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Abstract 
 
Especially in recent years, the Vietnamese Mekong delta has experienced extreme saltwater 
intrusion, affecting surface waters further inland than ever before, causing hundreds of millions 
of dollars in damage. Due to the desired economic growth of the Vietnamese Mekong Delta, 
fresh groundwater resources are intensively exploited to meet up water demand needed for food, 
domestic use and industrial activities. The food productivity of the Mekong Delta responsible for 
50% of the food supply of Vietnam. The over exploitation of the water resources causes 
freshwater scarcity which leads to land subsidence and saltwater intrusion of both groundwater 
and surface water. In this study, a solution to shallow ground water scarcity is investigated. Here, 
the feasibility of an aquifer storage and recovery (ASR) solution is evaluated. focussing on 
shallow phreatic sandy ridge aquifers in the provinces of Tra Vinh and Ben Tre in the Mekong 
Delta in Vietnam. These solutions have been successful in the Netherlands on similar 
geomorphological features, and thus, it is investigated if the implementation of these systems 
could also be a promising way to provide freshwater security in the Mekong Delta, Vietnam. An 
analysis of the geological architecture of the sandy ridge structures was explored during a three-
month field campaign at three potential sites. Using shallow suction coring, deep coring and 
cross section analysis, the sandy ridges were evaluated in terms of lithology, storage capacity, 
and ultimately, feasibility for an ASR solution. At least one such site in the province of Ben Tre 
shows future potential of an ASR pilot. A suitability map was developed to upscale the potential 
of additional sites in the two investigated provinces that could benefit the most from an ASR 
system. Zones with sandy ridge structures, that irrigate during the dry season and experience 
saltwater intrusion into the surface water systems stand to be the areas that can benefit the most 
from an ASR system. With increasing water demand, expanding innovative water management 
techniques is an important component moving towards a more sustainable future of the supply of 
freshwater and food in the Vietnamese Mekong Delta. 
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1 Introduction 
In the 4th Intergovernmental Panel on Climate Change (IPCC) report of 2007, mega deltas were 
identified as one of the most vulnerable environments endangered by human activity and climate 
change (Foufoula-Georgiou, 2013). Deltas are characterized as low ling coastal land forms 
sculpted by the interplay of rivers, tidal and wave processes (Wong et al. 2014). Deltas are 
highly sensitive to changes from the upstream fresh water inputs and downstream oceanic 
changes in tide, waves, and sea level. They are also highly impacted by human activities such as; 
urbanization, land use change, subsurface resource extraction, upstream dam construction, and 
irrigation (Nicholls et al., 2007). The IPCC report of 2014 places a very high confidence on the 
widespread degradation of deltas world-wide (Wong et al. 2014). This is very concerning 
considering deltas are home to many major cities and valuable expanding economies. Deltas are 
also very valuable productive areas globally, supporting much of the world’s agriculture, 
fisheries, and forestry products (Foufoula-Georgiou, 2013). The value of deltas globally expands 
far beyond their borders. A shift towards sustainability cannot be understated as deltas face 
continued threats from relative sea level rise, cyclones, river flooding, storm surges, urban 
expansion, pollution, reduced sediment input, land subsidence, agricultural exploitation, and 
salinization of fresh waters (Foufoula-Georgiou, 2013).  
In the agricultural areas of densely populated deltas, the salinization of fresh water resources has 
major consequences on food security, livelihoods and health of inhabitants (Rahman et al., 
2019). Salt contamination of freshwater sources can cause reduced agricultural productivity, crop 
losses, ecological damage, and loss of safe drinking water. Salt water intrusions are exacerbated 
in deltas by human included land subsidence, relative sea level rise, and groundwater abstraction 
(Rahman et al., 2019). Climate change induced sea level rise often works in tandem with 
groundwater pumping rates, affecting the fresh and saline groundwater distribution. In low lying 
coastal zones and deltaic areas, the volume of fresh groundwater storage is under stress, caused 
by saltwater intrusion. According to the IPCC report of 2014, even smaller extraction rates from 
coastal aquifers are expected to cause stronger salinization to coastal aquifers than sea level rise 
(Jiménez Cisneros et al., 2014). 
 
