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Abstract

The Bengal basin in Bangladesh is an area withrge lgariety in groundwater salinity. To
improve freshwater security in the dry season tedMAR project is set up to investigate the
implementation of MAR-systems in the region. To e the sustainability prediction of
these MAR-systems it is important to know how d#f& factors in a region are connected and
what their implications are regarding the grouncw@iow. This thesis combines results of a
fieldwork and a modelling study to define the mammnections between surface elevation, clay
thickness, salinity, infiltration capacity and gnalwater flow. This is done by defining
distributions of the above-mentioned charactesgstvdhin a representative case study area of
approximately 40 kif(the Assasuni region). The study first confirmiealtthigh elevated areas
imply thin clay layers with relative fresh aquife@ater due to recent rainwater infiltration. Low
elevated areas can contain thin clay layers wilinesaquifer water or thick clay layers with
brackish aquifer water. Second, regarding the gtauaer flow, elevation (including rivers)
and pumping are found to be the main drivers. $&irly, it is found that groundwater flow
reverses direction from high to low elevation dgrthe wet season towards flow from low to
high elevation during the dry season because ansite pumping. Third, the fieldwork
conclusions show the net yearly groundwater flowuwently be from the fresh elevated areas
towards saline low region. This indicates that figsh aquifers are not salinizing and the
pumping is sustainable. Model results however sti@anstability of this flow and emphasize
the possibility of aquifer salinization when pumgpiguantities increase or fresh recharge
guantities decrease. This emphasizes the importahapantifying the consequences of
irrigation pumping with respect to fresh rechardeew predicting the sustainability of a MAR-
system.
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1. Introduction

Water availability in southwestern Bangladesh shawgeat annual fluctuation with 82% of
the annual precipitation (1500 to 3000 mm) fallinghe monsoon period (June to October).
This is a period with a high amount of river flongiand plenty available water for drinking
and agriculture (Mukherjee, Fryar, & Thomas, 2068wever, this abundance of water stops
during the dry period in which drinking water optgare scarce and groundwater becomes an
important source. The area consists of the wolddgest and most densely populated delta, the
Ganges-Brahmaputra-Meghna (GBM) Delta. The deliahabited by 130 million people and
comprises an area of 100.000%{h300 inhabitants/kA.

The general lithology of the region consists ofagy ¢ayer at the surface overlying one or two

silty to sandy aquifers of which the first aquifean reach a depth of about 150 meters
(Adhikary, Das Gupta, & Babel, 2011). The thicknetshe superimposing clay layer varies

regionally between 5 to 45 meters (M. ShamsuddGhandler, Taylor, & Ahmed, 2009).

A decrease in fresh water supply during the dryogecauses the fresh-salt water interface to
move upstream in tidal rivers which results inrgahtion of large amounts of surface water.
As a consequence, areas become unfit for irrigadioth drinking purposes (Acacia Water,
2015). Due to the occurrence of these tidal flogdevents in combination with low
precipitation during the Holocene the main salifythe groundwater is brackish but has a
large spatial variance with patches of fresh wghgers et al., 2016; George, 2013; Naus, 2018;
Worland, Hornberger, & Goodbred, 2015). The expksta level rise and extension of the dry
period further increases the occurrence of salm@dfng and salinization of the water in the
region (Acacia Water, 2015; Auerbach et al., 2015).

To increase the freshwater availability and segutitNICEF set up a project with Dhaka

University and Acacia Water. The project resultethe implementation of about 100 Managed
Aquifer Recharge (MAR) systems that store freshewiat confined saline or brackish aquifers.
During the dry period with high water demand, thatev can be pumped up without being
affected by surface pollution or salinization. Thelity and effectiveness of the implemented
MAR-systems varies from great successes to failurelcating knowledge gaps in their

construction (NWO, 2016). To decrease those knoydedaps, the DeltaMAR project, a

collaboration of Utrecht University, Delft Univetgiof Technology and Dhaka University was

set up in the form of four PhD researches.

The current study is part of the PhD research ofi$Naus that aims at developing a method
to predict the performance of MAR-systems in thatlseest region of Bangladesh (Future
Deltas, 2016). For this MSc thesis a detailed staisha, the Assasuni region (figure 1.1) is
investigated by a combined fieldwork and groundwatedelling study. This first chapter will
discuss the previous research done in the arets (piathe PhD research of Floris Naus), the
problem definition and goals of this MSc thesid]oiwed by the research questions and
hypotheses of the thesis.
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Figure 1-1. Introduction to location and setting of study area with piezometers and transect used during previous studies
within the PhD research

1.1 Previous research

Within the PhD research of Floris Naus severabfigrks have been conducted to study the
southwestern area of Bangladesh. As a first redfulhese fieldworks, the Assasuni area is
chosen to be investigated in further detail becdlhisdarge variation in land use makes it a
complex and interesting region. The overall toppbsais flat (figure 1.2) with some slightly
elevated villages and agricultural fields betwemmdr lying areas with aquaculture in the form
of shrimp and fish ponds (figure 1.3). It must #ed that the elevation in the SRTM map
(figure 1.2) has an error is the actual elevatanmd can only be used to roughly indicate regions
of relatively high or low elevation (Naus, 2018)etreal maximum elevation differences are
between 2 and 3 meters. The agricultural fieldsdareled in areas with clear rice agriculture
and areas with a combination of rice and other egmculture. Multiple streams surround the
Assusuni area: the Morirchap river in the nortke tBuntiakhali river in the south and the
Kholpetua river in the east. These streams all stooWwe under tidal influence and vary in
salinity through the year with low salinities dugithe monsoon period that increase during the
dry period (Naus, 2018). The variation of the upgal is mapped by a regional soil study of
the FAO (1959), shown in figure 1.4. It generaligicates the higher elevated areas to consist
of fluvial silts and the lower lying areas of tididt clays.
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Figure 1-4. Soil map of the study area (FAO, 1959)

The Assasuni region is studied in further detaifdiyusing on a transect situated in the center
of the region. Along this transect, multiple piezisrs are placed to map the lithology and
salinity of the groundwater (shown in figures 1An.extensive fieldwork and 2D model of the
transect resulted in several conclusions regardig geologic origin of the connections
between elevation, land use, soil and salinity @y&018; van Broekhoven, 2017) which are
explained via the following theoretical reconstroct(Naus, 2018).

1. Pleistocene fresh conditions Deposition of fresh riverine deposits during the
Pleistocene.

2. Transgression in the HoloceneHigh sedimentation rates during the transgression
the first part of the Holocene followed by a saation of the depositional environment
due to sea level rise.

3. Migration of Ganges Increase in deposition of silts and clays unaackish to saline
conditions due to migration of the Ganges.

4. Compaction and freshening Compaction of especially areas with a thick atayer
and high amount of organic matter. Due to this cactipn, the lower lying areas
experience more saline flooding and the elevatedsaless, resulting in freshening of
the groundwater under elevated areas. The ratalimization of the lower elevated
areas increases with decreasing clay thickness.

5. Erosion and salinization Erosion by tidal creeks causing lowering of salareas and
salinization of the floodplains. Some of these sngare part of the elevated areas and
thus show patches of fresh groundwater.

6. Human influence and land use influenceFinally, human influence in the form of
saline shrimp farms, construction of polders witked and increased pumping for
irrigation can have a major influence on the spatiatribution. This influence is
currently investigated.

This reconstruction results in the general conohssithat: 1) Elevated areas are underlain by

thin clay layers and relatively fresh groundwat@300 mg chloride/L) since the elevation
protects them from saline flooding and only fresimwater infiltration occurs. 2) Non-elevated
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areas consist of both thin and thick clay layera/liich the thick layers caused the lowering of
the surface by compaction and the low-elevateddlain layers originate from erosion of high-
elevated areas. 3) The non-elevated regions wiithcthy layers consist of saline water (1000-
4000 mg chloride/L) due to extensive saline watdiftiation during flooding events. In the
areas where those clay layers are thick, the gnwatet salinity is comparable to the deposition
environment (brackish, 300-1000 mg chloride/L) heseathe thick clay layer acts as a
protection from saline water infiltration. The exped lithology and salinity distributions along
the part of the transect with a relatively thinyclayer are shown in figures 1.5 and 1.6.
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Figure 1-5 Cross-section of the lithology from N1 (north) to P14 (south) on the transect (van Broekhoven, 2017)
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Figure 1-6 Cross-section of the electrical conductivity of the groundwater indicating the salinity on the transect (van
Broekhoven, 2017). Again from N1 (north) to P14 (south).

The elevation differences shown on the figuresnaampped by local levelers. According to the

DEM (figure 1.2) and landcover map (figure 1.3) lesteads and agricultural fields are situated
at higher elevation since they are highly vulnegzabl saline floods. Regions with aquaculture
on the other hand need brackish to saline waten fiee tidal rivers and are situated in lower

lying areas.
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1.2 Problem definition and aim of this research

As presented above, hydrological changes can dyratigrnate the spatial salinity variation.
For the prediction of the performance of MAR-systeinis there for very important to
understand the impact of current and future scesadn the groundwater and salinity
distribution. Only by acquiring this knowledge & possible to predict the performance of
MAR-systems. Regarding the current situation itherefore important to understand the
hydrogeological flow conditions and drivers behihgs flow. Two important aspects when
regarding the future scenarios are climate chamgleaathropogenic influences. The first is
represented by an expected extension of dry sprtlsncreased sea level rise (Auerbach et al.
2015). The anthropogenic influences mainly consisincreased groundwater extraction
(Mukherjee et al., 2015; Mohammad Shamsudduha,ofagthmed, & Zahid, 2011) but also
decreasing conductivity as a result of ploughingyiann et al., 2009) can be important for
the future hydrogeological situation. Currentlyerd is no knowledge of the existing flow
conditions or drivers in the region which makesnjpossible to predict the future situation.

The aim of this MSc thesis can be divided in twidedént parts. With at first the aim to map
and understand the current conditions of the gravatel flow and salinity. And secondly, to
predict how these current conditions may chandkerfuture. Since the Assasuni region has a
large diversity with respect to land use and eiewahe results can be used in the PhD research
of Floris Naus for the prediction of MAR-system foemance in southwest Bangladesh.

1.3 Research questions

To reach the objectives stated in the previous@gdivo research questions and sub-questions
are formulated. Again, these are separated in igmsstegarding the current situation and
guestions regarding future scenarios.

* What are the current conditions and drivers of thegroundwater-flow and salinity
distribution in the Assasuni region?

Current situation
0 What is the current topography of the area?

o What is the current lithological structure of threaf?
o0 What is the current salinity distribution of theea?
o What are the current groundwater flow conditions?

= What are the drivers for groundwater flow?

=  What is the infiltration capacity of the upper clayer?

= What is the horizontal/vertical conductivity of thiay and sand?

0 What is the relation between topography, litholagpil, salinity and groundwater
flow?

* How do the current groundwater conditions evolve inthe future under varying
scenarios?

Future
o What are important factors that can change thedujtoundwater situation?
o0 What is the influence of these factors on the gdeater situation?
o At what rate is the hydrogeological situation expddo change?
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1.4 Hypotheses

Many location specific hypotheses were formed temheine the required methods throughout
the study area during the fieldwork. For convenggnanly four of the main hypotheses
regarding the fieldwork and modelling study arespreged below.

Hypothesis 1: Elevation, clay thickness, land useé groundwater salinity are correlated and
elevation is a driver for groundwater flowirst, the effect of elevation on clay thickness and
groundwater salinity is based on the theoreticalstroiction presented in section 1.1 (Naus,
2018). Second, elevation differences are knowmtluge flow, so in this situation with a
probable low interaction between surface- and giwater it is expected that the small
elevation differences can induce flow from the leiglelevated homestead areas to lower
elevated aquacultural pond areas.

Hypothesis 2: Rivers are driving forces groundwétsw. From previous research (Goswami,
2014) it is concluded that the eastern river indgtea is in contact with the aquifer and drains
groundwater in both the dry and wet season. Kkjpeeted that clay depth varies along the river
and connection with the aquifer is only the casargas where the clay layer is thin and the
river depth is high, such as the meander halfwayetistern river. Since previous fieldwork in
the region (Naus, 2018; van Broekhoven, 2017) fogrodindwater flow from south to north
along the transect, the northern and/or southgan dould also act as a driver.

Hypothesis 3: Infiltration rates are low but douince the hydrogeological situation. The top
layer of the whole region consists of clay whictkmown to have low infiltration capacities.
Thereby, several studies conclude that there isigwificant infiltration or mixing of water
under ponds (Neumann et al., 2009; Sengupta €2G8). On the other hand, infiltration of
fresh and saline water is regarded as one of thsilpe processes that result in the current
salinity distribution (Ayers et al., 2016; Geor@@13; Worland et al., 2015). Combining these
two, results in the hypothesis that water doedtiafe with low velocities and is thus an
important factor in future scenarios. The effeandiftration in the current situation is expected
to be minimal.

Hypothesis 4: Groundwater extraction in the fornpomping influences current groundwater
flow and decreases future groundwater heads. Is pathe region, mechanical pumps extract
groundwater to supply agricultural fields during tthry season. Thereby, in total three brick
factories are situated in the north of the regiod ane in the south. These factories also use
water for the production process and could extmadistantial amounts of groundwater.
Whether these groundwater extractions contributéhéohydrogeological situation strongly
depends on the extracted quantities. Previousesytohammad Shamsudduha et al., 2011)
suggest that the increase in storage capacity a@yeirnping can limit the effects on future
hydraulic heads if the potential recharge is higbugh. Since potential recharge is expected to
be relatively low (Mohammad Shamsudduha et al.12@lis hypothesized that the pumping
will decrease the groundwater levels in the future.
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2. Methods

For this research the methods are subdivided @ettiifferent parts. The first part is a fieldwork
with the duration of 24 days (8/1/18 — 31/1/18y#&in supplementary data of the Assasuni area.
Extra focus is placed on the areas east- and wedgwé the central transect which are not yet
extensively investigated by Floris Naus, Msc (20diiing previous fieldworks (section 1.1).
The second part of this section explains how tleédWork results are interpreted and
conclusions are drawn regarding the first resequestion. Thirdly, the general approach and
calibration of the modelling study will be discudse

2.1 Data collection from the field

In this section the different methods used in tieédfwill be discussed together with the
reasoning behind the choice of locations for theeéhods. The fieldwork for the current study
was preceded by a fieldwork conducted in 2017 loyi$Naus. From this fieldwork, installed

piezometers and EC-measurements of tube wells secially of great importance. An

overview of these previously conducted activitiggufe 2.1) is presented below.

Since the exact study area was not known beforsttre of the current project the first step
was to define its boundaries. Here for the nortlzemth eastern rivers are chosen together with
the elevated area in the west and the extendedinuwbe south. All of them are expected to
represent no or very slow flow conditions. The\atés of the current fieldwork are carried
out within these boundaries (figure 2.2).

% .
Figure 2-1. Locations of previously installed piezometers (of which a part is levelled already) and examined tube wells
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Figure 2-2. Locations of current fieldwork activities

2.1.1 Tube well examination

A simple and fast way to get information about &suilepth and its salinity is the examination
of tube wells. The locations of these tube wellpgttions were concentrated on both the
homestead areas on the western boundary as wedisasf the main transect. The wells in the
west were primarily used to verify the possible reeetion between lithology, elevation and
groundwater salinity (section 1.1; Naus (2018)xdel, the salinity distribution in east-west
direction of this boundary could be used to chéekhypotheses of this boundary being a no-
flow boundary. The eastern tube well areas weresemobecause the database of EC
measurements (Naus, 2018) lacked a significant abadpoints in this region. As tube wells
are almost exclusively present in the homesteaasammly in the northeast some tube wells in
between aquacultural ponds close to the river wstrdied. It was hoped that these tube wells
could give some more insight in the interactionwssn the northern river and the sandy
aquifer. In practice all tube well examinations &€eone by first asking the depth of the well
before measuring the EC with an HANNA HI 9829 (Hammstruments, USA). With the depth
of the shallowest wells per area estimations cbalthade of maximum clay thickness. It must
be noted that this method is very time-efficient the certainty of well depths is questionable
since the owner’s memory is the only source ofnmiation and many wells are placed some
time ago. It is hoped that the fact that the hignsity examined tube wells decreases this
uncertainty.

