be attained by a detailed sensitivity analysis.  In lieu to this, 

several sensitivity case scenarios are developed.  Table 2.5 gives information on what 

parameter is being investigated for each sensitivity case, and the assumptions that come with 

it.  Details of each scenario case and how it is translated as model input for the simulation runs 

are discussed in Section 2.8.2.1. 

Table 2.5  Various scenarios created for the sensitivity analysis. 

Scenarios Goal Variations 

Scenario 2 
Determine the effects of 
changes in geology to the 
overall SGD flux 

Scenario 2-1 

No confining units present, a 
homogenous sand aquifer is 
assumed for the whole coastal 
aquifer system. 

Scenario 2-2 
Confining units are present as 
scattered patches in the whole 
system.   

Scenario 3 
Determine effects of 
groundwater extraction to 
the overall SGD flux 

No extraction wells 

Scenario 4 
Determine the 
contribution of rivers to 
changes in SGD flux 

Scenario 4-1 No rivers applied in the model

Scenario 4-2 
River water contribution in the 
system is increased  

Scenario 5 
Determine the effects of 
variations in assumed 
boundary conditions 

Scenario 5-1 
Constant freshwater head boundary 
is lowered, happens when the 
water table is deep in the system 

Scenario 5-2 
Water contribution from the 
mountain head boundaries is 
increased 
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2.8.2.1 Translation of sensitivity scenarios to model input 

Some of the model inputs are modified to fit the requirements of each scenario: 

- In Scenario 2, a new 3D geology is created for each scenario variation.  Scenario 2-1 the 

confining units are all removed.  A homogenous sand aquifer is assumed for the coastal 

aquifer.  For Scenario 2-2, the 3D geology created for the base case is modified by 

manually creating breaks in between the continuous confining units.  This way the 

confining units will be like “patches” in the system, similar to a fault/fracture bounded 

area or a region with only localized clay units.  These modifications are implemented in 

the bcf and the mocmain packages.  The initial freshwater head and concentration 

distribution is created using the same method in Scenario 1, and created exclusively for 

each case.   

 

- In Scenario 3, the well package is not applied to the system.  The initial freshwater head 

and concentration distribution is created using the same method in Scenario 1 but not 

including the well package in the runs. 

 

- In Scenario 4-1, the rivers are not implemented.  In this set-up it is assumed that the 

area does not have rivers even from the beginning.  The initial freshwater head and 

concentration distribution is created using the same method in Scenario 1 but not 

implementing the river package.  In Scenario 4-2 conductance of the rivers is increased 

from 100 to 1000 in the river package. This way we assume that the river bed is more 
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conductive and thus contributes more water to the system.  Note that the river 

conductance value in the reference case is an assumed value as well since there are no 

data indicating the river bed properties in the study area. 

 

- Scenario 5-1 implements the effects when the freshwater heads in a similar system is 

lower.  This is done by modifying the mountain head boundary in the general head 

boundary package to a lower value. From the variation at 400 m above msl in the 

reference case; it is changed to 200 above msl in this scenario.  In Scenario 5-2 the 

conductance of the mountain freshwater heads is increased from 100 to 1000 in the 

general head boundary package.  

 

Table 2.6 shows the summary of the different modifications made on the model inputs 

of different sensitivity cases at each part.       
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Table 2.6 Summary of inputs for each part in the sensitivity analysis scenarios. 

Scenario Description 
Part 1  
spin up 
(150 years) 

Part 2  
pre-initial 
(1856 – 1956) 

Part 3 
3D model 
(1956 – 2005) 

Scenario 
2-1 

Effect of geology  
- no confining 
units 

unique packages  
- bcf & mocmain 
No wells 

initial conc and 
heads from part 1 
Qwell/2 

initial conc and 
heads from part 2 
Qwell full 

Scenario 
2-2 

Effect of geology  
- patchy confining 
units 

unique packages  
- bcf & mocmain 
No wells 

initial conc and 
heads from part 1 
Qwell/2 

initial conc and 
heads from part 2 
Qwell full 

Scenario 
3 

Effect of 
extraction wells 

same as  
Scenario1 

initial conc and 
heads from part 1 
no wells 

initial conc and 
heads from part 2 
no wells 

Scenario 
4-1 

Effect of rivers      
- no rivers No rivers 

initial conc and 
heads from part 1 
Qwell/2               
No rivers 

initial conc and 
heads from part 2 
Qwell full           
No rivers 

Scenario 
4-2 

Effect of rivers      
- increased river 
conductance 

River 
conductance = 
1000 

initial conc and 
heads from part 1 
Qwell/2           
River 
conductance = 
1000 

initial conc and 
heads from part 2 
Qwell full          
River 
conductance = 
1000 

Scenario 
5-1 

Effect of ghb          
- mountain 
boundary heads 
lower 

same as   
Scenario1 

same as   
Scenario1 

initial conc and 
heads from part 2 

mountain 
boundary heads 
lower 

Scenario 
5-1 

Effect of ghb          
- increase in 
mountain 
boundary 
conductance 

same as   
Scenario1 

same as   
Scenario1 

initial conc and 
heads from part 2 
mountain 
boundary 
conductance = 
1000 
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2.8.2.2 Results and Discussions 

Figure 2.23 shows the results of the sensitivity analysis.  Here we can see that changes in 

geology have the most effect on the SGD flux, other parameters have very minimal effect. A 

detailed discussion of how each parameter affects the simulated SGD flux results can be found 

the following sections.  

 

Figure 2.23   Graph of the resulting 2005 year average total SGD shoreline flux from the 
different scenarios.  Also shown in red is the percentage difference of each 
sensitivity run result to the reference case.  All values are converted to 
m3/day per m shoreline width for comparison purposes. 

 

Effect of geology 

Modeled SGD fluxes with Scenario 2-1 are on average 80% lower than with Scenario 1, 

while Scenario 2-2 is 39% lower.  Figure 2.24 shows the modeled extent offshore of SGD as 
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influenced by the geology.  With Scenario 1, the freshening of coastal sediments pore water 

reaches up to 2 km offshore whereas in Scenario 2-1 it only extends to <1 km.  Similar to 

Scenario 1, Scenario 2-2 shows a freshening up to 2 km offshore also, but the freshening is 

relatively irregular.  There are zones with low and high concentrations, unlike the one from 

Scenario 1 which is fairly regular. 

 The differences in the SGD fluxes model result is highly influenced by the presence and 

geometry of the confining units.  The screenshot of the concentration plots at Y=-3500 in Figure 

2.25 Scenario 1, shows how the relatively continuous confining units at different depths affect 

the groundwater flow.  This creates “submarine tunnels” for groundwater at different depths 

which are conduits for SGD out to the shore (these are called “submarine springs”).  Here we 

can also see how groundwater can be directly discharged 2km offshore through the submarine 

tunnels created by the confining units. 

Figure 2.25 Scenario 2-1 (homogenous sand system) demonstrate how the denser saline 

water pushes the freshwater landward, especially on the deeper parts, restricting the extent of 

the freshwater wedge and also thus SGD.  Arrows which indicate the direction of water flow 

show the presence of SGD but it is only restricted to shallow, near shore seepage and mixing 

where the influence of the heavy seawater is less. Figure 2.25 Scenario 2-2 illustrate how the 

discontinuous/scattered confining units affect the groundwater flow and also in turn SGD.  The 

“breaks” in the confining units disrupts the regularity in the direction of groundwater flow.  This 

allows the dense saline water to have influence in some sections of the system creating a 

localized system similar to Scenario 2-1 which lessens the SGD flux. 
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Figure 2.24 Comparison of the different 3D Geology created for the different 
scenarios and their subsequent influence on the developed freshwater 
wedge.  All 3D concentration plots are extracted from Jan 2005 result.  
Translucency of 30% is applied to see the form of the wedge. 
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Figure 2.25 On the left hand side, zoomed concentration screenshots at Y=-3500 at the 
freshwater-saltwater interface of the different geology scenarios. This 
location is directly in front of Lucanin River Catchment.   On the right side is 
the same screenshots with the confining units overlain, and sea blanked for 
better view of concentrations.  Arrows indicate direction of water flow 
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This underlines the importance of identifying the presence and morphology of confining 

units which are greatly affecting the SGD flux values and therefore its potential impact on the 

regional environment.  