1.1 Study Area: The Vietnamese Mekong Delta 
 
Recent economic growth, population expansion, increased agriculture, salinization and erosion 
have exposed water supply vulnerabilities in the Vietnamese Mekong Delta (VMD). The VMD 
is a critical component of the Vietnam’s economy and food security as it is responsible for 50% 
of the country’s food production and grows 90% of the rice in Vietnam (GSO, 2016). The 
Mekong Delta is also the home to 21 million people, and is the most productive agricultural and 
fishery region in Vietnam, with 65% of the Mekong Delta being used for agriculture (Boretti, 
2020). The delta has seen an upward trend in exploitation of groundwater resources for domestic, 
industrial and agricultural use, leading to declining hydraulic head in the aquifers (Minderhoud et 
al, 2017). This freshwater demand is only expected to increase. The agricultural demand for 
2100 is expected to be three times as high as it was in the year 2000 (Hamer et al., 2020). With 
overexploitation of the fresh groundwater resources, the delta also faces accompanying pressures 
that negatively affect water security. 
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Figure 1 Map showing the Vietnamese Mekong River branches and the extent of the Delta and its provinces (Kuenzer et al., 
2013)(Käkönen, 2008). 

 
In the VMD, climate change only serves to exacerbate anthropogenic induced pressures. In the 
2015-2016 dry season, the delta suffered an extreme drought and accompanying salt water 
intrusion. Many canals and dykes were built in the MKD to provide fresh water for irrigation to 
farmers, but this network has also enabled a pathway for more salt water to come inland during 
intense intrusive events like storm surges (Rahman et al., 2019). 2016 was the first time the salt 
water intruded beyond the dykes (CGIAR, 2016). This event was caused by low discharge from 
the Mekong river and below average precipitation (Sebastian et al., 2016). There were heavy 
crop losses, and total damages of agriculture and aquaculture were estimated to be 300 million 
USD (Nguyen, 2017). Events like this have a severe socioeconomic impact on the whole of the 
Mekong Delta, and put the livelihood of its residence at risk (Nguyen, 2017).  
 
A much more pressing issue than climate change for the delta is human induced subsidence, 
caused by over exploitation of the groundwater resources. In the Mekong Delta, rates of land 
subsidence exceed the rate of global sea level rise by an order of magnitude. The global sea level 
is rising at ∼3 mm per year, while the Mekong Delta is currently sinking at an average rate of 11 
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mm per year, with rates much higher in specific regions (Minderhoud et al., 2017). The scope of 
this sinking over the past 25 years, is depicted in Figure 2. Declines in hydraulic head from 
groundwater extraction cause compaction within the aquifers. Every day over 2 million m3 is 
pumped from the first 500m of the subsurface (Minderhoud et al., 2015). This is alarming 
considering that the mean elevation of the Mekong Delta is approximately 0.8 meters above 
mean sea level (Minderhoud et al., 2019).  
 

 
Figure 2 Model outputs of the Mekong Delta showing 25 years of extraction induced subsidence (left), and extraction induced 
rates of subsidence for 2015 (Minderhoud et al., 2017). 

The lowering of the land makes the MKD even more vulnerable to floods, storm surges and 
saltwater intrusion. This is concerning because, the rural areas of the Mekong Delta, which house 
Vietnams agricultural production, are being increasingly converted into more groundwater 
intensive irrigation practices (Minderhoud et al., 2017). 
 