2.1.2 Piezometers

2.1.2.1 Measurement procedure
For the drillings the traditional ‘sludger’ or ‘harilapper’ method was used (Horneman et al.,
2004). This method is common in Bangladesh fordtiileng of wells and is done by a team of
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three drillers. With a bamboo pole constructiofewaer is constructed to move a hollow pipe
up and down into the drilling hole accompanied hilidg fluid from a nearby pond. During
the shaking movement, soil is sucked out of thengddby creating a vacuum in the pipe. This
vacuum is created by closing the top of the pipth Whe hand during the upward movement,
during the downward movement the vacuum is relebgempening the top of the pipe (figure
2.3). At this stage, soil with drilling fluid wilblow out of the pipe and is collected in a bucket.
The total depth of all four drillings is 46 meté€i&0 feet) and a soil sample from the bucket is
collected every 1.52 meter (5 feet) to create apteta soil stratigraphy. After drilling, the filter
is placed at the depth where more information gaiired. This was in all cases the top of the
first (and only) sand layer.

Release

B
=33

Suction Ké\? L\..)
A Sedime:
vty Sediment ﬂ
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Figure 2-3. Hand-flapper method: A) by placing the hand on the tube a vacuum is created and soil is sucked up. B) The hand
is released and soil together with drilling fluid blows out of the pipe. (Horneman et al., 2004)

2.1.2.2 Locations

In areas without tube wells, such as regions oteagiiural ponds, tube well examinations are
not possible. Since the drilling of a piezometetegia detailed insight in the lithology and can
be easily used for head measurements their pladesmegry important and useful source of
information. Regarding the available time of treddivork four locations were chosen to place
a piezometer.

All four piezometers are placed on the eastern gidee model. This choice is made because
the eastern region consists of a large area ofcatfuaal ponds and thus a shortage of tube
wells. Thereby, it is hypothesized that the eastesr could be an important driver of the study
areas flow conditions and that it contains a vemmain clay thickness (hypothesis 2). These two
factors together resulted in the decision to ingast this part in more detail instead of
spreading the piezometer constructions over thé¢ arebeast.

Piezometer 21 next to the meander in the easteen is not necessarily placed on a location
without any tube wells but is chosen for its pasitinext to the eastern river where it is
hypothesized the river and aquifer could be in eation (hypothesis 2). It is valuable for both
the lithology and for logging the head conditionsidg a day or tidal cycle. The other three
piezometers are placed in between aquaculturalgpehére no tube wells are present. West of
the meander in the eastern river piezometer 28peaally useful to learn about the lithology
and determine the connection between the riveredgevhated homestead areas in the central
area. Piezometer 23 in the south is also suitailehe lithology but is mainly installed to
monitor the daily cycle of the groundwater level os can be used to interpret head
measurements of the tube wells (discussed latd#isnsection). At last piezometer 24 in the
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northeast is placed near the connection of thénaortand eastern river to examine whether old
river paths influenced the lithology of this ar@aring the process of choosing locations for
the piezometers, the fact that piezometer 21, 2228 had to be levelled and thus should be
easy to reach by foot was also considered. Thdlilmy@rocess will be explained later in this
section and is necessary to determine the relagéight of the piezometer and thus groundwater
level. It would have been useful to place a piezemen the western transect as well to test
whether it indeed acts as a no-flow boundary, dafately this was not possible in the
available time.

2.1.3 Gauging groundwater levels

2.1.3.1 Measurement procedure

As mentioned, it was not possible to place many@ieeters. However, for the construction of
the model it is important to test some hypothesethe overall and local flow patterns. Here
for twelve tube wells were disassembled by a mactianmeasure their head with a water level
sensor. During these measurements the time watedaa the level could be referred to head
measurements that are done during a daily cyaleamby piezometers. This way the chance of
measuring temporal instead of spatial differensafecreased to a minimum. Strict care had to
be taken during the choice of tube wells sincerestte pumping in the vicinity could highly
influence the measurements. Also the use of thendexel sensor causes some uncertainty (+
5 cm) since it was difficult to exactly determirme twater level.

The hydraulic head measurements over a daily oyelee conducted with ‘Keller’ logger
devices that measure the exerted pressure evarnyrlles. Eleven of these devices are being
used to measure the year-round head values ofgusyiplaced piezometers in the region
(Naus, 2018). These loggers provide pressure data February 2017 up to the end of April
2018. For the duration of about 8 hours (from 094M to + 5:00 PM) three of them were
displaced to the newly installed piezometers (smtian 2.1.2) 21, 22 and 23 to gain some
insight in their short-term temporal variance. Thigriance was compared to the head
measurements from disassembled tube wells and seakfar the analysis of the groundwater
flow patterns. To summarize, the head data corsistmg-term pressure head data from eleven
previously installed piezometers, short-term pressiead data for the three newly installed
piezometers (P21, P22, P23) and single water datal for the 12 opened tube wells and for
piezometer 12. For analysis of the groundwater ftd&important that all these measurements
are corrected for their density differences dusalmity, this procedure is explained in the next
section.

2.1.3.2 Density corrections

As stated above, the obtained data must be codrdotedensity differences. Thereby, to

compare the pressure heads measured by the logitfethe water levels measured in the tubes
and piezometer 12 it is necessary to equally esdoeth variables. In this case the hydraulic
head is chosen to represent both measurement geeiA method presented by Essink (2001)
is used for these conversions. First the conversiotine water level measurements will be
explained.

Since hydraulic heads are influenced by densityedihces, the method uses a fictive
freshwater head to present the hydraulic head sahaependent of water density and thus
salinity. The equation for the fictive freshwatedhaulic head is:

@r = hy +z [equation 2.1]
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With ¢, as fictive freshwater hydraulic head in metergszelevation of the well screen in
meters and+has fictive freshwater pressure head in metersulzbd with:

hy = /%h [equation 2.2]

Wherep represents the density of the groundwater in R,anthe density of fresh water (1000

kg/m®) and h the pressure head of the groundwater irenseThis pressure head of the
groundwater is calculated with the general equdbothe hydraulic head:

¢ =h+z [equation 2.3]

This hydraulic head is the value that is measured as the water levéie tube wells and
piezometer 12 and z is the elevation of the welkke that is either measured or asked. By
rearranging the above equations, the equation sbelemv can be used to convert the measured
hydraulic head to the fictive fresh water hydrahiéad.

Yr=2z+ i((p — z) [equation 2.4]
Pf

The only unknown in this equation is the densityhaf groundwatep, this is obtained via a
lookup table relating the electric conductivitytbé groundwater to the density (Bott, 2011).

The procedure for the logger data is different sititee loggers provide the exerted pressure
instead of the water level in the well. Neverthg)e¢ke overall method for the procedure is the
same as for the head measurements. First, theupeesserted by the water{Pis calculated

by subtracting the atmosphericagfy pressure from the measured pressureaff all in unit
Pascals:

P, = Pneas — Putm  [€QUatiON 2.5]

The atmospheric pressure in this equation is repted by the atmospheric pressure measured
by logger 3. This is the case for all logger dataduse large atmospheric pressure variances
within the relatively small area are not expeciBuke water pressure (equation 2.5) is used to
calculate the length of the water column abovddbger, y in meters:

Py

pg

[equation 2.6]

Where g represents the gravitational acceleratiof.8l m/€ andp is again obtained via

measurements of the electric conductivity (Bottl PO This water column length in turn is
converted to hydraulic head of the groundwater imgithe length of the logger L and the
elevation of the top of the pipe, x, where the lergg adjusted:

p=x—L+y [equation 2.7]
From this groundwater hydraulic head, the fictikeshwater head of the loggers is calculated

by subsequently computing the pressure head withtem 2.3, the freshwater pressure head
with equation 2.2 and the fictive freshwater hedth equation 2.1. By substitution of the above
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equations the general formula to obtain the fictreshwater head from the measured logger
pressure becomes:

= (£ - P (Pw _ .
br = <Pf 1>Z +pf (pg L) + x [equation 2.8]

Since the logger data consist of series of measemenper location, a python script is used to
calculate each single fictive freshwater head. Pesiod during which the tube well
measurements were performed{15f January between 9:20 AM and 16:40 PM) is exéthc
from the logger data and maximum, minimum and ayerzalues within this period are
obtained. Since the range of these values is velgtsmall, the average of the logger data
within the time period of tube well measurementsised to compare the two measurement

types.

2.1.3.2 Locations

The locations of the tube wells are based on thasawhere more information on the flow was
required. Thereby it is important that the tube Iwsel not located near any operating
(mechanical) pumps that would influence the temlpgraundwater level in the well. In
general, three regions were chosen, all consistirggroup of measurements to visualize the
local differences and to decrease the possibilityimngly interpreting local deviations or
errors during the measurements.

The first group of five tube wells is situated e tsoutheast of the study area because the model
boundary at this location does not exist of a ratuver so it is not possible to assume a no-
flow boundary. There also had not been any previngasurements in the vicinity so these
head measurements together with the piezometermiation were the only information
available from the field.

The second group of tube wells is west of the nteamsect and consists of seven well
measurements. It is firstly chosen to gain insighihe possible flow from the western boundary
towards the east, secondly to measure possiblefflmw the east-west orientated homestead
area towards the northern or southern aquaculparadis and thirdly to detect a possible east-
west oriented flow component near the main transect

2.1.4 Levelling

To couple and interpret the water levels foundothithe piezometers and tube wells it was
important to know the relative height of each gaggpoint. This was measured by a team of
three levelers using a leveling stick and a didéaéling station of the type TopCon ES series.
In short, the procedure worked with the statiostfineasuring the height of the stick backward,
after which the stick was moved to a point furtberthe route. When this height was measured
the station would be replaced to a point furthetr@route to calibrate itself to the last leveled
point where the stick is still placed.

During a previous fieldwork (Floris Naus, 2017)stheveling procedure was already conducted
for the piezometers P1,P2,P3,P4,P5,P6,P7 and PBemtsl N1, N2, N3, N4 and N5. Here for
nest N1 was used as zero-point. For this reasenigtleling team used nest N1 as zero-point
again this year to level the existing piezometdrs, P12, P13, P14, P15, new piezometers P21,
P22 and P23 (P24 was not levelled due to is retocttion) and tube wells T1 to T12. The
leveling procedure was supervised to make surgghepoints were measured. During a check
near the end of the leveling process the deviatidhe zero-point showed to be 0.3 mm, at this
moment T1, T2, T3, T4, T5 and P12, P13, P14, Pl Veveled. During this leveling
procedure the water levels of the eastern, nortaedisouthern river were also measured. The
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points in between the piezometers and tube welisaved as well to gain an overview of the
topography of the region. This levelling methodasy time-consuming but has a high accuracy
which is required since head differences are expetct be low.

2.1.5 Infiltration experiments

The infiltration of water through the clayey sairmards the underlying sandy aquifer is one of
the important yet challenging aspects of this stiithgrefor some experiments were performed
to learn more about the rate and process of iafitin. Knowing the full infiltration process and
rate is beyond the scope of this research and wegldre more time and extensive experiments
in the field. Nevertheless, four infiltration expaents with a double ring infiltrometer (figure
2.4a) were performed at different locations thraugththe area. The two rings were both part
of PVC pipes and had diameters of respectively 2823 cm. During the measurement the
two tubes were placed in the soil to a depth om7after which first the outer tube was filled
with water to a reference height of 25 cm abové lseel. Subsequently the inner tube was
filled with water to the same height, from this poon the time was measured until the water
level dropped with 1.5 cm, at this point water atlbthe outer and inner tube was added to the
initial level. Water in the outer ring was measuvdgth a line on the inside of the ring and of
the inner ring with a stick inside the ring (figu2etb). A plastic bag was placed over the two
rings to decrease evaporation. The method of mieastire rate of decrease is prone to error
because it is done by human eye and could havepgstarmed more precise with a Mariotte's
bottle but this was not available and for the scopthis research this method is sufficient.
Also, the time of the experiments was limited (hetirs) which decreases the certainty of the
measured values but since the aim of the expersniento better understand the different
behaviors this is not a problem.

The locations of these infiltration experiments aesed on the different land uses. I1 is
situation next to the northern river in recent dafeal clay, 12 is based on clayey silt and clay
in an elevated homestead area which is depositegetoago, 13 and 14 are both located on
lower lying areas with 13 in an empty aquacultygahd with wet clay and 14 in a rice field with
dry clay. Experiment 15 is conducted in an unusee field within an area of elevated
homestead.

bl . o o *
PR ‘;..4 A
Figure 2-4. A) top view of the double ring infiltrometer (location 13) and B) stick to measure the decrease in water level in the
inner ring

2.1.6 Augerhole drillings

Some shallow hand drillings with an Edelman hangeawere performed to get more insight
in the behavior of the top layer of the soil. Doeawvailable time and the high demand of the
hand auger during the fieldwork only two augerluhgls were achieved. During an auger
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drilling the focus was on the presence and movemewater into or out of the drilling hole.
Thereby the soil was classified after being drillgd The two locations were chosen in such a
way that they covered both an area of relativelyngpsoil close to the river as well as older
soil in the homestead area. After drilling, therease or decrease of water is closely monitored
to learn more about the suction behavior of the fop layer. This way it was hoped some more
insight was gained in the behavior of the claygystol.

2.1.7 Interviews regarding the use of mechanical pumps

Since mechanical pumps are expected to influenegtbundwater flow their use cannot be
neglected. Two types of land uses were expectegdéanechanical groundwater pumps and
thus influence the groundwater flow; brick factsrend rice fields (hypothes#y. The brick
factories in the research area are mostly situatée north with only one located in the south.
They were all visited and with the use of intervsewbservations and some simple bucket tests
the number of pumps together with the timing andmngidy of pumping was obtained.
Mechanical pumps used for irrigation of rice fielded other agriculture were less
straightforward to investigate. An area of 0.1Fkmthe northern part of the research area was
chosen as representative area for rice field alguieu In this area the number of mechanical
pumps together with again their timing and quanditypumping was obtained by interviews.
Thereby, the area of rice fields irrigated by onenp was roughly estimated by interviewing
the local population. This was however challendiegause the owner wasn'’t present at all
pumps and different estimations were given for pugfrequency and area of irrigation. This
makes the pumping analysis only a rough estimdteerahan an exact examination of the
pumping quantities. To increase the estimatesalitiee values for crop demands are compared
to the results.

2.1.8 Extra observations

Besides the above-mentioned activities, observatregarding the landcover and salinity of
surface water (rivers, fish ponds, irrigation araad village ponds) in the region were closely
documented. With this information it was possileverify the landuse-map based on the
combination of satellite imagery (figure 1.3). Tim@nitoring of the surface water salinity is

important for the analysis of the salinity disttiiom of the region.

2.2 Coupling of field data to conclusions and model

After collecting field data, conclusions regardihg first research question are forn{gthat

are the current conditions and drivers of the grdwater-flow and salinity distribution in the
Assasuni region?’ These fieldwork conclusions are used for a modgektudy. This section
provides the methods used for the coupling of idle flata to the field conclusions as well as
the methods to couple these field conclusions ¢éontlodel. The accuracy of this method is
limited since the amount of data is small compdcetthe area of the region. The created maps
and flow patterns will provide information on thergral situation but will not be able to
correctly represent all the small-scale processes.