Topographic (elevation) effects 

 Scenario 5-1 model SGD flux result is 20% lower than the base case.  This scenario 

simulates a system with lower freshwater heads, from Scenario 1 where the head variations are 

at approximately 400m above msl and changed to 200m above msl.  Alternately we can 

interpret this system as a set-up where the elevation is lower or mountains with lower relief.   

So a decrease in 200 m in elevation would significantly change the SGD flux, since there will be 

less volume of water in the system and also take note that one of the major drivers of SGD is 

the hydraulic gradient which is dependent on head differences. Lower elevation in turn gives 

lower head differences. 

Also another way of interpreting this would be the influence of assigning the right value 

for the freshwater heads.  If in case a lower value is selected, it highly influences the output 

discharge so, good model calibration for the freshwater heads is absolutely necessary. 

Effect of rivers 

 Rivers have a relatively minor importance to the calculation of SGD fluxes.  Having no 

rivers contributing water in the system decreases the SGD flux result by 8%.  On the other hand, 

increasing the contribution of rivers in the model by changing the river conductance from 100 

to 1000 increases the SGD flux by 4%. 
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Effect of extraction wells 

 Removing the extraction wells in the system increases the SGD flux by 3% which is a very 

small change considering the enormous amount of water being extracted from the system.  

This only proves that there is sufficient amount of recharge in this area. 

Others effects 

 In this model, various assumptions are made due to lack of sufficient data.  One of these 

is the conductance values for the general head boundary conditions.  In this model we chose 

100 as conductance value for the mountain head boundaries.  Changing this value to a higher 

conductance 1000 does not give any change to the resulting SGD flux result.  Also another 

scenario made but not included in the Figure 2.23 is running the model but not including the 

deep sea boundary, which also resulted to the same value for SGD flux.  This gives more 

confidence to the model, since even changing the assumed parameter, similar values are being 

obtained. 
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2.9 Conclusions 

Based on the hydrogeological modeling of submarine groundwater discharge on the SE flank of 

Mt. Mariveles, Bataan the main findings are as follows: 

1) Model results are consistent with the rates of SGD measured by Taniguchi et al. 

(2008), using seepage meters and geochemical tracers.   Radon survey and model 

result both indicate higher SGD fluxes on the northern section of the model area and 

a more regular trend towards the south.   

2) The model result is approximately 50% lower than the measured SGD fluxes.  This 

could be explained by:  

a) The difference in the extent and size of the study area. SGD fluxes vary in 

latitudinal extent (shoreline) and also with distance from the coastline. 

b) Misinterpretation in the extent and morphology of the confining units.  The 3D 

geology is created based on very loose data in the area and thus a lot of 

incorporated personal interpretations. 

c) An underestimation of the hydraulic parameters from very limited well data.  It’s 

highly probable that the hydraulic conductivities used in the model are very low 

compared to reality. 

3) Simulations results show that significant SGD from terrestrial origin discharges to 

Manila Bay from the southeastern flank of Mt. Mariveles as a consequence of the 

steep topography, geology and high rainfall conditions.  There’s also a marine 
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component (sea-water recirculation) in the SGD flux result but its contribution is 

difficult to quantify.   

4) Sensitivity analysis results allow the quantification of the major influence of geology 

especially the presence of confining units, topography and rainfall on SGD fluxes. 

Ideally, data from field campaigns should be coupled to hydrogeological modeling in 

order to establish key control factors of SGD rates and to ultimately allow coupling 

water fluxes to nutrient fluxes.  

5) This study enables the first 3D approach and representation of SGD systems, 

resulting in a more realistic model, and therefore in a better understanding of the 

underlying mechanisms.  

6) Even with minimal amount of field data, resources and time, significant results can 

still be obtained from models.  
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Chapter 3 

3. Simulation of Climate and 
Anthropogenic Effects on SGD 

 

 

 

 
Image:  PESA Dam , Mariveles – Bataan (Source: Google Earth) 
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3.1 Abstract 

Submarine groundwater discharge (SGD) is an important component of the coastal 

hydrologic cycle, affecting mixing and biogeochemistry in the near shore environment.  Climate 

change and anthropogenic factors affect SGD by influencing the hydrologic factors which 

control it.  El Niño–Southern Oscillation (ENSO) alters rates of precipitation evapotranspiration, 

and soil moisture patterns; sea level rise influences the freshwater heads, and groundwater 

concentrations; excessive pumping of ground water lowers the level of the water table and 

removes water from storage in the aquifer; and land-use modifications, changes the amount of 

groundwater recharge by changing the infiltration rates.  To determine how these factors affect 

the magnitude of SGD, several scenarios were developed.  These simulations are a continuation 

of those presented in Chapter 2, thus the same physical and hydrological parameters, and 

boundary conditions as in the reference case (Scenario 1) are implemented in the model, 

otherwise indicated to be different.  Model results are in the same order of magnitude as the 

measured fluxes.  ENSO affects SGD fluxes in two different ways.  During El Niño, the SGD fluxes 

are significantly reduced at an average of 7% change.  La Niña does not change or influence the 

SGD flux greatly.  High amounts of rain poured during La Nina are just flushed out of the system 

through the drains. Sea level rise have a minor effect on the SGD fluxes, lowering of SGD 

fluxes by 2-3% depending on the height of sea level rise.  Excessive groundwater extraction and 

land-use changes can greatly influence the magnitude of SGD flux especially when combined 

with sea level rise resulting to 8-10% change in the SGD fluxes by yr 2055. 
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3.2 Introduction 

Submarine groundwater discharge (SGD) is now considered an important component of 

the coastal hydrologic cycle, affecting mixing and biogeochemistry in the near shore 

environment.  Coastal areas have been increasingly vulnerable to human alteration and climatic 

changes; however the relationship of these factors to SGD is still poorly understood.  In lieu to 

this, this study focused on the conceptual understanding and indirect quantification using 

hydrogeological modeling of SGD and how it is affected by climatic and human-induced 

changes.  This chapter presents the results of the simulations made to incorporate changing 

climate conditions (El Niño–Southern Oscillation - ENSO), sea level rise and anthropogenic 

induced effects to the magnitude of SGD flux.  These scenarios are an addition to the 3D model 

scenarios presented in Chapter 2.  This is to evaluate the potential influence of climate and 

humans to the quantity and quality of SGD fluxes.   

3.2.1 Background  

3.2.1.1 Climate Change Factors 

Atmospheric concentrations of carbon dioxide and other greenhouse gases have 

continually increased since the industrial revolution resulting to extra warming of the earth’s 

surface (Figure 3.1).  The continuation of this phenomenon may significantly alter global and 

local climate characteristics, including temperature and precipitation (Reay and Pidwirny, 

2006).  
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Two of the consequences of this global warming are changing weather patterns (ENSO) 

and sea level rise. 

 

Figure 3.1 Global average temperature and CO2 concentration since 1880. 