 Saltwater intrusions occur not only on the coasts, but also flow upstream through channels 
reaching further inland (Eslami et al., 2019). During the wet season (July – October) the salt 
water intrusions are limited, reaching only a few kilometers inland, but in the dry season 
(December – May) the salt waters can intrude tens of km reaching 1.3 million hectares (Eslami et 
al., 2019). Salinity problems in the groundwater system are expected to increase with increased 
groundwater extraction, sea level rise, river discharge changes due to climate change and 
upstream damming projects (Renaud et al., 2015). In terms of salt water intrusions, the climate 
change induced sea level rise is surpassed by the deepening of the channels by human activity. 
The sediment supply upstream is reduced by damming and it is reduced downstream by sand 
mining, leading to lower bed levels in the channels (Eslami et al., 2019).  The construction of 
dykes and sluice gates has allowed for increased protection from salinity and an increase in water 
availability for rice crops. This is also creates a problem, as these systems accumulate pollution 
when the gates close (Renaud et al., 2015). The gates are closed in response to saltwater 
intrusion of the surface water system. When saltwater intrusions occur more frequently, the 
surface waters become more unavailable / unusable. With the surface water becoming more 
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degraded, groundwater extraction is the primary alternative to meet water needs for irrigation 
(Wagner et al., 2012).  
 
I like ASR on top of the things mentioned above as it uses the subsurface, it uses the abundant 
surplus during the wet season. This is the winning narrative of ASR you need to mention in the 
ABSTRACT too. I believe there is no solution that fits all, and they need every possibility to 
release the system.  
 
1.2 Aquifer Storage and Recovery 
 
This thesis aims to contribute to adaptations that will help conserve freshwater in the MKD. One 
such way groundwater can be conserved and push back against saltwater intrusion is through 
aquifer storage and recovery systems (ASR). The function of aquifer storage and recovery 
systems is to infiltrate freshwater into an aquifer in times of water surplus for storage. The water 
can then be recovered during times of high demand (Zuurbier et al., 2015). These systems can 
reduce water supply shortages during periods of very high demand, like droughts. ASR acts as an 
alternative to the construction of surface water storage projects. As the reservoir is already in the 
subsurface, the set-up is cost effective, only requires a small amount of land surface, and reduces 
evaporation loss, compared to an above ground reservoir. ASR systems can also help improve 
water quality and prevent salt groundwater from intruding into the groundwater system 
(Rambags et al., 2013).  
 
The shallow sandy ridges in the MKD are the target unconfined aquifers of this study. These 
sandy ridges are geomorphologically similar to sandy creek ridges in The Netherlands, which 
have been utilized in the past as ASR sites (Figure 3). The creek ridges are sandy 
geomorphological features that are elevated up to 2m above the average surrounding ground 
surface (Pauw et al., 2015). During creek ridge infiltration, water is injected into the aquifer 
during the wet season, utilizing the excess precipitation with a dedicated infiltration system and a 
nearby surface water channel. This grows the freshwater lens and increases the water storage 
volume which can be extracted for irrigation when it is most needed. (Delsman et al., 2015;Oude 
Essink et al.,2014, 2018).  

 
Figure 3 Extension of a freshwater lens using creek ridge infiltration to increase freshwater storage . 

Another ASR system that may be possible to implement in the sandy ridge areas is The 
Freshmaker (Zuurbier et al., 2015). The Freshmaker is more suited towards shallow groundwater 
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systems that have salinity in the lower parts of the aquifer (Figure 4). This system utilizes two 
horizontally drilled wells. One deeper well extracts brackish water from the lowest part of the 
aquifer, to maintain the position of salt/fresh interface. The shallower horizontal well injects 
freshwater during times of surplus (wet season) and is also used to extract water during times of 
need (dry season). This system maintains freshwater extraction from the aquifer when it may 
otherwise be salty in dryer conditions.  

 
Figure 4 Cross section of a Freshmaker ASR system implemented on a creek ridge in The Netherlands, with two horizontally 
drilled wells (HDDW) and monitoring wells (MW) (Zuurbier et al., 2015). 

Horizontal extraction wells can be utilized in both of these ASR systems. The implementation of 
horizontal wells is also worth considering as a water management technique in itself. When 
compared to vertical wells, horizontal extraction cause less drawdown and can reduce the 
upconing of seawater (Pauw et al., 2015).  
 