2.2.1 Field data to field conclusions

The field data are obtained by point measuremeritdevthe conclusions regarding the
fieldwork are required in the form of area-coveringps. Therefor the field data was combined
with area-covering maps as the SRTM-map (figurg, laBduse-map (figure 1.3) and soil map
(figure 1.4) to extrapolate the obtained point datas section will cover the different methods
used to obtain the conclusions regarding the fieltwand show flow diagrams of these
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methods in which black boxes indicate availableadatd red boxes information created by
interpretation of data during this study.

2.2.1.1 Topography

The concluding figure representing the surface alem is constructed by manually
extrapolating the point measurements obtained &yetvelling procedure to planes with equal
elevation in QGIS. For this extrapolation the diffet land use categories (figure 1.3) are taken
as reference for equal elevation. These are chegkbdhe SRTM-map (figure 1.2). Boxplots
of the relation between land use and measuredtelavare constructed to validate the method
of using the land use as indicator for the surtlegation. A flow diagram of this methods is
presented in figure 2.5.

Leveller point
measurements

——\

Boxplot for

validation /
]

Landuse Map

Elevation Map [¢] SRTM Map

Figure 2-5. Flow diagram of the construction of the conclusive elevation map

2.2.1.2 Lithology

The measured point data (tube well depths and bledbgs) must be extrapolated to obtain

an area covering conclusive map. Here for extrdiptige elements for clay thickness are used.
Previous fieldwork and modelling studies (Naus, 0tan Broekhoven, 2017) suggest a

connection between the thickness of the clay lagdrthe surface elevation (section 1.1). Since
this connection originates from changes in depmsdi environment it is hypothesized that

besides the elevation, the FAO soil map is an atda for clay thickness as well.

To check the correlation between the surface almvand clay thickness, a scatter plot is
created. For the piezometers the clay thicknesseasured by soil classification and for the
tube wells the depth to the well screen is usaddisation for the clay thickness. The surface
elevations from the levelling procedure are useadthies graph of which the outcomes are
presented in section 3.1.2.

The overall conclusion regarding the clay thicknisssbtained by manually extrapolating the
point measurements of tube wells and piezometeasdas of equal thickness in QGIS. Here
for the created elevation map and soil map are aoedlto create clay thickness-areas based
on the theory of sedimentation if this is confirm®dthe data. In practice this means that first
areas of equal clay thickness are created, basedeoimrmation theory. Hereafter the exact
values of these areas are chosen based on thengelslurements which are also used to check
the appointed areas (figure 2.6).
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Figure 2-6 Flow diagram of the construction of the conclusive clay thickness map

2.2.1.3 Soil Behavior

The investigation of the soil behavior is intendedlearn about water movement in the
superimposing clay layer in horizontal and vertidalection. The fieldwork was used to
calculate and get a feeling with conductivity vallmsed on infiltration experiments, auger
hole drillings and an analysis of tidal influencetbe groundwater level. Via a combination of
these fieldwork activities, previous fieldwork caamgns and literature, values are estimated for
the horizontal and vertical saturated hydraulicdranivity of clay and sand.

First the vertical saturated hydraulic conductiviy clay is regarded by analyzing the
infiltration measurements. The results of the expents are analyzed using the Phillip
equations (Philip, 1969):

i(t) = St§ + At [Equation 2.9]
v(t) = %St_% + A [Equation 2.10]

With i(t) being the cumulative infiltration ovemtie, S the sorptivity, t the time and v(t) the
infiltration rate over time. A is a parameter tigatescribed with equation 2.3:

A=Km [Equation 2.11]

where K is the hydraulic conductivity in unit lehgter time and m is a constant equ&il.tBy

plotting the cumulative infiltration and infiltratn rate, values for A and S are estimated which
results in a value for K. The different values fdwia this procedure are compared to literature
to decide whether they are reliable or not. Basethis comparison a rough estimate of the Ks-
value is obtained.

For the horizontal hydraulic conductivity of cladlge water table in the auger drilling is analyzed
with the method of Beers (1983):

k= C% [equation 2.12]

Where k is the conductivity in m/dasy is the water level rise [cm] over tindg [seconds].
The value C is based on the average water lev@kimuger hole and the depth of the hole in
comparison to the groundwater level and can bedouda a graph (van Beers, 1983). The
outcome of this procedure is again compared witrdture before it is decided if it is a
reasonable estimate.

For the horizontal hydraulic conductivity of sawdotmeasurements are used. The first is a
pumping test performed at a MAR site in the Assasagion (Acacia Water & Dhaka
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University, 2015). Second, a combination of logd@ia next to the eastern river at piezometer
21 and river level measurements of this eastemr liv used to indicate the horizontal sand
conductivity as a check of the value obtained ftbenpumping test. With known values for the
tidal period of oscillation [0.536 days]) and distance (x [15.5 m]) between tikrer and
piezometer combined with an estimate of the spegigld (S [-]) and measurements of the
amplitude attenuation of the river (A [-]), thensaissivity T [n#/day] of the aquifer can be
calculated with the following equation (Rotzoll,f@erich, Jenson, & El-Kadi, 2013):

_ x5 tion 2.13

= m [equation 2.13]

With the known thickness of the aquifer (d) fronrezometer 21 the conductivity (K) can then

be calculated (K=T/d) to check if the value fourtdhee pumping test is representative. Since
there were no measurements regarding the vertcaductivity of sand this is estimated via

literature.

An overview of the methods used for the estimatibthe different conductivity parameters is
presented in figure 2.7.

Infiltration —

Kc, Vertical
Measurements

Literature Ks, Vertical

A Drilli \
uger Lrifling - f—— - Kc, Horizontal
Tidal test
Ks, Horizontal
Pumping test

MAR site

Figure 2-7 Flow diagram of the estimation of saturated conductivity values

2.2.1.4 Pumping

The research on the pumping focused on mechangltd fer brick factories and for irrigation
purposes. Because the latter was not possibletoddor the whole area, a region of about 13
hectares (0.13 kfh was chosen to investigate the pumping frequenay iatensity. The
locations of these factories and irrigation studgaaare shown in figure 2.2. In this region of
13 hectares the goal was to obtain pumping durgtioperation months, pumping rates and
areas of irrigation for all mechanical pumps préséfith these values it is possible to calculate
the annual pumping rate in’fm?. This is done by taking the average of all thevabmentioned
parameters and multiplying the pumping rate [L/#hvthe annual operation time (months in
operation x 30.5 days per month x pumping hourdpg) before dividing this total value by
the average irrigation area. This value is thenpamed to literature values for the demand of
dry-season rice to estimate a realistic range ofgpng values. It must be noted that this final
estimation is based on interpretation and not gncahculations. Figure 2.8 shows the flow
diagram of this method.
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Figure 2-8 Flow diagram of the estimation of a range of representative pumping rates

2.2.1.5 Salinity variation

Previous research (Naus, 2018; van Broekhoven,)2fiicluded elevation and lithology to be
indicators of salinity lfypothesis land explained in section 1.1). For the curreninggl
distribution this hypothesis is first tested befapplying it in the current method of constructing
the salinity distribution.

This testing is done by analyzing tube well measem®s (section 2.1.1), samples from
piezometers (section 2.1.2), surface water meammEmand surveys to create a spatial
overview of the water salinity in QGIS. During teasieasurements the salinity is represented
by the EC of the water sample. The vertical extdrthe region is divided in surface water
(rivers, fish ponds, irrigation areas and villagm@s), water in the confining clay layer and
water in the sandy aquifer. For the resulting mageride concentration is used to represent
the salinity of the groundwater because seawat#dreignain source of water salinity in the
region and chloride contributes most to the salinit seawater (Bot, 2011). The conversion
table used from EC-value to chloride concentraisoshown in table 2.1.

Table 2-1 Conversion from Electrical conductivity to Chloride concentration (Bot, 2011)

Electric conductivity [mS/cn

0 0
1.35( 50C
2.70( 1,00(
5.40( 2,00(
8.10( 3,00(
13.40( 5,00(

For the surface water analysis self and previoustpducted EC-measurements (van
Broekhoven, 2017) are combined with interviews vittal inhabitants. The latter is used as
main source for the investigation because surfaaemin aquacultural ponds, village ponds
and on agricultural fields can be highly time vakaand is influenced by anthropogenic
behavior.

Unfortunately, it was not possible to perform aagts on the salinity of the confining clay
layer. Here for the conclusion from the previowddwork (van Broekhoven, 2017) must be
used in this study as well. That is, that the distron is like that of the surface- and
groundwater.
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In the case of the groundwater, many EC-measurenoéntater originating from the depth of
the well or piezometer filter are conducted (sett20l.1 and 2.1.2). The spatial overview is
statistically (boxplots and line graphs) comparedhie elevation and clay before deciding if
the hypothesis can be used for the constructiothefsalinity distribution. This salinity
distribution is then manually constructed in QGAsusing the proven or a newly confirmed
theory. For example, in the case of provingothesis Jlelevated areas with thin clay layers
would be assigned with thick fresh water layers.

Since the groundwater salinity varies in both latas vertical direction a method is constructed
to visualize these different depth profiles. Thisthod comprises a factor (the a-factor) which
indicates the distribution of salinity layers ofbsequently 150, 500, 1500, 2500 and 4000
mg/L. These values are based@ude Essink, van Baaren, & de Lo{@010) with 150 mg/L
representing fresh water between 0 and 300 mg/Q, BQ/L representing brackish water
between 300 and 1000 mg/L and the higher valuesptesenting saline water in the range
that it is found in field measurements. The advgetaf this method is that it represents the 3-
D salinity variation on a 2-D map and that it cdsoabe implemented in a model relatively
easy. In the method it is assumed that deep watdl very saline (4000 mg/L) since there are
no measurements at this depth and it is salinifted larackish to saline deposition by density
driven flow. Whether this is a correct representais highly uncertain, but especially the top
70 meters are investigated so this uncertaintyasageable.

The distribution is based on the theory that tleugdwater is salinizing downwards between
0 and 70 meters depth due to infiltration of frestier at the surface (section 1.1) The a-factor
determines to what extent this distribution is skdwFor a=1 the 70 meters are equally divided
in 4 layers of 17.5 meters where this distributshifts towards thicker layers of fresh water if
a is decreased and thicker layers of saline or lishckater when a is increased. Figure 2.9
shows the vertical salinity distribution for thdfdrent a-factors that are used. Because some
zones could not be created with an a-factor, twsiamized vertical salinity distributions are
created (Z1 and Z2). This vertical distributiowéy rough since spatial salinity measurements
only represent the salinity at one particular depth

a= 05 075 10 125 175 3.5 4.0 99.0 21 Z2
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Figure 2-9 Vertical salinity profile for different a-factors and customized distribution Z1 and Z2.

MSc. Thesis | Jan Dirk Smidt | Utrecht | June 2018 20



To conclude the methods on creating the 3-D swlatigtribution, figure 2.10 shows a flow
diagram of the processes.

Field Interviews

\ Behavioral || salinity distribution
Theory Surface water

Field measurements

Surface water

Conclusions
van Broekhoven
(2017)

Salinity distribution
confining layer

Field measurements

groundwater
Clay thickness | | Formation
Map Theory/Hypothesis 1 \
Salinity distribution

/ Groundwater
Elevation Map A-factor Method /

Figure 2-10 Flow diagram of the constructed salinity distribution

2.2.1.6 Groundwater flow

To obtain knowledge of the flow patterns of thedst@area, the hydraulic head variation is
investigated. Section 2.1.3 discussed that fidtixgraulic head values must be used to compare
the measured water levels in tube wells to the m@tessures measured by logging devices
with all different salinities. For clarity the tertheads’ will be used to refer to those fictive
hydraulic freshwater head values in the rest & thport. The tube well measurements are all
obtained on the 17of January and corrected for any daily changesdigparing them to
nearby logger data so temporal variation doesnfhtence the results. With the combination
of this tube well and logger data, a wide, fixedime, spatial head variation is conducted in
QGIS. To clarify these head data, two cross-seatibead profiles are created in north-south
and east-west direction. It must be noted thatl#ffeof January is in between the dry and wet
period.

It is important to mention that the terms dry pdriovet period and period in between will be
frequently used in this report. The dry period esgnts the period with minimum groundwater
levels before the beginning of the rains (April-NMiahe wet period is the period with maximum
groundwater levels during and at the end of theyeains (August-October) and the period in
between is the period between this maximum andmim during which there are no rains and
the heads are falling (January-February).

Since the logger data consists of measurementsebatWwebruary 2017 and April 2018 it
consists of both dry as well as wet data. Ther#ferlogger data are used to investigate the
temporal changes in head distribution. Unfortunatitlese loggers are almost all (except for
P13) placed on the north-south transect makingtossible to use them for any east-west
directed head variations. Nevertheless, they ang wseful because the variation between dry
and wet season is expected to be important. Thgelagata for 11 October 2017 and 11 April
2018 are used to visualize the wet and the drypdenm the satellite map and on the north-south
cross-section. They are also used to construct lbtsxjpor all loggers to investigate the
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variation, plot data for periods of 3 days in thifedent seasons to investigate what happens
during a day and to plot the daily variations (nmaxm minus minimum head on a day) to find
out what the main flow directions and drivers are.

Those maps, cross-sections and graphs mentionee ab® used to test hypotheses 2, 3 and 4
and define new conclusions regarding the groundwiédey if necessary. This is done by
analyzing what drivers of certain head differenaed thus flow directions could be. The fact
that the data is plotted in many ways helps indhalysis. Hypotheses are checked by searching
for similar results in literature. After this stéipe hypotheses will be referred to as defined
fieldwork conclusions.

Finally, after defining fieldwork conclusions redarg the drivers of the groundwater flow,
isohypses-maps are created manually in QGIS. Bhiemsecutively done for the dry period
(11" April 2018), wet period (111 October 2017) and period in between®{January 2018).
For the latter this is mainly based on measuremants complemented by the created
conclusions. For the dry and wet period, less datwvailable and the maps are based on the
conclusions and corrected with the logger measunessnd flow diagram summarizing the
methods in analyzing the groundwater flow is présem figure 2.11.
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Figure 2-11 Flow diagram of the concluded groundwater flow

2.2.2 Field conclusions to model

The field conclusions are first used to definegkact aim of the modelling study by analyzing
what is learnt from the fieldwork and what is usdfur the PhD research of Floris Naus.
Secondly, the fieldwork results are used to cowstthe model and define the different
parameters. And finally, measurements performebbgpger devices in the field together with
the concluded flow patterns are used to calibfaanodel performance.

2.3 Modelling study

To answer the second research question (‘How deuhent groundwater conditions evolve
in the future under varying scenarios?’) a grourtédwmodel of the area is constructed. Here
for the MODFLOW and SEAWAT packages are used takte groundwater flow and salinity
as chloride concentration within the interface ajd@ssing Modflow (PMWIN 5.3). Chloride
concentration is chosen to represent the salirfith® groundwater because it is expected to
represent the salinity best (section 2.2.1.5).rd@lmg chloride is a conservative element which
simplifies the modelling processes and enhanceftus on the physical developments.

Based on the conclusions drawn from the fieldwbikdim of the model is defined first, after
which these conclusions are used to build up théeiby defining grid- and cell sizes,
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elevation differences and boundary- and initialditons for the hydraulic head and salinity
distribution. Thereby, parameter values for conigttgt porosity, specific storage and specific
yield are estimated by a combination of field- ditetature data. The same is done for extra
flow inputs in the form of surface recharge andugihwvater extraction by pumping. This build-
up of the model is presented in section 3.2.2 eexjitires the fieldwork results.