 

3.2.1.1.1 El Niño/La Niña Southern Oscillation (ENSO) Phenomenon 

ENSO Occurrence 

El Niño refers to disruption of the ocean-atmosphere system, it is described by a warm 

phase of a naturally occurring sea surface temperature oscillation in the tropical Pacific Ocean, 

and southern oscillation refers to a seesaw shift in surface air pressure at Darwin, Australia and 
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the South Pacific Island of Tahiti (NOAA, 2010). La Niña on the other hand is the unusually cool 

temperatures in the equatorial Pacific.  

ENSO phenomenon significantly alters global and local climate characteristics, including 

temperature and precipitation. Some areas may receive extra precipitation while some parts 

may experience significant reductions, or major alterations in the timing of wet and dry 

seasons.  

In the local climate of the Philippines, an El Niño event is manifested by a drier-than-

normal weather conditions that can last for one or more seasons, causing dry spells or even 

drought in many parts of the country (Jose, 2002). This is caused by (1) suppressed tropical 

cyclone activity in the western equatorial Pacific (2) weak monsoon activity characterized by 

the delayed onset of the rains, monsoon "breaks", and an early termination of the monsoon 

season (Jose, 2002).  A La Niña event is the complete reverse of El Niño. It is characterized by an 

early to near-normal onset of the rainy season, a longer rainy season, above-normal rainfall and 

near-to-above normal tropical cyclone activity in the Philippine Area of Responsibility (PAR) 

during the northeast monsoon season (Jose, 2002). 

ENSO Impacts 

El Niño impacts in the Philippines inevitably leads to tremendous pressure on the water-

resources sector. During El Niño, the annual water inflows in major reservoirs are significantly 

decreased, which results to water shortages and problems with irrigation of farmlands (Jose, 

2002).  Environmental impacts include soil degradation, changes in water quality due to salt-
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water intrusion, and a high risk of forest fires. Social impacts include the disruption of normal 

human activities, migration to urban communities, and human and health problems brought 

about by scarcity of water. 

La Niña, on the other hand, doesn’t lead to distinct responses in multi-purpose dam 

operations. The impacts of La Niña and neutral conditions on the reservoirs are similar, thus 

providing more than enough irrigation and domestic water to the populace.  During La Niña, 

thousands of hectares of prime agricultural lands were destroyed by floodwaters. 

3.2.1.1.2 Sea Level Rise (SLR) 

A 1 meter rise in sea levels would displace around 100 million people in Asia, mostly 

Bangladesh, eastern China and Vietnam; 14 million in Europe and eight million each in Africa 

and South America (UNEP, 2009). 

Cause of SLR 

Global warming affects the atmospheric pressure and cause inverse variation in the sea 

level. With a one millibar decrease in atmospheric pressure, the sea level rises by 10 millimeters 

(Sherif, 1999).  A series of depressions in atmospheric pressure can cause a considerable rise in 

water levels in shallow ocean basins (Theon, 1993). 

Sea water level may also rise for two other reasons. First, warmer oceans would expand; 

and secondly, melting ice sheets and glaciers would add to the total volume of water in the 

oceans (Theon, 1993).  
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Figure 3.2 Trends in sea level rise from 1880 to present derived from tide gauge 
observations and satellite.  

 

SLR Measurements  

Since the mid-19th century, sea level has been rising, likely primarily as a result of 

human-induced climate change. The data obtained from tidal gauges indicate that the sea level 

has risen by 10±20 cm over the past century (roughly 1.5 to 2.0 mm/year), with an average rise 

of 1.7 mm/year during the 20th century and with the rate at the end of the century greater 

than over the early part of the century (Figure 3.2). This is consistent with the geological data 

and the few long records of sea level from coastal tide gauges (Church and White, 2006).  High 
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precision satellite altimeters measurements (done between 65°N and 65°S) indicate a global 

average rise in sea level from 1993 – 2006 to be 3.1 ± 0.4 mm/year, which is significantly higher 

than the average rate for the 20th century (Church and White, 2006). 

 

Figure 3.3  Global sea level rise projections.  Yellow zone and lines represent the 
minimum and maximum estimate of sea level rise by the IPCC (2007), the red 
zone and line represents the higher sea level rise projections from other 
more recent studies, which argue that projections done by IPCC (2007) are an 
underestimate.  
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SLR Projections 

Projections suggest that the rate of sea level rise is likely to increase during the 21st 

century, although there is considerable controversy about the likely size of the increase.  

The most robust projections of 21st century sea-level rise are the Assessments of the 

Intergovernmental Panel on Climate Change (IPCC) of 2001 and 2007. IPCC estimates that the 

global average sea level will rise by 0.18 - 0.59m with a central value of 0.48m by 2100 relative 

to 1980 - 1999 under a range of scenarios. The central value gives an average rate of 2.2 – 4.4 

times the rate over the 20th century. 

New estimates argue that the IPCC's projections of sea level rise are too conservative.  

Recent studies suggest that the most likely sea level rise by 2100 is 0.8 - 2.0 meters due to the 

increased loss of ice from the Greenland Ice Sheet (Pfeffer et al., 2008 and Cazenave and Llovel, 

2009). The Greenland ice sheet is currently losing more than 100 cubic km a year-faster than 

can be explained by natural melting (UNEP, 2009).  

Another study looked at the observed relationship of global temperature since 1900 and 

changes in sea level rise (Rahmstrof, 2007).  Rahmstorf showed a direct relationship between 

the two: 0.1 - 0.3 meters of sea level rise occurs per °C increase in global temperature. Using 

this relationship, Rahmstorf predicted 0.5 - 1.4 m of sea level rise by 2100 using the IPCC 

predicted global temperature rise of 1.4° to 5.8°C.  

Grinsted et al. (2009) used the same approach but extended the relationship to 200 AD 

using proxy records. They predicted that the global sea level will be rising 11 mm/year by 2050 
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which is four times faster than the 20th century rise. They forecasted that sea level will rise 0.9 

- 1.3 meters, using the IPCC's A1B "business as usual" scenario. 

Impacts of SLR 

Over 600 million people live in coastal areas that are less than 10 meters above sea 

level, and two-thirds of the world’s cities that have populations over five million are located in 

these at-risk areas (McGranahan et al., 2007). With sea level projected to rise at an accelerated 

rate for at least several centuries, very large numbers of people are in vulnerable locations. 

The Philippines, with its long coastline of 18000 km, the impact of sea level rise can be 

very significant.  Physical effects of sea level rise include inundation (submergence) of low-lying 

wetland and dry land areas, erosion, salt-water intrusion into estuaries and aquifers, higher 

water tables, and increased risk of flooding and storm damages. In turn, these physical changes 

may lead to substantial socioeconomic losses such as loss of coastal structures, both natural 

and artificial; dislocation of the population; and changes of livelihood. The same physical 

changes may bring about certain ecological consequences such as redistribution of wetlands, 

destruction of coral reefs, and reduction in biological diversity, wildlife extinction, and changes 

in biophysical and biochemical properties of the coastal zones. This may necessitate a range of 

possible responses such as construction of seawalls and dikes, upgrading of coastal 

infrastructure to accommodate higher water levels, relocation of coastal populations, and 

mangrove regeneration. 
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3.2.1.2 Anthropogenic Factors 

Although we can also argue that the present climate change is actually human-induced 

as well, there are also other changes brought about directly by humans that change the 

dynamics of the groundwater system, these are excessive groundwater extraction and land-use 

changes. 

Pumping ground water from a well both lowers the level of the water table and removes 

water from storage in the aquifer, causing a decrease in the amount of ground-water discharge 

equal to the amount of pumping. In settings where ground water discharges to streams, the 

lowering of water-table levels by pumping can result in reduced stream flows. In a freshwater-

lens system, pumping also shrinks the freshwater lens, resulting in upward movement of the 

transition zone. These effects are greatest near the source of water withdrawal.  