In the context of ASR systems, the recovery efficiency (what fraction of the injected water is 
recovered) and storage capacity, are dependent upon the lithology, structure, thickness, depth and 
extent of the aquifer (Rambags et al., 2013). In order to assess the hydrogeological feasibility of 
an ASR system, the aquifer thickness, heterogeneity and bounding layers must be known. For 
example, a high potential sandy ridge aquifer in the MKD may consist of a homogenous sand 
layer, bound by aquitards, with adequate thickness to store water that can bridge the gap between 
water demand and supply.  
 
 
1.3 Geologic context 
The area of the Vietnamese Mekong Delta considered in this study is the lower sub-areal delta 
plain. The sediments in this area began deposition around 3ka when the coastal environment 
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shifted from one of tide-influence, to more wave influenced (Ta et al., 2002b). This area is 
characterized by well-developed rows of beach ridges with sometimes dunes on top that trend 
northeast to southwest. They can be 3m to 10m above mean sea level and are typically separated 
by interridge swamps or swales. The sandy ridges themselves are known to consist of well 
sorted, fine sand, making them suitable aquifers for ground water use (Ta et al., 2011). Many of 
the sandy ridges are currently being utilized for irrigation purposes. The sandy ridge structures in 
this area show promise as sites for potential implementation of ASR.  
 
There are 953km2 of relict beach ridges in the MKD (Figure 7)(Minderhoud, 2019). These 
structures appear as elevated features with sets of elongated branches on DEMs (Digital 
Elevation Models). The small branches usually stem from a larger trunk. The ridges are curved 
and generally run parallel to the coastline. In the Tra Vinh province, the width of these sandy 
ridges was found to be typically 1-2km with muddy inter-ridge swale deposits running in-
between the beach ridges (Tamura et al., 2012). Figure 5 shows the branching sandy ridge 
structures of the Ben Tre and Tra Vinh provinces in the high-resolution DEMs.  
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Figure 5 High resolution  DEM showing sandy ridge structures in Ben Tre (A) and Tra Vinh (B), as well as the specific locations of 
the evaluated field sites in this study (BT03, BT02, TV02). 

These ridges follow a distinct morphological pattern. They were formed during a progradation of 
the delta as sediment drifts along the shoreline from river discharge (Tamura et al., 2012) (Figure 
6). The ridges begin as subaerially exposed islands and expand to longer spits of land as they 
accumulate sediment. The sub ridge sets are branches of the larger sandy ridge as sediment 
continues to accumulate and is influenced by wave tide and fluvial processes (Tamura et al., 
2012). The ridges are very morphologically similar and follow the formation pattern depicted in 
Figure 6. The ridges can be identified in digital elevation models as they are distinctly higher 
than the other delta plain sediments and have a unique shape.  
 



 13 

 
Figure 6  Depiction of Tra Vinh beach ridge development during progradation of the delta, including base ridge formation and 
sub-ridge sets (Tamura et al., 2012) 

These structures are hydro-geologically significant because they differ from the typical upper 
Holocene Delta plain sediments. These uppermost sediments consist of silt, silty clay and clay 
(Minderhoud et al., 2017). This layer is largely considered to be an aquitard, having a high 
resistance to infiltration to fresh groundwater (Pham et al., 2019). The ridges present as sandy 
elevated features with greater infiltration capabilities than other surface deposits. During 
formation in the coastal landscape, the beach ridges/dunes are encompassed by low-energy 
depositional environments (Figure 7). The muddy inter-ridge deposits are significant as they may 
act as aquitards that isolate the shallow sandy ridge aquifers. This has control of the extent of the 
shallow aquifer. The thickness of the aquifer is dependent on the presence of aquitards that 
extend across the system. Coring reveals deeper older sediments that were deposited during 
earlier progradation stages of the delta (Figure 8). As these deposits become more coastal, then 
tidal, then marine with depth, it is probable that an aquitard will present itself binding the bottom 
of the system. For example a study of the Late Holocene progradation of the MKD by Ta et al. 
found that, in the Ben Tre province the prodelta mud deposits lie at approximately 15m depth 
from the surface (Ta et al., 2002a). 
 