In total two models are constructed, one represgnthe dry period with pumping
(approximately November to March) and one for thet period with precipitation (April to
October). The initial conditions of the dry mode¢ dased on the concluded isohypses from
the fieldwork study at the end of the wet periodr the dry period this is done with the end of
the wet period. After constructing the model, ingoortant to calibrate it to verify that the
modelled results are a realistic representatidhefeal situation. Here for the temporal logger
data on the north-south transect are compared g¢onibdelled values at implemented
observation nodes in PMWIN. Thereby the overaliflmatterns of the model are compared to
the expected pattern based on the fieldwork stlidlgse comparisons are done manually and
the optimal situation will be chosen for the mouhgjistudy.

Since the amount of data is scarce and some ougcohtbe fieldwork study will be uncertain
(e.g. pumping quantitiy, conductivity values andtieal salinity distribution) it will be difficult

to correctly calibrate the model. Based on the tinag is left the performance of the model can
be improved before deciding for which purposes iiseful.
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3. Results & Discussion

Like the previous section, the results will be pded in three parts: First a fieldwork section
to present and discuss the measurement outcontles iéldwork, second a section to couple
these fieldwork outcomes to the aim and input @ thodel and third a section about the
modelling outcomes.

3.1 Fieldwork

The fieldwork results presented in this section @ixéded in different parts that consist of
separate objectives. Consecutively the resultsheilprovided for the topography, lithology,
soil characteristics, pumping behavior, salinityi@gon and hydraulic head variation.

3.1.1 Topography

To compare the head measurements and find inflsesfdepography on flow and salinity this
section provides an overview of the results obthifrem the fieldwork measurements and
combines them with maps of the region (SRTM and swp (FAO,1959)) to create a
conclusive relative elevation map.

3.1.1.1 Results
The relative elevation measurements resulting ftieenleveling procedure (section 2.1.4) are
shown in figure 3.1. It must be noted that the e points in the aquacultural ponded areas
(light green) are generally situated on the dykes @ot in the ponds, of which the base is on
average situated about 1 to 2 meters below thasudf the dyke.
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Figure 3-1 Measured elevations during the levelling procedure relative to zero-point N1.

3.1.1.2 Discussion

Figure 3.1 showed the elevation distribution rekatio the zero-point at nest N1. This figure,
together with the SRTM map (figure 1.2), observagio the field and the landuse map (figure
1.3) indicates a correlation between the land uskeedevation. With the village or homestead
areas (dark on the satellite imagery due to veigabahigher elevated than the areas with
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aguaculture (light green on the satellite imagdBgxplots to test this hypothesis are shown in

T
— 1

Figure 3-2. Boxplots representing the topography data obtained by levelling.

As expected, this shows the aquacultural areasd@)ao be situated lower than the village
areas. The average values of the three are 0. & sret all the data, -0.09 for the aquacultural
ponds and 1.11 for the village areas. Since tha@dtural pond values are measured on dykes,
it is expected that inhabited areas in the regaretan elevation of 1.5 to 2.0 meter higher than
the aquacultural ponded areas. Furthermore, theemegillage area is clearly higher than the
other village areas, this is presented by bothSREM map (figure 1.2) and the fieldwork
results (figure 3.1). The low-lying aquaculturalnped areas show less fluctuation than the
elevation village areas. A figure with these cosmus regarding the surface elevation is
presented in figure 3.3.

e
G

Figure 3-3. Conclusions regarding the surface elevation

In the figure it is visible that the areas with aqulture (light green on satellite imagery, figure
3.1) are all assigned the same low elevation aB-@elative to the zero-point. This is partly
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due to the lack of data in these regions whichdenalues to be based on the SRTM map and
interpretation. Besides the fact that the SRTM nrapcates the low elevation, the field
observations clearly showed the elevation diffeeeletween the areas of aquacultural ponds
and villages. So, even though there are no cleasurements the assigned elevation of the
low-lying aquacultural areas is regarded as redialbhe rest of the elevation differences are
based on elevation measurements, the SRTM-magharidriduse map as discussed in section
2.2.1.1 and shown in figure 2.5.

The pattern can be explained by the soil map (FA®9; figure 1.4) which indicates river
deposits (yellow) on most parts of elevated villageas and tidal deposits (grey/blue) in
aguacultural areas. The pattern of the riverineodiép follows the course of past rivers from
the northwest to the south and east. In the aredsto these rivers, tidal clays were deposited
causing a thick clay layer to arise. This resuitthe subsidence of the currently lower elevated
areas (as explained in section 1.1). It is expetttatiafter this subsidence further shifting of
the rivers caused some of the lower elevated dtbhasegion connecting the current eastern
river with the higher elevated area, P22 to P6hwhick clay layers to be eroded and covered
by riverine deposits as currently visible on thié s@p.

Because the levelling process was time consumingstnot possible to level the whole region.
The lack of data in several areas does decreaseliduality of the study. Thereby, the thickness
of the dykes is only measured at some locationsingake estimation of 0.5 to 1.0 meters
uncertain. Nevertheless, the measurements indlterélatively correspond to the zones visible
on the SRTM map (figure 1.2) indicating that thenbination of the two is sufficient to
construct the elevation input for the model and tigerelative elevation differences in the
analysis of the groundwater flow.

3.1.2 Lithology

Since the overall lithology consists of a sandyif@gwverlain by a clayey aquitard, the aim of
the lithology investigation is to find the distriibon of this clay thickness within the region.

This thickness is of high importance for the systenthick clay layers decrease the infiltration
of recharging water to the aquifer. The lithologypkained in this section is based on tube well
measurements (section 2.1.1), logging the sedichaimg installation of piezometers (section
2.1.2) and analyzing the soil map (FAO, 1959; feglir4).

3.1.2.1 Results

The logging of the boreholes results in more rédidikhology data but for the overall thickness
of the clay layer the tube well depths are usehdesthey are placed in the first sandy aquifer
and investigated in large quantities. An overviefimhe well-screen depths indicating the
thickness of the clay layer is presented belowig3.4).
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Figure 3-4. Well-screen depths of piezometers and tube wells indicating the thickness of the clay layer

3.1.2.2 Discussion

As explained in the introduction, the sandy aqugesupplemented by patches of clay in it. For
this study however, the situation is simplifiectdy a clay layer with varying thickness on top

of the sandy aquifer. This is done because the atrmfudata is insufficient to provide more

detail. As explained in section 2.2.1.2 the el@mafffigure 3.3) and soil map (figure 1.4) are
expected to indicate clay thickness. Hereby riveedeposits indicate thin clay layers. For the
higher elevated areas this is explained by thetfatthey were protected from flooding and
deposition of clay. The lower elevated riverine @®fs also indicate thin clay layers due to
erosion of originally elevated areas after the sldyse had taken place (as explained in section

3.1.1).

The relation between the surface elevation andttl@kness is shown in a scatter plot to test

the hypothesized negative correlation (figure 3.5).
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Figure 3-5. Graph to display correlation between surface elevation (measured in levelling procedure) and clay thickness.
Piezometers indicate measured clay thickness based on lithology classification and tube wells indicate well screen depths
representing the maximum top of the aquifer.
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The graph does indeed show thinner clay layersnitneasing surface elevation. However,
between elevations of 0.25 and 1 meter no coroeglasi visible. Especially the piezometers
with a surface elevation between 0.25 and 0.75miEf2 in the east and P14 and P13 near the
central transect) have thin clay layers. Thesegonesters are all placed in areas of aquaculture
(figure 3.2) at low elevation with riverine depasffigure 3.6) indicating erosion of previously
elevated areas. Regarding the tube wells, it i9omapt to interpret the shallowest tube wells
in a region, it is not uncommon that tube wells pla@ced deeper than the beginning of the
aquifer. All tube wells between 1.25 and 2.0 m at®mn are placed in the same region (area
with T6 to T10) indicating that the lowest thickeesan be taken as reference for this area.
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Figure 3-6. Soil map (FAO, 1959) with depths of the clay layer based on piezometers and tube wells. It must be noted that the
soil map is referenced manually so the exact location of different units can differ, the map can only be used as indication of
the different units.

It must be noted that the locations of the regiartbe soil map (figure 3.6) can differ slightly
because it is a scanned hardcopy map that has ityabean georeferenced. Here for the
different zones are not used as absolute locabohmore as indications for soil classes being
present in the area.
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Figure 3-7. Conclusions regarding the clay thickness.

The conclusive figure with zones of roughly equaldhickness (figure 3.7) does show most
of the elevated areas to be underlain by a thip lelger (region along the central part of the
transect). However, some of the lower elevatedsaaea appointed with thin clay layers. The
biggest difference between the elevation map aayl ttlickness is the area in the east around
P21 and P22 which is indicated as riverine depasitse FAO soil map. As explained this is
expected to be due to erosion of the clay aftesideince. A different situation occurs for the
regions in the northwest and the line of aquacaltponds where P13 is situated. These parts
of the region are classified as tidal flat depositshe FAO soil map, however still erosion of
the top clay layers is expected since interviewsnduhe fieldwork indicated recent (up to 50
years) flow of a river through the area of P13 cam¢he current tidal clay classification to be
deposited recently. The same is expected for e iarthe northwest.

The clay thickness presented in figure 3.7 is quatiable for areas where many tube wells or
piezometers were present. The hypothesized relatbmeen elevation and clay thickness is

visible in these measured data and supported byaihenap. Nevertheless, the data is severely
scaled up in regions without tube wells, makingeaRkact clay depths highly uncertain. This is

especially the case for aquacultural areas likentdrthwest, northeast and southeast.

3.1.3 Soil characteristics

It is hypothesized that infiltration rates in thegion are low but that they do influence the
groundwater situation through time (hypothesisT®).learn more about this infiltration rates

and their variance for different land uses, thistisa treats the research done in the field to
investigate the behavior of the soil.

3.1.3.1 Results

The soil behavior is studied by performing sevarfltration experiments and auger drillings.
An overview of the locations of these experimeatgresented in table 3.1 and figure 2.2.
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Table 3.1. Overview of infiltration experiments with Ks representing the calculated vertical saturated conductivity based on
the infiltration experiments.

Landcover Location Ks [m/day]
Al Grass Next to river dykeWet clay -
(homesteac
NN Trees Homestead area Dry clayey.173
A2 silt
12 No landcove On tidal riverban Wet clay 1.944
13 Fish pond (not in 1 km from river Wet clay 0
use
14 Rice field (not in| Homestead area Wetclay |0
use
15 Rice field (not in| Homestead area Dry clay | 0.0245
use

For each infiltration experiment a saturated cotigig is calculated as explained in section
2.1.5 and an infiltration curve is plotted to comgée cumulative infiltration through time
(figure 3.8a). The two auger drillings are mainged to improve the understanding of the soil
behavior, for drilling A2 the increase in waterééin the auger hole through time is recorded
(figure 3.8b).
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Figure 3-8. a) Results of the five infiltration experiments: cumulative infiltration in cm versus time in minutes. b) Result of the
auger drilling at location A2: Water level measured from surface versus time.

First it is clearly visible that the infiltratiorxperiments located in wet aquacultural ponds (I3
and 14) do not record any infiltration for over omeur. Second, the test on the wet river bank
(12) shows by far the highest infiltration rateléaed by 15 in a dry rice field and 11 on a dry
patch of homestead.

Regarding the two auger drillings, A1 was unfortehanot recorded in detail but auger drilling

A2 was closely recorded. The vertical profile cors@d of 40 cm of dry clayey silt that became
moist clayey silt between 40 and 295 cm, from lmeréhe texture was wet silty clay until the
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bottom of the drilling at 390 cm. No water was sabted from the auger hole before recording
the water level increase.

3.1.3.2 Discussion

The vertical conductivity values of clay (table 3show a large variation, with an unrealistic
high value (1.94 m/day) found next to the northéver and lower values (0-0.173 m/day) in
homestead and aquacultural pond areas. The arkdress in the homestead area is high as
well while the other low conductivities are comgaeato values found by previous studies in
the same region [0.002 m/day (Michael & Voss, 208%J 0.1 m/day (Mukherjee, Fryar, &
Howell, 2007)]. The high values are expected ta besult of not measuring long enough. This
causes the measured infiltration to only reach @imiam of 18 cm which is not representative
for the clay layer and could be still a result obaturated flow. Especially for the region at the
northern river it is expected that underneath teshiy deposited clay next to the river (with
high conductivity) a more compacted clay layerrissent with a much lower conductivity than
measured. Regarding the experiments with O infittra this could represent very low
infiltration rates that were not possible to measbut it can also be explained by the fact that
there is no downward gradient in the clay. The elag wet while the measurements were in
the dry season so the only probable gradient wasgpdue to evaporation. However, these
infiltration measurements clearly showed a diffeesbetween measured conductivity values
in the homestead area and in (semi-)permanentagadiiclays in rice fields and aquacultural
ponds. Here for it is concluded that infiltratiom these ponded areas is low and can be
represented by a value of 0.007 m/day (in betwkkchael & Voss (2000 and own
measurements) where the saturated vertical comitydth homestead areas is expected to be
around 0.15 m/day because this is somewhat loveer tife infiltration measurement but still
substantially higher than the measurements in aduaal ponded regions. It must be noted
that these values are not exactly calculated bigriokned by estimations based on literature
and experiments.

As explained in section 2.2.1.3 the horizontal eatidity of the clay is obtained with the

method oBeers(1983).This resulted in a k-value of 0.052 m/ddnyol is within the ranges of

reasonable values for clay (Fitts, 2002; Hendrik810). So, even though it is the only
successful measurement, it can be used for thelmode

The horizontal conductivity of sand is found tolde25 m/day at a MAR site in the Assasuni
region (Acacia Water & Dhaka University, 2015). Wh&nalyzing the measurement of the
eastern river and piezometer 21 besides it, arimssvity of 175.5 riday is found for an
amplitude attenuation of 0.223 and an estimatedifpgield of 0.25 (estimated porosity of
the sand). For an aquifer thickness of 23 metessréisults in a horizontal conductivity of 8.2
m/day for the sandy aquifer which is comparablthtovalue found by the pumping test at the
MAR site. This pumping test value is expected tariwee reliable. The vertical conductivity
of sand was not measured in the field and was as$ufid of the horizontal conductivity
(Bot, 2011).

In general, the analysis of the soil behavior rtssui the conclusion that indeed infiltration
plays a role in the groundwater movement and coitipossince relatively high values were
found by the infiltration experiments. At homesteadas infiltration is expected to recharge
the aquifer during the wet periods which is mudslm areas with ponds. This is as expected
since settlement of small clay particles decredbesconductivity of the clay in ponds
(Sengupta et al., 2008).
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The different values obtained for the conductivéire highly uncertain. The vertical and
horizontal conductivity values for clay are onlysbd on one measurement in combination with
literature values. For the hydraulic conductivifysand, the value found via the pumping test
is expected to be more certain but there canbsith variation within the region which is not
regarded.

3.1.4 Pumping

As stated in hypothesis 4roundwater extraction is expected to influence tuerent
groundwater flow and decreases future groundwaeads The first part of this hypothesis is
severely investigated in the field. The second pegarding the future heads can only be
verified in the modelling part of this study butugres input of the current data. Therefor this
section focusses on the outcomes and interpretafitme knowledge acquired in the field by
surveys and measurements of extraction rates.

3.1.4.1 Results

The locations of the factories and irrigation stadga are shown in figure 2.2. First, it is found
that factory F4 in the south of the region doesusat any groundwater, factory F1 northwest
of the central homestead area has 1 mechanicatdwaier pump, factory F2, situated directly
east of F1, has 5 mechanical groundwater pumpg3anidirther to the east has 3. The pumping
periods range from 1.5 to 2.5 hours per day far&days a week during the dry period (roughly
October-March). Pumping rates between 4.5 anditersiecond are found.