If too much ground water is pumped, the freshwater lens may shrink enough that 

brackish water from the transition zone is drawn into the well, a process known as saltwater 

intrusion.  When this occurs, the wells may be needed to shut down and this may reduce the 

availability of drinking water. In some other cases, over-pumping causes the ground level 

subsidence.  Land subsidence resulting from excessive extraction of groundwater is particularly 

acute in East Asian countries. In the Manila Bay area in Philippines, the land surface is lowering 

by several centimeters to more than a decimeter per year, which is the major cause of flooding 

(Rodolfo and Siringan, 2006).  
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With growing density population especially on coastal areas, land-use changes are 

unavoidable.   Changes in land-use influence recharge and run-off.  Construction of roads, cities, 

houses, commercial and industrial sites, accompanied by forest degradation all alter the original 

land cover and in turn change the infiltration and run-off rates of the groundwater system. 

3.3 Model Set-Up 

The simulations presented here are a continuation of those presented in Chapter 2, thus 

the same physical and hydrological parameters, and boundary conditions as in the reference 

case (Scenario 1) are implemented in the model.   

Scenario 6 (ENSO) is run using the same initial concentration and head as from the 

reference case (Scenario 1), thus from output of S1-R2.  This is to be able to compare the 

output SGD fluxes during El Niño and La Niña years to the results of the reference case.   

Scenario 7 to Scenario 9 are run using the output concentration and heads of the last 

time step from the Scenario 1 – Part 3 (reference case) equivalent to Dec 2005, since Scenario 

7 to Scenario 9 are all predictive futuristic scenarios.   

All models in this chapter are run using transient simulation. 
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Table 3.1  Various scenarios used for the simulation of climate and anthropogenic 
effects on SGD. 

Scenarios Goal Variations/Details 

Scenario 6 

Determine the effects of El 
Niño/La Niña Southern 
Oscillation (ENSO) 
Phenomenon on SGD 

Modify the recharge package 

Scenario 7 Determine effects of Sea 
Level Rise (SLR) on SGD 

Scenario 7-0 No sea-level rise, mean sea level at 
0 meters 

Scenario 7-1 Using IPCC (2007) min (lower 
boundary) sea level rise value 

Scenario 7-2 Using IPCC (2007) max (upper 
boundary) sea level rise value  

Scenario 7-3 
Using projected sea level rise  value 
for the Philippines (Perez et al., 
1996) 

Scenario 8 
Determine the effect of 
Human-induced changes 
on SGD  

Scenario 8-1 Doubled groundwater extraction 
rates, no sea level rise 

Scenario 8-2 Land-use modification – 
Deforestation, no sea level rise  

Scenario 8-3 
Land-use modification – 
Reforestation, 
no sea level rise 

Scenario 9 

Determine the effects of 
combined sea level rise 
and human-induced 
changes on SGD 

Scenario 9-1 IPCC max SLR and doubled 
groundwater extraction rates 

Scenario 9-2 IPCC max SLR and deforestation 

Scenario 9-3 IPCC max SLR and reforestation 
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3.4 Model Scenarios 

To determine how climate change and humans affect SGD, several scenarios were 

developed.  Table 3.1 gives information on what parameter is being investigated for each case, 

and the assumptions that come with it.  Details of each scenario and how it is translated as 

model input for the simulation runs is discussed in Section 3.4.1. 

3.4.1 Translation of scenarios to model input 

Scenario 6 – ENSO Phenomenon 

- To incorporate ENSO phenomenon in the model, a daily rainfall input is necessary.  This 

is due to the assumption that ENSO influences the amount of rainfall.  During El Niño, 

rainfall should be lower than normal and during La Niña it should be higher. 

- In Chapter 2, the reference case (Scenario 1) uses the mean monthly rainfall (Limay) as 

input for the recharge package due to absence of daily rainfall data in the area.  Daily 

rainfall data is only available in locations located on the other side of the bay: In rain 

gauge stations Science Garden and Port Area (see Figure 3.4).   

- From Figure 3.5 we can see that the mean monthly rainfall at Limay (model area 

location) is higher compared to the rest of the stations.   Using this knowledge, a 

modified Limay rainfall curve which incorporates the “signal” of daily changing rainfall is 

created.  The daily rainfall value (mm) divided by the mean monthly rainfall (mm) from 

Port Area and Science Gauge Station gives the “signal” of the changing rainfall.  This 
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combined with the mean monthly rainfall data for Limay will be the modified rainfall 

used in the ENSO effect simulation.  Illustration of this procedure is shown in Figure 3.6.   

 
Figure 3.4  Locations of available rain gauges in Manila Bay.  

 
Figure 3.5   Mean monthly rainfall values at different rain gauge sites. 

Data Source: Rainfall data from PAGASA obtained from Geological Oceans Laboratory, MSI and MGB  
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Figure 3.6 Procedure to create daily rainfall input for ENSO case.  Available mean 
monthly rainfall data from the study area (Limay rainfall) is combined with 
the ratio of daily rainfall/mean monthly rainfall from Port Area   to obtain a 
rainfall data for Limay which includes the daily rainfall “signal”. 

 

Scenario 7 – Sea Level Rise (Projections 2055) 

- In Scenario 7-0, no sea level rise is assumed for the next 50 years.  In Scenario 7-1, the 

lower limit sea level rise of 0.15m in 50 years is applied based on the IPCC predictions.  

In Scenario 7-2, the upper limit of 0.5m in 50 years sea level rise.  Using the results of 

the study of Perez et al. (1996) in Manila Bay, sea level rise of 0.475m in 50 years is 

implemented in Scenario 7-3.  The sea level rise values are applied as linear increase in 

mean sea level. This is done by modifying the top sea level values in the general head 
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boundary package. The back-water effect of sea level rise in the area is negligible and 

not taken into account. 

Scenario 8 – Anthropogenic induced changes (Projections 2055) 

- To just look at the influence anthropogenic-induced changes alone, no sea level rise is 

implemented in this group.  In Scenario 8-1, the well extraction rates are doubled, 

assuming an increased demand for water in the next 50 years.  In Scenario 8-2, the 

forest area is assumed to be completely deforested; this in turn changes the ET and run-

off values in the recharge package.   In Scenario 8-3, assuming considerable efforts by 

the policy makers in the area will be made, a reforestation of the barren areas are 

executed; changes in ET and run-off values in the recharge package.    

Scenario 9 – Combination sea level rise and human induced changes (Projections 2055) 

- The max value (0.50m/50yr) of sea level rise is implemented in this group.  In Scenario 

9-1, the well extraction rates are doubled, assuming an increased demand for water in 

the next 50 years.  In Scenario 9-2, the forest area is assumed to be completely 

deforested; this in turn changes the ET and run-off values in the recharge package.   In 

Scenario 9-3, assuming considerable efforts by the policy makers in the area will be 

made, a reforestation of the barren areas are executed; changes in ET and run-off values 

in the recharge package.    
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3.4.2 Results and Discussions 

3.4.2.1 Effects of ENSO Phenomenon on SGD 

El Niño Periods 

 Using the Oceanic Niño Index (ONI) values from NOAA (Figure 3.7), the periods with 

extreme/strong El Niño is determined (Figure 3.8A) (i.e. warm episodes correspond to ONI 0.5-

1, moderate El Niño ONI 1-1.5, and strong El Niño ONI >1.5). These periods are extracted from 

the Scenario 6 model results and compared with the results of the reference case (Figure 3.8B). 