 
 

 
Figure 7 Profile of the delta coastal landscape showing relative elevations and depositional settings (Minderhoud et al., 2019) 
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Figure 8 Cross section and core logs  of sedimentary facies in the lower Mekong Delta plain the in the province of Ben Tre from 
(Ta et al., 2002a) 

 
These aquifers may have the potential to benefit from aquifer storage and recovery techniques 
that have been implemented in the Netherlands in a similar delta environment. In order to 
implement water conservations projects, such as aquifer storage and recovery systems (ASR), 
suitability recommendations need to be made on a local scale. Establishing new knowledge about 
these sandy ridge systems is an early step towards the first pilot ASR system in the Vietnamese 
Mekong Delta. Water conservation projects, such as ASR systems, could be an important 
contribution to ensuring the survival of the delta’s water supply.  
 
1.5 Objective, research questions & approach 
 
1.5.1 Objective 
The objective of the research is to determine the architecture of shallow sandy ridge groundwater 
systems and assess their potential storage capacity. The data collected will be used to assess its 
potential for an aquifer storage and recovery system pilot. Part of this research involves 
developing a potential map of new shallow sandy ridge groundwater systems found in the MKD 
for further exploration. 
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1.5.2 Research Questions 
The overarching research questions of this thesis is:  
 
What is the hydrogeological potential of the shallow sandy ridge aquifers in the Vietnamese 
Mekong Delta for local aquifer storage and recovery solutions? 
 
Sub research questions 
To answer the overarching research question, three sub questions are considered. Questions I and 
II address the lithological and hydrogeological properties of the sandy ridges, and question III 
invites upscaling to new potential ASR sites. 
  

I. What is the geological architecture of the sandy ridge aquifers found in the Tra Vinh and 
Ben Tre provinces? 

 
II. What is the capacity for water storage in the shallow sandy ridge ground water systems? 

 
III. What areas are most suitable for ASR solutions in the Tra Vinh and Ben Tre provinces? 

 
 
Question I: Understanding the geologic composition, depth and thickness of layers within the 
aquifer is needed to estimate storage capacity and assess the suitability of the shallow aquifer. 
Presence of system boundaries, aquifer extent, depth and sediment suitability must be established 
to be able to estimate water storage capacity and its potential for expansion with an ASR system. 
 
Question II: The storage capacity of the aquifer establishes the freshwater available for irrigation 
use. It also provides a way to estimate the available volume for infiltration from an ASR system. 
 
Question III: The aquifer storage and recovery potential map and classification scheme made 
during this study will be useful to establish a way to identify additional shallow sandy ridge 
aquifers with the potential to benefit from an ASR system.  
 
1.5.3 Research Approach 
 
This MSc thesis is a part of the FAME (Fresh Water Availability in the Mekong delta) 
project, in association with Deltares, DWRPIS, WACC, Wageningen University and Research, 
Utrecht University, Nelen & Schuurmans and Royal HaskoningDHV. This project aims to 
increase the availability of fresh water, at a farmer scale, through the introduction of new water 
management techniques in the provinces of Ben Tre and Tra Vinh, in the Vietnamese Mekong 
Delta. In order to establish an ASR system, potential sites need to be evaluated to determine if 
the conditions are favorable. For this project, potential sites were selected at Deltares, based on 
criteria such as; construction suitability, existing data geology, surface water availability, farm 
size, urgency, land use and groundwater use. These sites are located on elevated sandy 
geomorphological features that showed promise for an ASR pilot system to be installed (Figure 
5). The selected sites were evaluated in further detail by students, to select one for an ASR pilot. 
Two of these sites are in the province of Ben Tre (BT02 and BT03), and one site in the province 
of Tra Vinh (TV02). BT03 is in the middle of the Ben Tre province, and features; orchards and 
houses on top of sandy ridges, seasonal crops in the lower areas, water holes used for irrigation, 
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and subtle changes in elevation. BT02 is located further towards the coast in the Ben Tre 
province and features; the smallest sandy ridge of the three sites, many houses on top of the 
sandy ridge, and small rice, cattle and fruit farms. TV02 is located in the eastern part of the Tra 
Vinh province, and features; the largest sandy ridge studied, large fields with seasonal crops, 
scattered houses, and a surface reservoir built by the Adaptation in the Mekong Delta project 
(AMD). A team of three students that set out to evaluate these sites, and represent three 
components of this evaluation:  
 