Regarding the irrigation area, in total 8 mechdricanps were found in the area but most of
them were not running and it was difficult to leavhich areas they supplied since it was not
possible to speak to many owners of the pumps.vemview of the 8 pumps that were found

is provided in figure 3.9 and table 3.2.
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Figure 3-9. Overview of mechanical pumps found in the selected study area

Table 3-2. Information obtained for the mechanical pumps shown in figure 3.7

Pump Irrigation Pumping time [hours] Months in Pumping rate
area operation [L/s]

MP1 7 per da Feb- Apr

MP2 6 in 4¢ Jan- Mar

MP3 8,000 n? 12 in 4¢ Jan— Mar 5

MP4

MP5 2.5 per da

VIS 12,000 P 4.5 per da Sep- Mar 15

MP7 3,500 n? 3 per da Oct- Fek

MP8

Besides the analysis of extraction quantities & $mall test area, a general overview of
locations with mechanical pumping for both rice astler crop irrigation (figure 3.10) is
constructed by documenting the land use durindi¢hdwork (section 2.1.8).
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Figure 3-10. Areas with mechanical pumping for rice and combined irrigation

3.1.4.2 Discussion

During the fieldwork it proved to be challengingdocurately define pumping quantities by
interviewing the local farmers. To define relialdetraction amounts, this section compares
results found in the field with water demands foumtiterature. The influence of the pumping
rates on the groundwater flow will be discussedrlat section 3.1.6.

First the fieldwork results show that the pumpinguatities of the brick factories are neglectable
in comparison to the pumping for agriculture. Se;@ummarizing the results (table 3.2) shows
the average groundwater extraction to be aboubDH8/year divided over the months January
to April (on average 7.5 L/s, 4.3 hours/day, 4.2hthe a year) for an average irrigation area of
7,833 M. The average of 7.5 L/s is used instead of 1(kfmuse the pumping rate of 15 L/s
was measured at a pump that was substantially btgga most of the other pumps that were
observed. This results in an extraction of 1.$Inth The water demand is 0.4-1.5 m for the
rice grown during the dry season in this area (8h&011; M. Shamsudduha et al., 2009).
Since the irrigation is completely groundwater-tedse literature values can be compared to
the field value. The field measurements show alsowakestimation of the water extraction in
combination with the literature values. This diffiece occurs because the values obtained from
the field are based on an average of several pwhp is not so accurate. The fact that the
field values overestimate the literature valuesle¢tdie due to the fact that the interviewed
farmers overestimated their water use or possibg/td an increase in water demand for the
rice as a result of increasing dry spells (Acaciat&¥, 2015). It is important that the pumping
is regarded as significant parameter in the resthefstudy and model when testing the
sensitivity of the system.
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For the areas with a combination of rice and otieps it is difficult to find specific extraction
rates and exact distributions of crops. One fidgesvation of a mechanical well in the west of
the northern region of combined rice and agriceltigee figure 3.10) resulted in an extraction
rate of about 36.000 hper year (6 L/s, 5.5 months, 10 hours per day)s Bxtracted
groundwater was used to irrigate an area of ab@&t Knt. Hereby it must be said that this is
only one observation and the amount of pumpingasad for irrigation are prone to error since
they are obtained from only one survey. An overvawhe irrigation for areas with rice and
combined areas of rice and agriculture is providetdble 3.3 below.

Table 3-3. Overview of groundwater extraction rates found in the field

Combination Rice &
Agri
Mean irrigation area [m?]

Average daily pumping time
[hours/day]

Average Months in
operation
Average pumping rate
[L/s]

Annual extraction
[m3/year]

Annual extraction per m?
[m/year]

The locations of the different areas of dry-seaso® and other agricultural irrigation (figure
3.10) were obtained during the fieldwork and ara targe extent reliable. They are all situated
at or near areas of higher elevation or homesteaduse these areas generally overly fresher
groundwater than regions of lower elevation whiemecessary for the cultivation. The map
also largely corresponds to the landuse map crégtdldus(2018) It must be noted however
that the map shown in figure 3.10 does not takdlsaregas of agriculture into account since it
was not possible to define these during the fielttwonly clear regions with predominantly
agriculture are assigned. The pumping rates howsaer high levels of uncertainty since they
were difficult to obtain in the field. Therefor i important to create a model in which the
pumping rates can be varied and the different &ffen the groundwater distribution can be
analyzed.

3.1.5 Salinity variation

Since understanding the current and future saldigiribution in the groundwater is one of the
aims of this study it is important to start withetburrent distribution. As explained in section
2.2.1.5, this is done by first testing the formatibieory andhypothesis lbefore assigning
vertical salinity profiles to the region. The termetatively fresh, brackish and saline will be
used to define water with EC-values in the randgésh0, 1.0-3.0 and 3.0-22.0.

3.1.5.1 Results
As explained, the measured salinity is represemydeiC-values at different depths. Figure 3.11
shows the measured EC-value for different deptgesn
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Figure 3-11. Spatial salinity variation expressed in electric conductivity (EC) [mS/cm] of the groundwater. Color indicates the
EC-value and the shape indicates the depth of the groundwater sample.

This figure comprises of a combination of data fqer@vious fieldwork activities (Naus, 2018;
van Broekhoven, 2017) and data from the curreidvierk. Especially the large amount of
data in the center of the study area was availadfere the start of this study.

3.1.5.2 Discussion

For the salinity distribution it is important topserately regard the surface, confining clay layer
and the sandy aquifer. As statedhiypothesis 1the salinity of all layers is expected to be
influenced by the surface elevation, land use @hodlbgy (Naus, 2018; van Broekhoven,

2017).

Regarding the ponded surface water, it indeed séesbrypothesis 1 is true since interviews
learned that Aquacultural ponds are filled withrsakiver water where agricultural fields and
village ponds are preferably filled with water thatas fresh as possible (precipitation or
groundwater). The field measurements confirmedhblsavior with many saline aquacultural
ponds at low elevation, brackish surface waterowu-lying areas with rice cultivation and
relatively fresh to brackish water in the few potiakst were present in the villages.

As stated in section 2.2.1.5 the conclusion froengievious fieldwork (van Broekhoven, 2017)
is used to confirm that salinity distribution iretibonfining clay layer is comparable to that of
the surface water.

For the groundwater, many extra measurements artormped (figure 3.11). These

measurements are analyzed and combined with tlseonethe relation between elevation,
lithology, land use and salinity, figure 3.12 giasoverview of these comparisons.
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Figure 3-12 An overview of the EC-measurements compared to a) the clay thickness b) the land use and c)
relative elevation in comparison with N1. The red text in b and c represents low elevated aquaculture which
are expected to by saline

Figure 3.12a clearly shows a higher amount of eatieasurements under clay thinner than 20
meters, this confirms the hypothesis that thicky deyers protect the groundwater from
salinization. Figure 3.12b and 3.12c show the lamdc and elevation versus salinity
measurements. The low elevated aquaculural regianeepresented by higher salinity values
in comparison to the high elevated (1.5-2.25 m) éstend area. This is as expected since the
first are vulnerable to saline flooding. Therelhgeragriculture and areas with an elevation of
0.5 meters also show high salinity values, thidus to the fact that a large part of the studied
rice agriculture is situated at low elevated aneasr aquacultural ponds and a region of 0.5
meters height is situated close to the northerarnmaking it vulnerable to saline flooding as
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well. In general, these graphs confirm the formatieeory which is used inypothesis hnd
lead to the decision to use this theory to defireedalinity distribution as explained in section
2.2.1.5. Some examples from the spatial measurasntégtire 3.11) are presented below to
further confirm this theory:

1) On the measured transect on the western paethated area, higher elevated (dark green)
regions which are expected to have thin clay laymsw fresh to brackish groundwater
measurements due to fresh water infiltration.

2) The group of brackish to saline measurementsarsouth near piezometer 23 are situated
at relatively high elevation under which relativéhgesh groundwater would be expected.
However, it is underlain by a thick clay layer mating the aquifer from infiltration of saline
flooding or fresh rainwater. This way the groundsvain these regions remains as
brackish/saline as it was during deposition. Stheemeasurements north on the same elevated
area are fresher while being situated on a thictaer layer this is expected to be a feasible
explanation.

3) In the northeast of the region many salinityiatgwns at similar depths are visible. A reason
for this could be the position between the two nsweith possibly different salinity values in
the past causing the groundwater salinity to becoeng complex. Again, in this region the
area with a thick clay cover (aquacultural areahwptezometer 24) consists of brackish
groundwater due to the protection from saline fr#tlon.

4) An area where the groundwater is very salitb@sastern aquacultural area near P22 where
the clay layer is thin and elevation low. This arealso known for saline flooding that salinizes
the groundwater.

The conclusive overview of the salinity distributi@figure 3.13) is thus largely based on the
following theory: After deposition of brackish talme sediments and the evolution of
differences in elevation (section 3.1.1) and clagkness (section 3.1.2), low elevated areas
with thin clay covers were prone to salinizatioreda tidal floods. High elevated areas with
thin clay covers were freshened by rainwater nafiion since they are protected from saline
flooding. Areas with thick clay covers are protecfeom infiltration which results in similar
brackish groundwater conditions as during depasitio

To further analyze the salinity distribution in theea more field data are required. Especially
for the lower elevated aquacultural pond areasdbait contain any tube wells. For the current
study however, the available field data in comboratvith the formation hypothesis is enough
to create a 3D salinity distribution that can ddeoused in the model.
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Figure 3-13. Conclusions regarding the salinity distribution based on A-factor (see figure 2.9)

3.1.6 Groundwater flow

To predict the possible changes in salinity vasiain the groundwater it is important to know
how the groundwater flows and will flow. The chasge groundwater flow will be simulated
during the modelling part of this study but thereat groundwater flow and especially the
drivers of this flow are discussed in this secthMith the knowledge of the current groundwater
flow in combination with the salinity distributidhe exact purpose of the model can be created.
This section starts with an objective overview loé results after which the most important
results are explained and coupled to conclusiotisdmliscussions section. An overview of the
filter depths of the piezometers with loggers isvided in table 3.4. Hereby the filters have a
length about 3 meters and the depth is chosereimttidle of this filter.

Table 3-4. Filter depths of piezometers with logger devices.

N1F1 N1Fz N3F1 N3Fz P6F! P6F: P11 P1: P1< P1t

Filter depth [m [H¥»,

3.1.6.1 Results

As explained in section 2.2.1.6 the first stepnalgzing the groundwater flow is to create a
map of the spatial head distribution as it is meagion the 1% of January 2018 during the dry
period. It must be noted that during this sectlenfteshwater heads will be used, as described
in section 2.1.3. The distribution is shown irufig 3.14.
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Figure 3-14. Spatial distribution of equivalent freshwater heads on the 17t of January 2018

To show the temporal variance between the wet apgehson, daily averaged logger data
between August 2017 and April 2018 are plottedgare 3.15. For this figure the three loggers
in the elevated homestead area in the north (N1amNBP6) are compared to two loggers
situated in the southern low-elevated aquacultareh (P14 and P15). A more extensive
overview of all loggers starting in February 20hd avith 20-minute time intervals is presented

in appendix Al.
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Figure 3-15 Temporal overview of part of the logger data. The black loggers written in black in the legend represent the loggers

in the elevated homestead area and the ones written in red those in the low-elevated aquacultural region
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It is clearly visible that the head gradient chandieection due to a larger seasonal variation in
the elevated homestead area (N1 F2, N3 F2, P@niparison to the low-elevated aquacultural
region (P14 and P15). This is emphasized in th@lots of all logger data (figure 3.16), where

all piezometers are shown, with the ones situatéawaer elevation in aquacultural ponds in
red.

M--TIT_

B Iilll

High-elevated — Low-elevated
Homestead Aquaculture

}—

Nest 1 F1
Nest1F2.
Nest 3 F1
Nest 3 F2
Piezo 6 F1
Piezo 6 F2
Piezo 11
Piezo 13
Piezo 14
Piezo 15

Figure 3-16 Boxplots of all logger data for the period February 2017 to April 2018. The piezometers in red are the ones situated
at lower elevation in aquacultural ponds

It must be noted that the very low values at nesmtd piezometer 11 in the north are expected
to be caused by pumping in the vicinity. Thereliy ttlear that the piezometers situated in low-
elevated aquacultural regions show less seasonatiga in comparison to those on the high-
elevated homestead areas. Whether this is caugamehinying, evaporation or other factors will
be discussed in the following section when all issare combined.

To clarify the head data from figures 3.14 and 3td6 cross-sectional head profiles are shown
in figure 3.17 where (when available) heads from wet period (4 October 2017) and dry
period (4 April 2018) are included as well. It sportant to notice that the wet season will be

used to refer to the period with maximum heads tSeper to November) and the dry season
for the period with minimum heads (April).
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The lower figure shows a large head difference betwtube wells T7 and T6 which are situated
close to each other in the west. For the head ationeT7 is chosen because a head increase
in expected due to the elevation difference. Fer risst of the piezometers with multiple
measurements the one at similar depth comparedarby well screens is chosen. The flow
lines show seepage at agricultural regions andversal from infiltration (wet season) to
seepage (dry season) at the elevated homesteadlaeea P6 is situated. The river levels are
estimated (northern river) or measured (easteen)rijuring the fieldwork procedure.

To test the possible influence of pumping, a grafoiine daily variations is presented in figure
3.18. It must be noted that the daily variatioaveraged over a week to make the graph better
readable, the original graph with daily averageslmafound in appendix A2.

== P11 (at northern river)
o 0.4 M E2 High-elevated Homestead
£ = N3 F2
3 - P6 F2
g 0.3 — D14
® P15 (at southern river) Low-elevated Aquaculture
§ S
5 0.2
[1+]
@
=
=
= 0.1
o
0.0 ainy Season > Pumping period
Sep Oct Nov Dec Feb Mar Apr

Jan
2018
Figure 3-18. Weekly averages of daily variation of all loggers. Computed by subtracting the daily minimum from the daily
maximum value before averaging all these values for one week

It is clearly visible that all loggers (except thee next to the river, P11) situated at high-
elevated homestead areas show more variation dtivengeriod of pumping which generally
starts in January (section 3.1.4). This will be amant in the formation of conclusions when
all results are combined in the following section.

Finally, extra graphs of the logger data on smdlleescales are constructed to analyze the
short-term processes and the differences betweesetisons, these are presented in figure 3.19
and again discussed in the following section. Aiicsion is made between the wet period with
rain (19-21 July 2017), the wet period without ré&5 October 2017), the dry period with
minimum head values (3-5 April 2018) and the penobetween dry and wet during which the
fieldwork is conducted (16-18 January 2018).
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Figure 3-19 Hydraulic head variation for 3-day periods a) in the wet season with a lot of rain b) in the wet season with 3 dry days c)
between dry and wet without rain during the fieldwork and d) in the dry season. The loggers located in low-elevated qquaculture are
shown in red and for locations with 2 well screen depths the vertical flow direction is indicated next to the legend

An interesting observation is the change in vertilmav direction within the wet season at
piezometer 6 on the southern side of the elevabtedebtead region. It is expected that the
seepage during the period with rain is caused leyland flow filling the lower elevated fields

in the vicinity, (see figure 3.17) this causes hogassures under the thick clay layers in these
areas inducing upward flow towards P6.

The rest of the important observations from all traphs presented in this section are

summarized in table 3.5 below so they can easilgfegred to during the formation of general
conclusions in the discussions section. Here foh edservation is denoted with a number in
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the column ‘#. Thereby the ‘Dir.” and ‘Dry/Wet’ tamns indicate the direction and season to
which the observation belongs.

Table 3-5 Observations from the resulting graphs and figures.