 

 

Figure 3.7 Monthly values of the Oceanic Niño Index from 1950 through present.   
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Figure 3.8  (A) Strong El Niño periods (B) Comparison of Scenario 1 and Scenario 6 model 
SGD flux results (C) Corresponding scenario rainfall input values used for 
each stress period. 
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Figure 3.8B shows that the model El Niño period SGD fluxes are lower compared to the 

reference case results.  The difference in values is between the ranges of 2-14% with an average 

of 7%.  These values satisfy the expected results, since the assumption is that SGD is largely 

influenced by the amount of rainfall.  Lower rainfall during El Niño conditions would also result to 

lower SGD fluxes. There is an anomaly however in the results extracted from Aug-Sep 1997, 

where the El Niño period SGD fluxes results are higher than the reference case by 

approximately 9-10%.  This anomaly can be explained in Figure 3.8C.  Here the input rainfall 

values used for each case is plotted, the period between Aug-Sep 1997 have higher ENSO 

rainfall values than the reference case.  Note that, the reference case uses the mean monthly 

rainfall, so the same monthly values for rainfall are recurring each year which is actually not 

always the case.   It’s highly probable that the actual rainfall values during this period are higher 

than the one used for the reference case. 

La Niña Periods 

Similar to the El Niño periods, using the Oceanic Index (ONI) values from NOAA (Figure 

3.7), the periods with extreme/strong La Niña is determined (Figure 3.9A) (i.e. cold episodes 

correspond to ONI -0.5 to -1, moderate La Niña ONI -1 - -1.5, and strong La Niña ONI <-1.5).  

These periods are extracted from the Scenario 6 model results and compared with the results 

of the reference case (Figure 3.9B). 

Figure 3.9B shows that the model La Niña period SGD fluxes are generally having 

comparable values to the reference case results.   
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Figure 3.9 (A) Strong La Niña periods (B) Comparison of Scenario 1 and Scenario 6 
model SGD flux results (C) Corresponding scenario rainfall input values used 
for each stress period. 
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The difference in values between Scenario 1 and Scenario 6 is between the ranges of 0 

to -3% with an average of 0%.  Indicative of almost equal SGD fluxes during “normal” conditions 

and La Niña.   Several “anomalous” values, with inverse relationship -- “normal” conditions have 

higher SGD fluxes than La Niña – extracted from periods 1973 and by approximately 1-3%.  This 

anomaly can be partly explained by Figure 3.9C but not completely because for the period Oct-

Dec 1973, ENSO rainfall values are higher than the reference rainfall but the SGD flux results 

from La Niña are still lower or almost equal. 

 

Figure 3.10   (A) Weak and strong La Niña periods (cold episodes) (B) Comparison of 
Scenario 1 and Scenario 6 model SGD flux results and the corresponding 
scenario rainfall input values used for each stress period. 
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 Figure 3.10A shows the of model SGD flux results of Scenario 1 and Scenario 6 for the 

cold episodes from beginning of the simulation year 1956-1971 and the later part of the 

simulation year 1996-2005.  Here we can clearly see that the SGD fluxes during “normal” 

conditions and La Niña are almost following the same trend and only have a ±3% deviation. This 

relationship can be possibly explained by how the model is set-up.  Drains are implemented in 

the model at certain fixed elevation points.  So any excess water from the system will just be 

flushed out through the drains.  Possibly the reason why  during the period Oct-Dec 1973, even 

when the ENSO rainfall values are higher than the reference rainfall, the SGD flux results from 

La Niña are almost equal.   

 

3.4.2.2 Sea Level Rise effects on SGD 

Figure 3.11 shows the model SGD flux results of the different sea level rise scenarios.  

Generally we can see that sea level rise have minimal effect on changing the SGD fluxes.  

Assuming no sea level rise will occur for the next 50 years from 2006 in Scenario 7-0; by 2055 

the SGD flux will only decrease by 2%. Similar values are obtained by implementing the lower 

limit value for sea level rise equal to 0.15m in 50yr.  IPCC max sea level rise of 0.5m/50year 

implemented for Scenario 7-2 and Philippines sea level rise of 0.475m/50yr implemented for 

Scenario 7-3 would lower the SGD flux by approximately 3% -- from 6.2 to 5.9 m3day-1 m width 

of shoreline.   Higher estimates of sea level rise however would influence more the SGD fluxes, 

as seen with the trend from min to max sea level rise scenarios.     



Chapter 3 
 
 

144 
 

 

Figure 3.11  Graph of the resulting 2055 year average total SGD shoreline flux from the 
different sea level rise scenarios.  Also shown in red is the percentage 
difference of each scenario result to the reference case.  All values are 
converted to m3/day per m shoreline width. 

 
 

3.4.2.3 Anthropogenic-induced effects  

The results of the simulations run using the different anthropogenic induced scenarios 

are shown in Figure 3.12. Assuming continuous pumping and doubled groundwater well 

extraction, with no accompanied sea level rise, the SGD flux by 2055 will be decreased by 8% as 

shown by the results in Scenario 8-1.   If the whole forest area will be completely deforested 

(Scenario 8-2), while the rest of the other area continuous to have the same type of land-use, 

the SGD flux will increase by 1%.  This is because of the significant change in evapotranspiration 

and run-off which directly affects the amount of recharge (Figure 3.13).  On the contrary, 

reforestation of barren areas will actually decrease the SGD fluxes by 9%. 



Simulation of Climate and Anthropogenic Effects on SGD 

 
 

145 
 

 

Figure 3.12   Graph of the resulting 2055 year average total SGD shoreline flux from the 
different ant anthropogenic induced scenarios.  Also shown in red is the 
percentage difference of each scenario result to the reference case and in 
blue to Scenario 7-0 (no sea level rise scenario).  All values are converted to 
m3/day per m shoreline width. 

 

 

Figure 3.13   Comparison of calculated average monthly effective recharge with 
changing land-use conditions.   
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Figure 3.14   Graph of the resulting 2055 year average total SGD shoreline flux from the 
different ant combined anthropogenic induced and max sea level rise 
scenarios.  Also shown in red is the percentage difference of each scenario 
result to the reference case.  All values are converted to m3/day per m 
shoreline width. 

 

3.4.2.4 Combined Effects 

The results of the simulations run using the combination of IPCC max value for sea level 

rise and the different anthropogenic induced scenarios are shown in Figure 3.14. In Scenario 9-

1, assuming continuous pumping and doubled groundwater well extraction, with accompanied 

sea level rise, the SGD flux by 2055 will be decreased by 9% as shown by the results in Scenario 

9-1.  This value is 1% lower compared to the result simulated with no sea level rise.  

Deforestation combined with sea level rise implemented in Scenario 9-2 results to a decrease in 
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SGD flux by 8% in 2055.  This result is very different from the deforestation case with no sea 

level rise.  Scenario 8-2 resulted to an SGD flux value of 6.2 m3day-1 m-1, which is higher than 

the 2005 yr average reference case result. Scenario 9-3 resulted to a decrease of 10% in the 

SGD flux.  
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3.5 Conclusions 

Based on the simulation of climate and anthropogenic effects on SGD at the SE flank of Mt. 

Mariveles, Bataan the main findings are as follows: 

1) ENSO affects SGD fluxes in two different ways.  During El Niño, the SGD fluxes are 

significantly reduced at an average of 7% change.  This is due to the ENSO influence 

on the rates of precipitation and groundwater recharge.  La Niña does not change or 

influence the SGD flux greatly.  High amounts of rain poured during La Nina are just 

flushed out of the system through drains. 