Figure(s) Dir. Dry/lwet  QObservation

3.14 - Between | Decreasing head gradient from elevated homesteadrds low elevated
ponds; From central elevated homes—>southern and easn aquaculture

314 & W-E Between | Heads at tube wells T7 and T10 in the north andt wéshe elevated

3.17 homestead region are very high in comparison terothlues on the 17of
January 201

3.17 W-E Between | Due to big difference between T7 and T6 not clédread drops severely

towards T8/T<due to elevatiolor increases a |

3.14 & W-E Between | Clear decreasing head gradient of 0.90 m from #mral transect (P6)
3.17

towards the eastern river (P
314 & W-E Between | Slight decreasing head gradient from central tretresvards lower elevated
3.17 T12, T8 and T9 in in the we
3.14 & W-E Dry+Wet | The decreasing head gradient from high elevated\Wwérds the low elevated

3.17 aquaculturaP13 in the east reduces in the dry se
ERENCHEN S-N Wet Decreasing head gradient from elevated homestead &6 and N3 towards
3.17 low elevated aquacultural P14 in the south arnorthernriver (P11
ERERCREN S-N Dry Downward head gradient implying flow from low eléed aquaculture (P14)
3.17 towards elevated homestead (P6) in the north aidifPthe south. Same
downward gradient from elevated N3 towards northiarer (P11) as in the
wet seasc
S-N Dry+Wet| Head variation between dry and wet +1m in aquaoceltagion (P13, P14,
P15 anc +2m at higl-elevated homeste (N1, N3, P6.
S-N Dry+Wet | Higher daily variance in the dry season for pieztarsin elevated homestead

region with pumping (N1, N3 and P6) compared to we season. River
(P11, P15 anc aquacultural (P14) piezcetersdon’'t show seasonal variar

S-N Wet High elevated P6 and N3 downward decreasing hedidtr@tion); Lower
elevated agriculture N1 upward decreasing heagésr
S-N Dry Vertical head gradient N1 reverses during a daglielv well head decreases

during day and increases in night, deep well head versa, resulting in
upward decreasing head (upward flow) during pathefday and downward
decreasing head (downward flow) during most ofrtigi

S-N Wet Verticel head difference in N1 is very small, slightly heg head at deep w
S-N Dry+Wet | Vertical head N3 is always higher in the upper wedicating constant
infiltration. This difference is lowest during réatl events.

S-N Dry+Wet | Vertical head distribution of P6 reverses betwegradd wet. During the dr

period the deepest filter has a higher head thariap well, this differencg
increases during daytime. In the wet period, afterst of the rains th
shallowes filter shcws slightly higher head value

D W<

S-N Wet Increase of about 0.2 m/day in all piezome

S-N Wet Without rain tides clearly visible in P15, P11 anfit in N1, N:

S-N Dry Head increase due to tides in P11 (northern riaed) P15 (southern river) s
less during daytimin comparison with nighttim

S-N Dry P14 shows almost no variation in the thr-day perio

S-N Dry Vertical head difference of N3 decreases durindidegyand increases in the
night
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3.1.6.2 Discussion

Based on the observations drawn from the presemggahs in the previous section (table 3.5),
this section first presents several conclusionk thieir motivation regarding the drivers behind
the groundwater flow. Second, conclusive isohypeaps for the dry period, wet period and
period in between to present the expected curtentgatterns are created.

Conclusion 1: Mechanical pumping is an importanteirfor the groundwater flow, especially
in the dry season

First, logger data showed that the hydraulic headlignt and thereby expected groundwater
flow on the central north-south oriented transéetnges direction (obs. 8 & 15). This reversal
in flow direction is due to a higher annual headataon on elevated village areas in comparison
to low elevated aquacultural areas (obs. 9). Bexpected to be partly caused by high pumping
rates for irrigation during the dry season. Highlydiaead variations in the elevated homestead
areas (0bs.10) amplify the importance of pumpingesithe fieldwork showed mechanical
pumping not or nearly to occur in the low-elevadediacultural regions.

Also, the decreasing head of N3 during daytime figeflocreasing again over night (obs. 20)
and the reversal of vertical head gradient of Nds(dL.2) can be explained by extraction of
water during daytime: Between 7:00 and 18:00 theérdnylic head of the shallow well (F1),
which is at the same depth as the pumping wellsredses due to pumping. To supply the
demanded pumping quantity the head distributiomatligdchanges around the pumping well,
causing the head at the deep filter to increaseaser can flow upward towards the well. The
pumped water is then placed on top of the surfaaking it possible to infiltrate and cause a
downward head gradient after pumping stops at nights local difference in the head
variations is an extra indication that pumping aiundwater causes the head decrease, since
evaporation would be visible on a larger scale.

The fact that P14 in the aquacultural fields bastlgws any daily head variations (obs. 19)
also suggests the effect of evaporation to be gietgi. But this could also be caused by the
refilling of the aquacultural ponds with water frahe river. Contrary, the larger tidal head

decrease of P15 during daytime (obs. 18) is an pkaof possible evaporation. No pumping

for irrigation is present in the region, yet st@llsmall variation between day and night is

observed. To check the driving force of the pumpthg decrease in heads is compared to
potential and measured evaporation. This poteetiaporation is done liklukherjee, Fryar,

& Howell (2007) with the method d¥flalmstrom(1969) where an average temperature of 34
°C is used for April in the following equation:

mm

Potential evaporation [ 1=409xe"(7) Equation 3.1

month

where é=0.611exp%), andt is the average monthly temperature®@ This method

resulted in a potential evaporation of 218.45 mmmthcor 7.28 mm/day. During previous
fieldwork a pan was installed to measure the ranh @/aporation between October 2017 and
January 2018 (Naus, 2018; Appendix A3), this expent shows a maximum evaporation rate
in the beginning of January of 2.17 mm/day whichhiee times lower than the calculated
potential evaporation rate. Dividing both thesauealby a sand porosity of 0.25 to obtain the
representative column of water in the soil givgsgential evaporation range of 8.68 - 29.12
mm/day. This is way less than the observed dalilyrfaydraulic head of 200 to 300 mm/day
in the pumping area (N1, N3; figure 3.19d). Thidioates that pumping is the main driver of
the decrease in hydraulic head and thus flow tosvargher elevated areas in the dry season.
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This corresponds to previous research where aasin@Verse in groundwater flow is found and
attributed to pumping (Radloff et al., 2017). Wi#tspect to the previously formed hypothesis
3, the effect of the pumping is found to be higtiem expected in advance since a complete
shift in flow direction between dry and wet seasa@s not expected. This could have major
implications for the sustainability of the pumpiwgich will be further explained later in this
section and analyzed during the modelling parhisf $tudy.

Conclusion 2: Elevation is an important driver fpoundwater flow, especially in the wet
season in combination with recharge

Similar as in conclusion 1, the first indicationtb& driving force of elevation is the changing
flow direction between dry and wet period (obs. B)&Head observations indicate flow from
the high elevated homestead areas towards lowtelbagua- and agricultural regions in the
wet season. This is visible in both north-southvast-east direction (obs. 1, 4, 7 and possibly
3).

Secondly, the high elevated homestead loggers &@&anndicate infiltration during the wet
season, while the lower elevated agricultural Nhsneements indicate seepage (obs. 11). At
the high elevated N3, the elevation driver seenssatp dominant over the pumping driver since
there is year-round infiltration (obs.14).

The influence of the elevation however decreasesglthe dry season (obs. 6) due to increased
influence of pumping and the permanently pondeltidiat low elevation. This causes the
eastward flow to decrease in strength. Previowsareh Radloff et al2017) even documented
flow reversals in Bangladesh where a river perfatrdeainage during the wet season and
beginning of the dry season and supply during tiesdason and beginning of the wet season.
Such a complete reversal of the eastward flow issrRpected in the Assasuni region since: 1)
Goswami(2014) measured year-round flow towards the meaofdthe northern river in the
northeast, 2) there is no extensive pumping clogeé eastern river and 3) the flow towards
the east is still strong during the dry season wienmeasurements were done (January).
Nevertheless, the head difference between the tel@\aea on the north-south transect (P6)
and aquacultural ponds to the east of it (P13hdovsa weak westward flow towards the higher
elevated P6 during the dry season. This is howexpected to be local and not represent the
overall eastward flow towards the river. But it rhbs noticed that this estimation regarding
the flow in east-west direction is highly uncertaince P6 and P13 are the only measurements
of both dry and wet season. To further confirm #stimation on west-east flow through the
year, the heads of the newly placed piezometefseieast (P21 and P22) should be measured
far in the dry season (end of March).

This conclusion regarding the elevation as drivarasponds with hypothesis 1 and 2 where
elevation and rivers were mentioned as a drivimggfoHowever, the fact that the influence of
this driving would differ so strong between the t®easons was not expected.

Conclusion 3: Infiltration on the elevated homedtesea is an important process in the
groundwater flow processes of the Assasuni area

As hypothesized in hypothesis 3, it is expected itifdtration influences the hydrogeological
situation. Moreover, its effect is likely to bedar than believed beforehand since head values
on the elevated homestead area increase with 2randtging the 58 days of intensive
precipitation (figure Al in the appendix), resudiim a head increase of 35 mm/day. Combining
this with a porosity of 0.25 indicates an averagdtiation of 8.6 mm/day. Since the soils
become saturated this rate can be used to checkigeictivity values reported in section 3.1.4
that represent the infiltration rates (Philip, @R6The infiltration found at 15 (24.5 mm/day),

MSc. Thesis | Jan Dirk Smidt | Utrecht | June 2018 47



which was concluded to be the most reliable for éstead areas, represents an infiltration
velocity of 98 mm/day when it is corrected for therosity. This is much higher than the
average head increase since saturated infiltratoms not constantly occur in the villages. It
however does roughly correspond to the head inereB300 mm in 1 day during days of rain
(logger P6 in figure 3.19a) which represents ailtiafion of 75 mm/day after correcting for
porosity. This increases the certainty of the mesbinfiltration rate at homestead regions.
The infiltration rates at low elevated aquacultyrahding areas are expected to be lower since
their seasonal variation is much less (obs. 9ilfriaion measurements in the field resulted in
values of zero infiltration (section 3.1.4) and ttiay layer is expected to be much thicker in
most low-elevated areas (section 3.1.2). The Idilirettion rate is caused by deposition of fine
clay in the stagnant ponds which created a verydomductive clay layer at the bottom
(Sengupta et al., 2008). However, even these regbow a head decrease of 1 m in the dry
period (figure 3.15) which must be filled up duritige wet season. This indicates that
infiltration and lateral flow should cause a heacréase of 4.3 mm/day during the wet season.
As mentioned previously in this section, the meadumfiltration rate on the elevated
homestead area (98 mm/day) is higher than theseptative infiltration causing the measured
head increase (75 mm/day). This high infiltratiatertogether with the expected low infiltration
rate in the aquacultural ponds implies lateral ftowards these ponds to be the main source of
the required head increase. The magnitude of #tesdl flow is further investigated in the
section regarding the modelling study.

In general, the high expected influence of inftiva (35-98 mm/day in the wet season)
corresponds to the previous literature indicatimaf recent infiltration is a possible source of
fresh water presence in the subsurface (Ayers,&2G@l6; George, 2013; Worland et al., 2015).

Conclusion 4: The fact that lower elevated areasanstantly ponded could be important for
the flow direction.

The fact that lower elevated areas are artificitdigded by riverine water during the complete
dry season provides protection from upward sudissto evaporation in the soil. Thereby, the
pressure exerted by the ponded water on the a@bsahe head values to remain more constant
which is visible on a daily scale at piezometefdids. 19). This contributes to a smaller falling
head in the dry season (obs. 9) in aquaculturabmeg Due to this lower variation in head
values the flow of water from the low elevated amiaral areas towards the high-elevated
homestead areas is enhanced. However, it must tieechahat this conclusion is highly
uncertain and should be investigated in furthemitidle means of a modelling study or
comparison to a region with similar elevation buthwut ponding. This way it can become
clear if the flow reversal would occur as wellhitlower elevated areas would not consist of
ponded water during the dry season and whethewibigd result in larger head variances due
to evaporation.

Conclusion 5: The eastern and southern boundarhefAssasuni region act as no-flow
boundaries

For the groundwater model, the flow at the westand southern boundary are important.
Unfortunately, head measurements were not posatbilee southern border and the western
boundary was only analyzed by salinity measuremsatshis hypothesis cannot be easily
confirmed. However, not much flow is expected ahbmorders since the south consists of a
thick clay layer and is not connected to the eastiwer and the west is expected to act as a
water divide, like the other elevated areas, egfigdince the elevation is even higher. Salinity
measurements (figure 3.11) show this area to coofsiesh groundwater while it is surrounded
by aquacultural ponds with saline surface and gitauater. This is an extra indication of a lack
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of in- or outflow since incoming flow from the wesr east would have salinized this
groundwater.

Conclusive flow patterns

Based on the conclusions regarding the flow driviinee isohypses maps are created for the
wet period (figure 3.21), dry period (figure 3.22)d the period in between (figure 3.20). Since
elevation and pumping are expected to be the nraiard for groundwater flow, the elevation
(figure 3.3) and pumping map (figure 3.10) togethiegh head measurements are used to create
the figures (as explained in section 2.2.1.6). Simead measurements are scarce in the east and
west of the region during the dry and wet seasesdimaps and flow directions are less reliable
in comparison to the period in between during whiahfieldwork was conducted.

The period between wet and dry consists of the mestsurements which results in the most
reliable isohypses-map (figure 3.20). The expetied is driven by both pumping as well as
elevation during this season. Figure 3.20 showgtimeping influence from P6 on the elevated
homestead area towards the northern rice agrieuétnd the elevation driven flows from the
high elevated homestead areas towards the lowtelkaguaculture and eastern and northern
river. Of which the latter is based on data fr@mswami(2014) where flow from the elevated
area towards the meander in the northern riveepsnted year-round, so this flow direction
will also be presented in the two other figuresdor and wet.

Regarding the wet period (figure 3.21) the expedtmd from high-elevated homestead areas
towards low-elevated aquacultural areas is impléetem the isohypses-map. For the central
transect these flow directions are monitored byltigger data. The rest of the flow pattern
estimates are based on the presented conclusgerslineg the drivers of the groundwater flow
and are thus less accurate. The flow from the pastevated area towards the eastern river is
chosen to be like the situation measured in Januayery likely that the flow towards the
lower elevated river increases or remains the sarhe. biggest difference between the
measurements in January and the wet season acthefl pumping near N3 and N1 during the
wet season but it is not known if this pumpinguefhces this eastward flow.

In the dry period (figure 3.22) pumping is expedi@tbe the main driver of groundwater flow.
The head data on the central transect confirmed(diis. 8). Groundwater is expected to flow
towards areas with pumping (figure 3.10) in thetimaf the western elevated homestead area
and towards the central village area. In areas motmechanical pumping, like the south of the
western elevated village area, elevation drivew ilstill expected. This also holds for the east
of the region where no mechanical pumping is prgska flow towards the river is expected
to decrease in strength since the head valuesdlévated area are expected to decline more
than those on the lower elevated aquacultural ponaliea. The amount of this decrease in flow
strength is highly uncertain and solely based d¢imesion and the process of reversing flow
to/from a river due to groundwater pumping (Radgifél., 2017).

The reverse in north-south directed flow is of &angportance for the communities living on
the elevated areas. Currently, fresh water is t@ithanderneath these elevated regions (figure
3.13), but if the yearly northward flow due to punygpis stronger than the southward flow, this
would cause salinization by the saline groundwanelerneath the aquacultural ponds. Therefor
it is of great importance to understand to whageixpumping is sustainable and does not cause
a net yearly decrease of the freshwater reservis.i$talso dependent on the eastward flow
which needs further investigation together with tekation between dry northward flow and
wet southward flow which is further studied in 8$maall modelling study.
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Figure 3-20 Isohypses map and flow directions during the period with most data (between dry and wet); the thickness of the flow lines

roughly indicates the amount of groundwater flow
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Figure 3-21 Isohypses map and flow directions during the wet period; the thickness of the flow lines roughly indicates the amount of

groundwater flow
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Figure 3-22 Isohypses map and flow directions during the dry period; the thickness of the flow lines roughly indicates the amount of
groundwater flow

3.2 Coupling of field data to model

Before the start of this study the exact approd¢hemodelling study was not clear since it is
highly dependent on the results obtained from ild Study. Therefor this section will couple
the field data to the modelling study by first erapizing the modelling goal and second
presenting the current modelling plan. This wilither specify the initial research question:
‘How do the current groundwater conditions evolvéhim future under varying scenarios?

3.2.1 Modelling goal and research questions

In the previous section four conclusions regardimeggroundwater flow were formed. These
conclusions involved the influence of pumping, @ege by precipitation, infiltration through
the clay and the importance of ponding. The goahisf brief modelling study is to test these
conclusions and to quantify the relation betwedfedint processes in the dry and wet period
to estimate future evolution of the salinity distriion. This results in the following research
guestions:

* What are the relative contributions of pumping aecharge to the groundwater flow?
* To what extent daquacultural ponds influence the groundwater flow?

* To what extent does possible infiltration influetioe groundwater flow?

* At what rate does the salinity distribution change?

3.2.2 Initial model setup

Conclusions from the fieldwork (presented in set8ol) are used to set up the initial model.
This section provides a step-by-step overview if ithitial model set-up.

3.2.2.1 Grid size and model boundaries

First the extent and grid size of the model arengef The northern and eastern river are chosen
as boundaries in combination with the elevated sréae west. In the south, part of the border
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consists of a river and part of aquacultural pomitls a thick clay layer. The size of this region
is 6.9 by 6.3 km with a total area of 27.4%within the boundaries (figure 3.23). The choice
for the rivers as boundaries is obvious since teygood to model via general or constant
heads, the western and southern region are suitedglause they are both expected not to
experience any in- or outflow (section 3.1.6).

‘s
N

~

Figure 3-23. Boundaries chosen for the model

The depth of the model is chosen to extend to 1&trs since a regional borehole showed a
clay layer to be situated at this depth (van Broekm, 2017). These dimensions are fit to a
modelling grid of in total 58 by 56 cells and 1ydas. Hereby refinements are created over the
elevated areas because these regions require titgal These refinements result in cell sizes
of 172.5 x 175 meters in the non-refined regiordealls sizes of 53 x 50 meters in the refined
regions (figure 3.24 at the end of this sectiomjsTigure also shows the vertical refinement of
the 15 layers with two thin layers of 3 and 2 metdrthe top, followed by 11 layers of 5 meters,
1 layer of 10 meter and 1 layer of 40 meter. Ttriscsure is chosen because very little is known
about the bottom part of the model and it is ordgdito simulate a possible storage volume.
The layers at the top must be thin because difte®m initial and boundary conditions vary
over small vertical distances. With this structtire model consists of 48,720 cells. The cell
sizes and depths are relatively large since theeiedised as a first rough representation to
investigate some general processes in short tiné,is important that the model has a low
processing time. Unfortunately this will decrease @accuracy of the model.

3.2.2.2 Elevation

The elevation of the top layer of the model is blasa the findings in section 3.1.1. The
conclusive figure provided in this section (figl88) is implemented as elevation of the top
layer.
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3.2.2.3 Lithology and soil parameters

The lithology of the model is divided in two layerday on top of sand. Both layers are
characterized by different soil hydraulic parametdihe thickness of the overlying clay layer
through the region is implemented like presentefigure 3.7, hereby the values are rounded
to be able to fit in one layer. The conductivityues discussed in section 3.1.3 are appointed
to the different layers.

For the effective porosity, standard values fordsand clay are chosen, the specific yield is
chosen to be equal to the effective porosity (Higsd2010) and the specific storage is based
on values from literature for clay and sand (Youn@893). All the chosen values are presented
in table 3.6. The vertical conductivity values afpecially clay will be analyzed during
calibration since they are expected to be impoftarthe groundwater flow.

3.2.2.4 Additional water in- and output

As discussed before (section 3.1.6), extractionpuenping and net recharge as result of
precipitation are important in- and outputs of watethe model. These will be extensively
varied during a sensitivity analysis. The initiadlves for the pumping rates in rice and
combined agricultural areas are discussed in se8tib4. These will be assigned to the model
during the dry season in the whole regions of extra (figure 3.10) since the cell-sizes are
too big to realistically represent individual pumgisystems. This is done by multiplying the
area of the cell with its expected daily pumpinggrd he recharge will be applied to the entire
surface of the model during the rainy season witlingial value of 25 mm/year since this is
within ranges of values found in literature (Mich&&voss, 2009 [30-250 mm]; Mukherjee et
al., 2015 [100-300 mm]; Mohammad Shamsudduha,2@l1 [10-100 mm]) and corresponds
to the value found via calibration during the poas study on the middle transect of the current
region (van Broekhoven, 2017). This recharge valeeresents the net recharge since
evaporation is not included in the model.

Table 3-6. Overview of initial parameter applied to the model

Paramete Symbo Unit value

Width (column) X mete 6700 (58 cells

Length (rows y mete 6300 (56 cells

Deptt z mete 110 (15 layers

Conductivity Clay (vertical) Kc,v m/day Ponds (riaed fish): 0.028
Villages: 0.¢

Conductivity Clay (horizonta Kc,h m/yea | 0.0t

Conductivity Sand (vertid) Ks,v m/day 1.12¢

Conductivity Sand (horizont: Ks,h m/day 11.2¢

Effective porosity Cla Nc - 0.4

Effective porosity Sar Ns - 0.2t

Specific storac S¢ /m Clay: 0.005 ; Sand: 0.00

Specific Yielc Sy - Clay: 0.4 ; Sand: 0.:

Net lecharg Rne m/dey 0.C001¢«

Pumping Qout m/day Rice: 0.0106
Combined Agriculture: 0.006-

3.2.2.5 Boundary and initial conditions

As visible in figure 3.23, the boundaries of thedmlaare partly represented by rivers and partly
by elevated villages and low-lying aquacultural g@nrhe boundary conditions of the western
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and southern borders, which are not representetvéxg are chosen as no-flow boundaries as
explained in section 3.1.6. The rivers in the noeidist and south are represented by constant
head cells which are presented in table 3.7. Tihen and southern heads are based on daily
average values of piezometer 11 in the north aedopneter 15 in the south during the season
of interest. For the east, a difference of 1.2 matecomparison to the northern river was
measured during the fieldwork, this was implemeimettie model.

Table 3-7. Initial head values of the rivers

River Wet hea Dry heac
North -0.3 -2.7
Eas -2.C -4.4
Soutt -0.4 -1.E

The southern river is situated in the clay (depth meter in clay thickness of 12 to 35 meters).
The northern river only touches sand in the meamd#dre east (northwest of P24) where the
clay thickness is modelled equal to the river déptmeters). And the eastern river is connected
to the sandy aquifer in the meander near in thallmidf the river where the clay thickness is

about 5 and the river depth around 10 meters. &trba noted that the tidal changes are not
incorporated in the model because this would reguwo much temporal detail and it was not

measured during the fieldwork.

The bottom of the model is modelled as a no-flowrmtary since it consists of a clay layer that
separates two aquifers of which the exchange isagd to be low and irrelevant for this study.
The top of the model inside the boundaries is padkigned with variable head-cells (village
areas and agriculture) and partly by constant loedd-(aquaculural areas) because these
regions are represented by constantly filled pomising the dry season these aquacultural
ponds are irrigated with the river water by opershgces which can also be done during the
rainy period if the water level in the aquacultyrahds drops. An initial head value of 0 meter
is assigned to these aquacultural ponds becaisaot possible to know the exact heads and
this way a water level of 75 cm is representedhenaquacultural ponds which is like the levels
observed in the field. Figure 3.24 shows an ovenoéthe model with its boundary types at
the surface with the different cell sizes in theituntal (top) as well vertical plane (bottom).

To define an initial head distribution for both ttiey and wet simulation the isohypses maps
(figure 3.21 and 3.22) are used. Since the dry lsiian starts at the end of the wet period the
initial situation of the dry simulation is consttad by fixing the wet isohypses map to the top
35 meters of the models before running the modslaady state to fill up the lower 75 meters.
This is done because field measurements showednomidifference within the upper 35
meters. For the wet simulation the same is donle thig dry isohypses map.

The initial salinity variation through the modelastensively discussed in section 3.1.5. This

distribution that represents the presented chlaraeentrations (figure 3.13) is applied to the
SEAWAT-model.
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Figure 3-24. Top: Surface of the Modflow model with in blue the constant head cells, grey the inactive cells and in white the
active cells. Bottom: Cross section of the indicated row to present the different layer thicknesses.

3.3 Model

3.3.1 Calibration and model performance

Since there was not much time for the modellinglgtilne calibration was only limited. Only
the general flow directions (section 3.1.6) weraed to model since the logger data showed
to be difficult and time consuming to reproducee Tasults of this brief calibration are shown
in table 3.8. The increase in recharge is severavha necessary to reproduce the flow from
high elevated homestead areas to low elevated afjusec The 250 mm/year is still within the
ranges found in literature (see section 3.2.2.4).
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Table 3-8. Parameter changes after calibration

Paramete Chang: Seaso
Vertical conductivit' Multiplied by 4 Wet+Dry
Recharg From 25 to 25 mm/y« Wel
Eastern river he: From-4.4t0-3.5 I Dry

It must be noted that modelling the transition eswthe dry and wet period did not work, so
in the rest of this report the model is regardediasilating a month of the dry period with

minimum head values and pumping in March or a manthe wet period with maximum head

values and recharge in October. Figure 3.25 shbepérformance of the model is poor in
terms of simulating the correct head values ortrdngsect.
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Figure 3-25 Observed head versus calculated head for the loggers in the last month of a) the wet period and b) the dry period

Nevertheless, in general the sequence of the slatariect. Only the southern piezometer heads
(P14 and P15) are calculated too high during thepedod, but the expected flow from the
northern elevated area (P6 and N3) towards therlagpgacultural ponds (P14) is still visible.
During the analysis of the model it must be keptind that many of the head differences in
especially the dry period are exaggerated.

To show the general model performance, figure 8tfvs the lateral head distribution of layer
6 which is at a depth of 25 to 30 meters. The d¢aled flow velocities are indicated with arrows
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and will be further discussed in section 3.3.2 Reyl are derived from calculations with the
head differences and velocity vectors calculate@BAWAT (appendix A-4).

» 2.0 ki

a

Hydraulic head [m] \ Hydraulic head [m]
2.0 0.55 3.5 [ 0.0

0.0095 0.023
Flow velocity [m/day]

Figure 3-26 Head distribution of layer 6 calculated in PMWIN by SEAWAT in a) wet period and b) dry period. The circle indicates the area
of most severe pumping and the arrows show the flow vectors where the thickness indicates the speed.

During the wet season, the flow from the highevaled homestead areas situated in the center
and west of the region towards the aquaculturaipaurrounding them is evident. The flow
from the small elevated areas more to the easitigisible at this depth. During the dry season,
the flow from the aquacultural ponded areas towtHrdsrea of pumping in the north is clearly
visible. The head distribution indicates flow frathdirections towards the pumping region. In
both situations the river in the east shows tagrifice the flow severely as was concluded from
the fieldwork and induced by the low constant he&lace this shows to be a sufficient
representation of the flow system that is conclufilech the field work this model is used to
answer the research questions.

3.3.2 Model outcomes

This section will present the results obtained Iy modelling study. These results will be
discussed to answer the research questions antedbepmodel to the real situation.

3.3.2.1 Results

First the general water balance of the dry andmadel is regarded (table 3.9). It is important
to notice the severe difference in outflow via weluring the dry period and inflow via recharge
in the wet period (factor 1.76), even though thehaege is set at 250 mm/year which is high in
the range of reasonable values. The differencelisced by the constant head cells representing
the aquacultural ponds. Recharge applied to thelé® is not recorded as input to the model
since the constant head cells do not change beoéauseharge. The total recharge added to the
model is 38,346 Atday (0.0014 m/day x 27.39x46v) which is much higher than the wells in
this simulation. Thereby the water balance indgdsgger fluxes during the dry season in
comparison with the wet season, these are furtineyzed during a sensitivity analysis.
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Table 3-9. Water balance wet and dry model. Values in m3/day for the whole model domain.

Constant head Constant heac Constant head Recharge Wells

In Out (In-Out) In Out
Wel | 12,50( 21,10( -8,60( 8,56( -
Dry |49,70( 34,60( 15,10( - 15,10(

To compare the concluded flow from fieldwork witietmodelled flow, head profiles of the

two models are presented in north-south directiwh @ast-west direction (figure 3.28). The
locations of these profiles are like those durimg fieldwork study (see figure 3.27). The flow
lines drawn in the figures are based on head difiggs and velocity vectors calculated by
SEAWAT (figure A5 in appendix).

Figure 3.28 clearly represents the differencedaw foehavior between the two simulation
periods. Both transects show more local head vamiauring the wet period in comparison to
the dry period. The head profiles in the wet peroel strongly induced by the constant head
cells (aquacultural ponds and rivers) that achagitainage basin for the area. In the wet model
these local head variations are visible up to aBOuheters depth. For the dry period this highly
depends on the location. In the north (figure 3)28mps are situated at 10 meters depth
causing the infiltrated pond water to flow diredtiythe pumps. This prevents the head to further
increase with depth. In the same figure in thelsdutad variations up to 70 meters are visible
due to the constant head ponds. On the west-aasett (figure 3.28c) no mechanical pumping
occurs, this causes the influence of the constaat lponds to increase on the local scale.
Nevertheless, the driving force of the easternrnseso big in this situation that it exceeds the
ponding influence.

To test these influences of the different in- antpat fluxes on the groundwater flow in the
north-south direction the flux between two createthains (figure 3.27) is regarded. The width
of this domain is chosen because the loggers aratisin within this area and the division
between A and B is to separate the higher homestesdin A from the mainly aquacultural
ponded area in B.

Head Profiles

|
|

[w] uonenajs asepns

-0.75

Figure 3-27 Domains used to analyze the flow in north-south direction with the surface elevation of the model as background.
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a) Wet —NORTH - SOUTH

b) Dry —NORTH - SOUTH

c) Wet — WEST > EAST

d) Dry — WEST = EAST

Hydraulic head wet model [m] Hydraulic head dry model [m]

03— >055 -3.5 E"pe“ed Flow

0

Figure 3-28 Cross sectional head profiles of the wet (a and c¢) and dry (b and d) model. The black circle again indicates
an area of mechanical pumping. The scale of b is the same as a and of d the same as c.
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Flow from A towards B is regarded as positive iis thnalysis where the aquacultural ponds,
recharge, pumping and vertical clay conductivigyresenting the ease of infiltration are varied
within reliable ranges. Aquacultural ponds are rdgd between values of -1 and 1 m while the
others are varied relatively to their standard @omadin the calibrated model (table 3.10).