2) Sea level rise have a minor effect on the SGD fluxes.  This results to lowering of SGD 

fluxes by 2-3% depending on the height of sea level rise.  Only conservative IPCC sea 

level rise values are applied in the model, but there are other larger estimates which 

are not implemented which could probably result to large changes in SGD flux 

3) Excessive groundwater extraction and land-use changes can greatly influence the 

magnitude of SGD flux especially when combined with sea level rise resulting to 8-10 

% change in SGD fluxes by yr 2055. 
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Appendix I  

Abbreviations 
 

CIESIN  Center for International Earth Science Information Network 
CIAT Centro Internacional de Agricultura Tropical 
DENR Department of Environment and Natural Resources. 
DEM Digital Elevation Model 
DIN Dissolved Inorganic Nitrogen 
ERSDAC Earth Remote Sensing Data Analysis Center 
ENSO El Niño–Southern Oscillation  
FAO Food and Agriculture Organization  
GRCO General Resources Co., Ltd. 
GIST Geographic Information Support Team 
GDEM Global Digital Elevation Map 
HAB Harmful Algal Blooms  
IPCC Intergovernmental Panel on Climate Change 
LWUA Local Water Utilities Administration  
MSI Marine Science Institute 
MARIWAD Mariveles Water District 
MGB Mines and Geosciences Bureau 
NAMRIA  National Mapping and Resource Information Authority 
NOAA National Oceanic and Atmospheric Administration 
NRCS Natural Resources Conservation Service 
ONI Oceanic Niño Index 
PAR Philippine Area of Responsibility  
PAGASA Philippine Atmospheric, Geophysical and Astronomical Services Admin 
PNRI Philippine Nuclear Research Institute 
SLR Sea Level Rise 
SGD Submarine Groundwater Discharge  
TDS Total Dissolved Solids  
UNEP United Nations Environment Programme 
USDMA United States Defense Mapping Agency 
WHOI Woods Hole Ocenographic Institution 
WHRC Woods Hole Research Center 
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Appendix II  

Preparation of MOCDENS3D 
(MODFLOW and MOC3D) Packages 
 

MODFLOW 

2.1 Basic Package         BAS.DAT 

2.2 Block-Centered Flow Package      BCF.DAT 

2.3 Drain Package         DRN.DAT 

2.4 General-Head Boundary Package      GHB.DAT 

2.5 Output Control        OC.DAT 

2.6 Preconditioned Conjugate Gradient 2 Package (PCG2)   PCG2.DAT 

2.7 River Package         RIV.DAT 

2.8 Recharge Package        RCH.DAT 

2.9 Well Package         WEL.DAT 

 

 

MOC3D 

2.10 Main MOC3D Package       MOCMAIN.DAT 

2.11 Source Concentration in Recharge      MOCCRCH.DAT 

2.12 Observation Well File        MOCOBS.DAT 
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Appendix 2.1 

BAS Package 

The BAS Package contains the basic information of the model area, i.e. the number of layers, 
top and bottom elevation, number and duration of each stress periods.  Also it contains the 
ibounds which determines which cells will be active or inactive – active cells will be included in 
the calculation.  This also contains the initial head levels.  

To prepare the bas.dat file, first the information on the elevation has to be converted into an 
ascii format file such as the one seen below. Here the AsterGDEM and the bathymetric data of 
the study area are combined in ArcMap and exported as an ASCII raster file. 

 

Figure above shows the AsterGDEM combined with the bathymetric data. The model area is 
represented by the white rectangular box. On the upper right side, the generated ASCII raster 
file generated in ArcMap. 
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Using the generated elevation ACII file from ArcMap, a program (see below) is created 
to write the ibound3Dmatrix file.  This 3Dmatrix file will be implemented in PMWIN and 
converted to the .ibd file (also called ibound package).  The output .ibd package along 
with other information mentioned earlier is again implemented in PMWIN for the BAS 
package.   

 

Here the elevation acii file is read 
 

 
This procedure creates the ibound3dmatrix 
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The output ibound3Dmatrix file created by programming in Pascal is shown below. 1 is 
active and 0 is inactive, the number on the topmost left part indicates the layer number.  
For this model there are a total of 48 layers   

 

Below is a screenshot of the PMWIN showing the other information needed to create 
the bas.dat.  Once implemented, MODFLOW is run to create the BAS file. 
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Below are screenshots of the different essential sections of the created bas.dat file used for the 
reference case Scenario 1 in this study.  Numbers on the leftmost side indicate the line number.  
Note that this bas.dat file can also be directly made by using a computer code if preferred. 

 
Information on the number of layers, rows, columns, time step are given on top followed 
by the ibound information per layer 

 
initial head level information per layer 

 
 information of the duration of each stress period  



Preparation of MOCDENS3D Packages 

 
 

163 
 

Appendix 2.2 

BCF Package 

The BCF package computes the conductance between each of the grid cells and sets up the 
finite difference equations for the cell to cell flow. It also computes the terms that determine 
the rate of movement of water to and from storage.  

Thus the bcf package would contain/require the following data array: 

1) Layer Type 

Data arrays are required for a particular layer and are dependent on the layer type. The 
layer arrays required for each layer type are shown in the following table.  

Layer Type Required Arrays 
Confined (LAYCON=0) Transmissivity 

Leakance 
Primary Storage Coefficient (storativity) 

Unconfined (LAYCON=1) Bottom Elevation 
Hydraulic Conductivity 
Leakance 
Primary Storage Coefficient (specific yield) 

Confined/Unconfined (LAYCON=2) Top Elevation 
Transmissivity 
Leakance 
Primary Storage Coefficient (storativity) 
Secondary Storage Coefficient (specific yield)

Confined/Unconfined (LAYCON=3) Top Elevation  
Bottom Elevation  
Hydraulic Conductivity 
Leakance 
Primary Storage Coefficient (storativity) 
Secondary Storage Coefficient (specific yield)

 

For this model, a confined layer type (LAYCON=0) is selected for all layers.  
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2) Leakance – is a function of the layer thickness and the vertical hydraulic conductivity. 
 Vertical hydraulic conductivity (.lea file) 
   

3) Transmissivity is equal to the horizontal hydraulic conductivity multiplied by the layer 
thickness. 

Horizontal hydraulic conductivity (.con file) 
 

4) Primary storage coefficient 
In this case, a calculated value of specific storage is applied  

 
A 3D Geology Model is created for the study area (see Section 2.5 for details) using existing 
topography, geological, sedimentological, seismic, and borehole data.    Based on the 3D 
geology model, hydraulic parameter values are assigned.  The 3D Geology Model makes it 
easier to implement the series of array values required in PMWIN.    Each of these array values 
can be created by programming (Pascal, FORTRAN, or any programming code you wish to use) 
or manually input the values in PMWIN.   

Hydraulic parameter values assigned for the model are enumerated in Section 2.7.1 – 
Hydrogeologic Parameters. The series of arrays required for the BCF package is manually 
inputted in PMWIN.   
 
These hydraulic parameters are based on pump tests measurements and literature data 
available in the area.   
 
Pumping tests results for the confined aquifers within the study area.  Data from below from 
LWUA. 
 
Well Name Trans-

missivity 
(m2/s) 

Trans-
missivity 
(m2/day) 

Storativity Aquifer 
thickness 
(m) 

Hydraulic 
Conductivity 
(m/day) 

PNOC#4/DRU-14 0.0069 596.16  162 3.68 
PNOC#3 / DRU-13 0.00587 507.168  142 3.57 
PNOC#1 / DRU-11 0.00572 494.208  Partially penetrating well
DRU-2 0.00187 161.568  Partially penetrating well
DRU-24 0.00433 374.112 0.00433 150 2.49 
DRU-18 0.00546 471.744 0.00019-.00028 150 3.14 
DRU-17 0.0067 578.88 0.00546 150 3.86 
DRU-25 0.0114 984.96 0.00027-0.00035 150 6.57 
DRU-26 0.0036 311.04 0.00226 150 2.07 
Average  497.76   3.63 
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Below are screenshots of the different essential sections of the created bcf.dat file used for the 
reference case Scenario 1.  
 

 
Information on the anisotropy factor, and dimension of the cell (NCOL) 

 
Information on the dimension of the cell (NROW) 

 
- Information on the storage coefficient and transmissivity 
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Appendix 2.3 

Drain Package 

The Drain Package is used to simulate head-dependent flux boundaries.  If the head in the cell 
falls below a certain threshold, the flux from the drain to the model cell drops to zero. 
 
Using the same generated elevation ACII file (as in Appendix 2.1) as input, a program (see 
below) is created to create the DRN.DAT file.   

 
Here the ibound (active and inactive) cells are assigned; using this information the drain 
cells are determined 
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Below is the screenshot of the created drn.dat file used for the reference case Scenario 1 in this 
study.  Numbers on the top left = 9502 correspond to the total number of drain cells   
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Appendix 2.4 

General Head Boundary Package 

The GHB Package simulates the head-dependent flux boundaries; here the flux is always 
proportional to the difference in head. 
 
Boundary Conditions: 
 

 
 

1) Assumed no flow at N and S edge of model area 
 

2) Assumed hydrostatic pressure on the western edge – Mountain boundary  
GHB = 2 
Here the assumption is that the head in the mountains vary monthly (see code), a no 
flow boundary cannot be assumed for this edge because the drainage divide is situated 
farther west of the model domain.  
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Using the same generated elevation ACII file (as in Appendix 2.1) as input, a program 
(see below) is created to implement the mountain boundary ghb.   

 
 

3)  Assumed hydrostatic pressure on the eastern edge – Deep sea boundary 
GHB = 3.  A program (see below) is created to implement the deep sea boundary ghb   

 
 

4) Top sea boundary with applied sea level rise. 
GHB = 1.  A program (see below) is created to implement the top sea boundary ghb   
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Below is a screenshot of the different essential sections of the created ghb.dat file used for the 
reference case Scenario 1.  Numbers on the leftmost side indicate the line number. 

 
Location (k, I, j), head, conductance and concentration values for the mountain head boundary 

 
Location (k, I, j), head, conductance and concentration values for the top sea and deep sea head boundary 
Implemented ghb for the dam present in the model area 
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Appendix 2.5 

Output Control 

The Output Control Option (oc.dat) is used to specify which head, drawdown, or budget data 
should be printed or saved.   
 
The oc.dat file for the model is created using the code below.  All outputs are deactivated to 
limit computer space. 

 
 
Below is a screenshot of the created oc.dat file. 
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Appendix 2.6 

Preconditioned Conjugate Gradient 
2 Package (PCG2) 

 

The Preconditioned Conjugate-Gradient package (pcg2.dat) is used to solve the finite 
difference equations in each step of a MODFLOW stress period.   
 
The applied pcg2.dat in the simulations is shown below. 
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Appendix 2.7 

River Package 

The River Package is used to simulate head-dependent flux boundaries.  In the River package, if 
the head in the cell falls below a certain threshold, the flux from the river to the model cell is 
set to a specified lower bound. 
 

 
 
2 types of rivers are applied in the model.  RIV1, are the main rivers with an equivalent 
catchment area of 1 sq. km   RIV2, are the smaller rivers with an equivalent catchment of 0.5 sq. 
km.  These are calculated using ArcMap and converted to an ascii raster file format to be 
implemented in the program formed to create the River Package file.  The code for the river 
package program is shown in the next page. 
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Here the river maps are read, using this information the cells which will be occupied by 
the rivers are determined 

 
The riv.dat file is created 
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Below is a screenshot of the created riv.dat file, for the reference case. 
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Appendix 2.8 

Recharge Package 

The Recharge package is used to simulate a specified flux distributed over the top of the model 
and specified in units of length/time.  Within MODFLOW, these rates are multiplied by the 
horizontal area of the cells to which they are applied to calculate the volumetric flux rates. 
 
The preparation of this package uses the ideas of the water balance models developed in the 
1940s by Thornthwaite (1948) and revised by Thornthwaite and Mather (1955). The soil water 
balance can be represented by the equation: = − − + ∆  

 
Where:  is the effective recharge  
   is precipitation 

 is the actual evapotranspiration 
  is the run-off 
 ∆  is the change in soil water storage  

 
 
The precipitation data used in the model is the available mean monthly rainfall data from 
Limay, Bataan. 
 

 mm/month 
Month Rainfall 

Jan 9.9 
Feb 8.6 
Mar 9.4 
Apr 17.5 
May 247.6 
Jun 320.8 
Jul 692.4 

Aug 834.6 
Sep 430 
Oct 240.2 
Nov 129.5 
Dec 60.7 
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The actual evapotranspiration (aET) in the study area is estimated using the FAO Penman-
Monteith Method (FAO, 1998), where the reference evapotranspiration (ETref) is multiplied by a 
crop factor (Kc) which represents the type of vegetation in the area.  Kc is approximated using 
the information from the land-use map obtained from the Mariveles Municipal Planning and 
Development Office. The figure below explains this process: 
 

 
 

               
 
The actual evapotranspiration is calculated from the monthly reference evapotranspiration for 
the area multiplied by the crop factor which is depending on the type of land-use. LU1 is forest, 
LU2 is agricultural, LU3 is industrial and LU4 is build-up (Data from FAO).  
 
The direct run-off is estimated using the Thornthwaite water balance approach (Ferguson, 
1996).  Given by the equation: = 0                                                   −0.095 + 0.208 .  <   0     
 = −0.095 + 0.208 .                   −0.095 + 0.208 .  ≥   0     

mm/month
ref ET
109.8

131.15
152.5
170.8
152.5
134.2
128.1

118.95
118.95
118.95
109.8

106.75

LU1 LU2 LU3 LU4
1.104086 0.567985 0.2 0.2
1.10617 0.814213 0.2 0.2
1.12171 0.893891 0.2 0.2
1.12604 0.920276 0.2 0.2
1.12604 0.920276 0.2 0.2
1.12604 0.920276 0.2 0.2
1.12604 0.920276 0.2 0.2
1.12604 0.920276 0.2 0.2
1.12604 0.920276 0.2 0.2
1.12425 0.909018 0.2 0.2
1.12157 0.893083 0.2 0.2
1.09549 0.767137 0.2 0.2

Kc (crop factor)
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Where:  is the average monthly direct runoff 

  is related to the soil and cover characteristics of the soil 
 

 is represented through its relationship to the value of the runoff curve number ( ) given by: 
 =  100 −  10     ( ℎ ) 

    
    is the curve number, estimated based on land-use and soil group 
    is the average monthly precipitation.   
 
CN is affected by the soil properties; it influences the relationship between rainfall and runoff 
by affecting the rate of infiltration. NRCS divides soils into four hydrologic soil groups based on 
infiltration rates (Groups A-D).  
 
Group A. Group A soils have a low runoff potential due to high infiltration rates even when 
saturated (0.30 in/hr to 0.45 in/hr or 7.6 mm/hr to 11.4 mm/hr). These soils primarily consist of 
deep sands, deep loess, and aggregated silts. 
 
Group B. Group B soils have a moderately low runoff potential due to moderate infiltration 
rates when saturated (0.15 in/hr to 0.30 in/hr or 3.8 mm/hr to 7.6 mm/hr). These soils primarily 
consist of moderately deep to deep, moderately well to well drained soils with moderately fine 
to moderately coarse textures (shallow loess, sandy loam). 
 
Group C. Group C soils have a moderately high runoff potential due to slow infiltration rates 
(0.05 in/hr to 0.5 in/hr or 1.3 mm/hr to 3.8 mm/hr if saturated). These soils primarily consist of 
soils in which a layer near the surface impedes the downward movement of water or soils with 
moderately fine to fine texture such as clay loams, shallow sandy loams, soils low in organic 
content, and soils usually high in clay. 
 