Table 3-10. Absolute values used in the sensitivity analysis of the models

Pumping [m/year] | Vertical conductivity clay [m/day]

Relative

Recharge [mm/yeatr]

0.04 1C -

0.2 5C 0.3¢ 0.2¢ 0.12 0.005¢
0.6 15C 1.1¢ 0.7¢ 0.3¢ 0.016¢
1.0 25C 1.91 1.1¢ 0.€ 0.02¢
1.2 30C 2.2¢ 1.3¢ 0.72 0.033¢
1.6 - 3.0¢ 1.8¢ 0.9¢ 0.044¢
2.0 - 3.82 2.32 1.2 0.05¢

The results of the sensitivity analyses for bothdele are shown in figure 3.29. The relative
flow in comparison with the standard simulatioplistted so the two models can be compared.
The absolute flow towards the north during the siEgason is severely higher (167 ¥/aay)
than the southward flow during the wet season @@8/day).

a) Wet b) Dry
Relative Recharge and Conducitivity [- Relative Pumping and Conductivity [-]
0 0.5 1 1.5 2 0 0.5 1 1.5 2
m 1.4 1.4
o (2]
2 P o 1.2 /
o c
s \ S = 4
02 E ©
=M 0.6 0 0.6
% £ —==Ponding E E
= 0.4 3= 0.4 ———Ponding
v ——Recharge = PUMpIng
o Lonductivity 3 Conductivity
2 0 < 0
-2 -1 0 1 2 ®as -0.5 0.5 1.5
Constant head ponds [m] Constant head ponds [m]

Figure 3-29 Results of the sensitivity analysis regarding the flow between zone A and B for a) the wet model and b) the
dry model

The wet period clearly shows to me most sensitiveetharge which logically increases the
southward flow. Ponding on the other hand decrethssftow because the flow in the model is
driven by the drainage of the constant lower heatie aquacultural ponds while non-constant
cells increase due to infiltration. The relativepmntance of the conductivity is only significant
for low values. This indicates that infiltrationmlits the flow for low conductivity values, if
these increase the drainage of the aquaculturalgopbacomes the main driver in the model.
During the dry period the pumping is most importastexpected with higher pumping rates
logically increasing the northward flow. This sdiviy to pumping in the dry season is
comparable to the sensitivity to recharge durirgiet season. Contrary to the wet period, the
ponding shows a positive and the conductivity aatigg correlation. For the aquacultural
ponds this is easily explained as they act as alieupf water in the region. The negative
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influence of the vertical conductivity is foundlie induced by an increase in direct infiltration
from the surface towards the pumping in the regbmpumping itself. This decreases the
demand of water from the south.

Last, the model is used to roughly calculate flasloegities in the dry and wet period in the
north-south direction to get a feeling of the chses travelled by water in 1 year. This is done
by taking the head differences (dh) and distangglfdtween P14 in the aquacultural area and
P6 in the elevated homestead area to calculatiéotherelocity v [m/day]:

dh 1 .
V= —ka; [Equation 3.2]

Where k is horizontal conductivity (11.25 m/day $and in the model) and n the porosity (0.25
for sand in the model). For the wet season a héfsdehce of 0.272 m results in a flow velocity
of 0.0098 m/day and for the dry season a headrdiftee of 1.181 m results in a flow velocity
of 0.042 m/day. This indicates maximum flow distsof about 7.5 meters in the dry situation
which explains why the salinity distribution withimmum cell size 50x50 meters does not
change over the modeling periods. The flow velesiand their implications for future salinity
variations will be further analyzed in the discoss section.

3.3.2.2 Discussion

In this discussion, the results presented in tlewipus section will be coupled to the field
situation and used to answer the four researchtignssfor the modelling study. Thereby
possible improvements of the model will be discdsse

1) What are the relative contributions of pumping aedharge from precipitation to the
groundwater flow?
Before regarding the contributions of precipitatedharge and pumping to the groundwater
flow, first the contribution to the complete systéndiscussed. As reported in the previous
section the amount of pumped water per day is nhigier than the amount of recharge from
precipitation added to the model because the conbtaded aquacultural pond cells do not
receive any recharge. This is comparable to thiesieeetion in which part of the aquacultural
ponds are filled with riverine water via sluicesldtooding. Nevertheless, the contribution of
the precipitation to aquacultural ponds is expettebe much higher than indicated by the
model, meaning that the total volume of net rechdrgthe model is underestimated with
respect to the daily input of net recharge. Thigydaput however is on the high end of the
possible range. Thereby, the duration of pumpingnky four months, where precipitation
occurs on the variable basis for eight monthshindase of the modelled values this would
indicate a total input of fresh precipitated regjeaof 2.09 million M per year (8,560 #day x
30.5 days/month x 8 months). The total amount ofped water in the model for four months
is 1.84 million ni/year (15,100 rfiday x 30.5 days/month x 4 months). This would ¢atk
fresh recharge of the aquifer to be more thanub&action. But this is not possible to conclude
from only these results. To further test this, el should be constructed with more detailed
timescales and varying amounts of pumping andeutarge through time.

The model does show pumping to be the main driuend the dry season and recharge during
the wet season. This confirms fieldwork conclusloregarding the pump-driven flow in the
dry season.

MSc. Thesis | Jan Dirk Smidt | Utrecht | June 2018 61



2) To what extent daquacultural ponds influence the groundwater flow?

The sensitivity analysis (figure 3.29) togetherhihie cross-sectional profiles (figure 3.28) and
water balance (table 3.9) clearly showed the ingyaé and role of ponding during both the
dry as well as the wet model. This major influen€g@onding via recharge and drainage, of
which the recharge effect is found in literature vesll (Harvey et al., 2006), confirms
conclusion 4 of the fieldwork regarding the infleerof aquacultural ponds on the groundwater
flow. Since the amount of pond water is stronglsie@through the year because farmers often
decide to let part of the aquacultural ponds rerdayrfor a period of several months the model
probably overestimates this ponding effect. Morlwrimation on the behavior of regional
farmers regarding their aquacultural ponds is resrggo improve the modelling performance.
Satellite data could be useful for this kind ofdstu

Since the aquacultural ponds are filled with riweter during the dry season and a combination
of river and precipitated water in the wet seadba,salinity of the ponds is expected to be
highly variable through the year with saline watethe dry season and fresh to brackish water
in the wet season. As the model shows the aquaabifftondwater to infiltrate during the dry
season, it is expected that ponding increasesdlivetg of the groundwater. The fact that the
water balance (table 3.9) shows very high in- anghut of constant head cells increases the
expected salinization effect of aquacultural pandte model. These rates are however highly
uncertain and the model should be improved befonelading anything.

Interestingly, the drainage effect of the aquacaltponds seems to be higher than the
infiltration effect (figure 3.29). This process wast expected to be so important before the
modelling study and could be interesting to furtineestigate during future research.

3) To what extent does possible infiltration influetiee groundwater flow?

As stated before, the model shows severe rata¥itifation during both the wet and the dry
period. This infiltration is however self-inducey &pplying high rates of vertical conductivity
to the model making it difficult to draw conclussregarding the infiltration from the model.
Nevertheless, the fact that the conductivity valinas were concluded from the fieldwork had
to be increased with a factor 4 to improve the modgresults (section 3.3.1) does indicate a
strong importance. Thereby, the sensitivity analyBgure 3.29) clearly shows a decrease of
influence with increasing vertical conductivitiggsdicating vertical conductivity and thus
infiltration to be a limiting factor in the groundier flow, especially during the wet season.
This is expected to be an important effect in thal situation as well since aquacultural
pondwater is a significant source of recharge aedrtfiltration of ponds becomes limited due
to the formation of a layer with very low condudtivf the reliability of the model would be
improved by implementing more detailed rechargempung and aquacultural ponding
information, the infiltration could be studied irone detail. For now, the model together with
the fieldwork results imply the infiltration to Imeore than was expected beforehand (hypothesis
3) which confirms fieldwork conclusion 3.

4) At what rate does the salinity distribution change?

To estimate changes in salinity distribution tlenfivelocity is calculated for the model (figure
3.26) and the fieldwork measurements. Figure 3hd8vs the flow towards the eastern river to
be the most dominant direction in both the drywetlseason. However, this is highly uncertain
since no loggers were present in the east andeihe Values are based on static measurements
during the start of the dry season (Januray 20IBgrefor the north-south directed flow is
discussed by regarding the flow velocity betweazpmeter 6 on the elevated homestead area
and piezometer 14 in the aquacultural area. It ibestoted that the model does not show any
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salinity variations during the period of 180 day lbmth models. The calculated flow velocities
(as explained in previous section) are presentéabie 3.11.

Table 3-11. Calculated flow distances of the groundwater for model and measurements

Total annual distance

Date Calculated velocity Duration

[m/day] [months [m/year]
Model - 0.009¢ 8 2.39
[Wolo[o[-J 09/10/201 0.026: 8 6.41
Model - 0.04z 4 5.12
Loggel 11/04/201 0.004( 4 0.488

These results emphasize the discrepancy betweendtielled and the measured results. The
model indicates a net flow of 2.73 meters/year towdhe northern elevated homestead area
where the logger data indicate a net flow of 5.%2ars/year towards the southern aquacultural
ponds. The measured head data from the loggerasatened to be more reliable since the
model consists of many uncertainties. It is remildkkhowever that the relatively large amount
of pumped water in comparison to recharge doesdate a severe flow to the north compared
to the logger data. This net yearly southward fiodicated by the logger data implies that the
current pumping does not induce salinization offteeh water under the elevated homestead
area and the pumping rates are sustainable. Thérsbynportant to keep in mind that this is
only the flow in one direction while the model steoflow from the east and west as well (figure
3.26). Regardless of the exact magnitudes of the fl can be concluded that net flow rates
and thus displacement of saline water are in teraf several meters per year. With minimum
cell sizes of 50 by 50 meters this explains whysalinity change is visible after 1 year. The
net rate is not extremely fast but as infiltratadrsaline water via aquacultural ponds occurs at
distances of only 50 meters from irrigation or #nmg water pumps this is enough to cause
salinization of fresh water that is used for pungp®hether the current pumping rate is indeed
sustainable as the logger measurements on the-smuth transect indicate should be
investigated in more detail by extending the nundfdoggers or increasing the performance
of the model. This could be done by decreasing#fiesizes and smoothening the interfaces of
different chloride concentrations. But for nowisitexpected that the pumping does not cause
the fresh water reserve to be salinized by aqua@lltvater. This is contrary to hypothesis 4
(section 1.4) since the influence of pumping omngstlwas expected to be higher before the
start of this study.
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4. Conclusions and recommendations

The first aim of this research was to understariraap the current hydrogeological situation
of the Assasuni region. Secondly it is intendegrexict the influence of this current situation
regarding the future salinity distribution.

First, this study has confirmed that elevationy ¢fackness and salinity are connected as was
stated ilNaus (2018)This implies that the clay layer is generallyntbinder elevated areas and
thick under low elevated areas with exception gfares where former river systems eroded the
thick clay layer. Elevated areas are protected fsaine flooding which results in fresh
groundwater due to infiltration of fresh rainwateow-elevation regions with thin clay layers
on the other hand contain saline groundwater duefitration of water from saline flooding.
Thick clay layers at low elevation protect the grdwater from saline infiltration and result in
brackish groundwater. This connection was firstestdoyNaus(2018)based on a transect in
the same region and confirmed in this study ottimaplete Assasuni region. Since the Assasuni
region consists of many different elevation andilase types this theory can be upscaled to
larger areas to predict salinity and lithology wihly information on the elevation. This is
highly important to save time during future researc

Second, the fieldwork results showed a reversti@fyroundwater flow, where flow from the
elevated north to the low-elevated south in the sestson reverses during the dry season.
During the wet season this flow is driven by elewatand recharge with high amounts of
precipitation and no pumping. During the dry seasatensive amounts of pumping for
irrigation become important and exceed the elewatidferences as main driver. Pumping
proved to be an important driver since large laitierences were visible and the calculated
potential evaporation was to small induce the okeerdaily fall in hydraulic head. This
groundwater extraction causes severe seasonalltigdnaad variations in the elevated regions
near agricultural fields with pumping. Since lovexsited aquacultural fields in the Assasuni
region do not contain any irrigation pumping anderee riverine water to fill the ponds, the
seasonal head variation is smaller. This differeceeses the reversal in groundwater flow
which is shown by logger data. This flow reversaan important and unexpected conclusion
since it implies the possibility of freshwater te balinized due to pumping. Regarding the
overall goal of predicting the performance of MARst®ms this is important to regard in future
studies.

To quantify this flow, a representative model i$ gp. The performance of the model was
limited to correctly representing the overall fl@onditions but it presented some important
insights in the flow behavior. First it confirmsetimportance of ponding in the low-elevated
aguacultural region and the induced infiltrationotigh the low-conductive clay. Second, it
emphasized the importance of determining the exaamtity of fresh rainwater being recharged
to the aquifer in comparison to the pumped wat@hiwthe ranges of representative recharge
and pumping they alternated in causing net in- aatput. This relation is important to
determine to what extent pumping does not cause/esaiy salinization of the freshwater
reserve.

Regarding flow velocities and the future saliniigtdbution, fieldwork results in the north-

south direction on the central transect indicateetayearly flow from the fresh elevated area
towards the low saline area, indicating that theent pumping is sustainable. Contrary, the
model with large pumping quantities in comparisoneicharge results in a net flow velocity of
2.73 m/year towards the elevated area indicatimgpihmping not to be sustainable. This
difference emphasizes the importance of corredtymating and applying the recharge and
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pumping rates to the model. For the current sibumatihe fieldwork conclusion is regarded as
more reliable. But this only regards the flow ireatirection and a change in recharge/pumping
ratio can reverse the net flow direction and thustanability of the pumping as visible in the
model. In general, the salinity distribution wittetcurrent flow conditions is expected to remain
more less constant in the near future since floworges are in the range of several meters per
year. Off course, this is prone to climate changdscing larger dry spells with more pumping
and an increase in intensity of precipitation egedgcreasing the infiltrating recharge due to
increased runoff. But even with this climatic chanige expected net flow from fresh to saline
waters will first decrease making the system lggsanic. If the system becomes salinizing
this has severe implications for the populatiorcesimany elevated homestead regions with
fresh water are situated near saline aquacultigdalist

For future research it is first recommended tothsecurrent model as basis and improve it by
increasing the amount of stress periods so reclardgoumping can gradually be applied to
the system. This way the transition between theadiy wet period can be modelled and used
as calibration since an extensive spatial headillision in this period is obtained during the
fieldwork. Secondly, a smaller gridsize would impedhe model results since pumping could
be applied more specifically and flow will be cdbtied in more detail. Thirdly, more
information regarding the aquacultural ponding wdolog useful for the model as this research
showed it to be a significant factor. Satelliteadabuld indicate the range and timing of
aguacultural ponds being filled with saline riveater which would again improve the
modelling performance. Last, it would be usefubétter investigate the flow in the west-east
direction since most information currently focussesthe north-south transect. This transect
does contain all processes in the region but ttheeince of the eastern river is expected to be
much higher and important for the groundwater ftdthe region. A similar transect of loggers
could be used for this by placing only 2 extra pieeters in the west. This information of
eastward flow is important to better understand riélation between aquacultural ponding,
elevation and pumping to determine the sustairtgitafithe latter.

Since no knowledge regarding the groundwater fl@as available before the start of this study
the discovered reversal in flow direction is expédo be an important contribution to further
research. Even though the current situation loalstasnable this study showed the human
influence of both the use of aquacultural ponds punthping for irrigation to possibly cause

salinization of the freshwater reserve.
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Appendix

Al-a) Logger data for the period from February 201Apal 2018 with logger
measurements per 20 minutes and b) Daily averaggetadata for the period August 2017 to
April 2018
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A2 —Daily variation with all loggers: Daily maximum-diaiminimum
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A3 —Pan experiment (Naus, 2018)
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Aba — Calculated velocity vectors by SEAWAT for theéNorth-South column 32
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A5b — Calculated velocity vectors by SEAWAT for theWest-East row 32
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