Group D. Group D soils have a high runoff potential due to very slow infiltration rates (less than 
0.05 in./hr or 1.3 mm/hr if saturated). These soils primarily consist of clays with high swelling 
potential, soils with permanently high water tables, soils with a claypan or clay layer at or near 
the surface, shallow soils over nearly impervious parent material such as soils that swell 
significantly when wet or heavy plastic clays or certain saline soils. 
 
For the study area, the soil group type is B. 
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The table below shows the different CN number assigned for different land-use types and soil 
groups based on the TR-55 publication: 

Land Use 
Description on 
Input Screen 

Description and Curve Numbers from TR-55

Cover Description 
Curve Number 
for Hydrologic 
Soil Group

Cover Type and Hydrologic Condition 
% 
Impervious 
Areas

A B C D 

Agricultural Row Crops - Staight Rows + Crop Residue Cover- 
Good Condition (1)   64 75 82 85

Commercial Urban Districts: Commerical and Business 85 89 92 94 95

Forest Woods(2) - Good Condition   30 55 70 77

Grass/Pasture Pasture, Grassland, or Range(3) - Good Condition   39 61 74 80

High Density 
Residential 

Residential districts by average lot size: 1/8 acre or 
less 65 77 85 90 92

Industrial Urban district: Industrial 72 81 88 91 93

Low Density 
Residential Residential districts by average lot size: 1/2 acre lot 25 54 70 80 85

Open Spaces Open Space (lawns, parks, golf courses, cemeteries, 
etc.)(4) Fair Condition (grass cover 50% to 70%)   49 69 79 84

Parking and Paved 
Spaces 

Impervious areas: Paved parking lots, roofs, 
drivesways, etc. (excluding right-of-way) 100 98 98 98 98

Residential 1/8 
acre 

Residential districts by average lot size: 1/8 acre or 
less 65 77 85 90 92

Residential 1/4 
acre Residential districts by average lot size: 1/4 acre 38 61 75 83 87

Residential 1/3 
acre Residential districts by average lot size: 1/3 acre 30 57 72 81 86

Residential 1/2 
acre Residential districts by average lot size: 1/2 acre 25 54 70 80 85

Residential 1 acre Residential districts by average lot size: 1 acre 20 51 68 79 84

Residential 2 acres Residential districts by average lot size: 2 acre 12 46 65 77 82

Water/ Wetlands   0 0 0 0 0

 
 
 

Notes 
(1) Hydraulic condition is based on combination factors that affect infiltration and runoff, including (a) density and canopy of vegetative 
areas, (b) amount of year-round cover, (c) amount of grass or close-seeded legumes, (d) percent of residue on the land surface 
(good>=20%), and (e) degree of surface roughness. 
(2) Good: Woods are protected from grazing, and litter and brush adequately cover the soil. 
(3) Good: >75% ground cover and lightly or only occasionally grazed. 
(4) CN's shown are equivalent to those of pasture. Composite CN's may be computed for other combinations of open space cover type. 
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Based from the CN table, the CN value assigned for each specific land-use type is as follows: 
 

Land-use type Description Characteristics Assigned CN from 
TR-55 

1 Forest Fair (grazing but not 
burned) 60 

2 Agricultural 
With conservation 

treatment - 
contouring 

71 

3 Industrial 72 % impermeable 88 
4 Residential 38 % impermeable 75 

 
 
Using the above information, a program is created to calculate the effective recharge. 
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Below is a screenshot of the created rch.dat file, for the reference case. 
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Appendix 2.9 

Well Package 
 

The Well package is used to simulate a specified flux to individual cells and specified in units of 
length3/time. 
 
Below is a figure showing the different extraction wells present in the area and their 
corresponding extraction rates. 
 

 
 
Using ArcMap the extraction wells present only in the model area are extracted and converted 
to an acii raster txt to be read by the program to create an initial well.dat file with the I,j,k 
location and Q value. 
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This created initial wel.dat file has very high extraction rate on a single top cell, but in reality 
the well takes water from cells even below the top cell, depending on the depth of the well.  
Thus this initial wel.dat file is applied to PMWIN and manually edited to distribute the discharge 
value Q with depth, resulting to the wel.dat file below: 

 
 

- 3905 is the number of cells with extraction value Q 
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Appendix 2.10 

Main MOC3D Package 
 

The Main MOC3D Package contains the information of the initial concentration and porosity 
values of the mocmain.dat file. 
 

 
 
The mocmain.dat file is created in a series of steps, and changed or modified as the simulation 
goes from Part1 to Part 3 in the reference case, the details of this is  already explained in 
Section 2.8.1.   
 
Preparation of mocmain.dat for Part 1 reference case: 
 
The available TDS concentration values from the wells in the area are shown above.  The graph 
below shows the relationship of TDS concentration vs. depth (m). 
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A linear relationship between the TDS (conc) vs. depth (m) from surface is observed from the 
well data in the area.  This information is then used to calculate the concentration at different 
depths starting from the elevation of the top layer to the bottom.   
 
The resulting relationship between the layer number and the elevation for the mountain 
boundary (see Appendix 2.4 for description) is: 
 

 
 
 
This relationship is then applied create a concentration distribution for the model called the 
concmatrix.   
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See the program below shows the creation of the concmatrix: 

 
A vertical interface is assumed between the saltwater (TDS=35000) and the freshwater, 
since there is no information available regarding the interface. 

 
Here a concentration value is assigned for the different cells. 

 
 
 
 



Appendix II 
 
 

192 
 

The output concmatrix file applied in the model is shown below: 

 
 
TDS concentration values (in ppm or mg/L) of different water types based on US EPA and the 
Water Quality Association 
 
Ideal drinking water 0-50 
Mountain springs  50-170 
Ave. tap water  170-320 
Mineral springs 300-500 
Fresh water   <1,000 
Brackish:   1,000-5,000 
Highly Brackish:  5,000-15,000  
Saline:    15,000-30,000 
Sea Water:   30,000-40,000 
 
The concmatrix is applied in PMWIN to create the mocmain.dat file. 
 
 
 
 
 



Preparation of MOCDENS3D Packages 

 
 

193 
 

The created mocmain.dat file for Part 1 – Scenario 1 (ref case) contains the following 
information: 

 
Initial concentration values 

 
 Cell thickness value 

 
Cell porosity values 
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After 150 years run time the conc distribution is as follows: 

 
 
This concentration distribution is then used as an initial concentration distribution for the next 
run – Part 2. 
 
The rest of the steps which follows are explained in detail in Section 2.8.1. 
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Appendix 2.11 

Source Concentration in Recharge 
 

The Source Concentration in Recharge Package (moccrch.dat) as the name suggests is the 
concentration of the water coming in the system in the Recharge Package.  
 
In this model, a default value of 0 TDS is used.   
 
The applied moccrch.dat in the simulations is shown below. 
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Appendix 2.12 

Observation Well File 
 

The observation well file (obswel.dat) contains the information of the well locations with 
known concentration and/or water levels used for the calibration and also for data analysis. 
  
The obswel.dat file used in the simulation is as follows: 
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Created Hydrogeologic Profiles 
 
 
 
 
 
 

 
 
 
 

Profile 1 

Profile 2 

Profile 3 

Profile 4 
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Profile 1
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Profile 2
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Profile 3 
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Profile 4 
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Appendix IV (Block view) Time series development of the freshwater wedge (S1-R1) 
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Appendix IV cont.  (Block view) Time series development of the freshwater wedge (S1-R1) 
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