1. Agriculture, water use/demand, and irrigation.  Sep Bregman, Wageningen University 
and Research, The Netherlands 

2. Hydrology, water quality, and monitoring devices (piezometers, and rain gauges). Anne 
Kruijt, Utrecht University 

3. Geologic architecture and aquifer storage capacity. Josh Shankel, Utrecht University. 
 

This MSc thesis focuses on the 3rd component, concerning the lithological makeup of the sandy 
ridge aquifers and the volume of groundwater that can potentially be stored, as well as the 
locating of new sites for exploration. All three studies are useful in making recommendations 
that will further the research of the FAME project on these sites. The data and analysis used for 
this thesis is designed to be considered together with the other two components for the purposes 
of the FAME project. This will provide a comprehensive assessment for further research and 
evaluations.  
 
The hydrogeological potential of ASR for the sandy ridges in Mekong Delta will be answered by 
addressing the three sub research questions of this thesis. Sub research question 1 is answered by 
utilizing deep coring and shallow suction coring to create lithological cross sections. The 
visualization of the subsurface will reveal the architecture of the sandy ridge structures, which 
can then be evaluated based on characteristics that are suitable for ASR. Sub research question 2 
is answered by utilizing the lithological characteristics obtained from the cross sections as well 
as groundwater level data, to estimate the volume of water that can be held in the pore spaces 
within the sandy ridges. This will be possible by utilizing a customized program in MATLAB. 
The shallow geological architecture is required to be able to reasonably estimate the storage 
capacity, understand how the subsurface systems function and assess if the conditions are 
suitable for storage. A potential ASR system needs favourable subsurface conditions to make 
implementation feasible. The idealized aquifer for an ASR system is unconfined, homogeneous 
(with no obstructing low permeability layers), has aquitards binding the system, is composed of 
sandy sediments, and has large storage capacity. The closer the aquifer is to these conditions, the 
more favourable the site is for an ASR system. The storage capacity will be estimated at three 
levels; the surface to groundwater level, the groundwater level to the lowest yearly groundwater 
level and the estimated volume of the entire sandy ridge. Sub research question 3 is answered by 
utilizing mapping data to find sandy ridges that show potential to benefit from ASR. The utilized 
data will come from surface water saltwater intrusion data from 2016, a land cover classification 
map and a digital elevation model.  
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3 Methods 
  
3.1 Field methods 
3.1.1 Coring site selection 
 
Three research sites (TV02, BT03 and BT02) were selected previously based upon suitability 
field trips for an ASR pilot. The initial phase of study begins with selecting locations in which to 
explore the subsurface with shallow suction coring devices. These locations were selected by 
exploring digital elevation models (DEMs), using GIS software. The DEMs are based on LiDAR 
data with a 5m resolution. Using the DEM gives a more objective view of the position of the 
sandy ridge. Preliminary coring site selection was used to observe where potential cross sections 
can be made perpendicular to the sandy ridges. The more linear these cross sections are, the 
higher resolution the subsurface architecture will be for analysis and interpretation of layers.  
The coring sites were selected away from buildings and infrastructure, and closer to large trees 
and undisturbed land, when possible, to get a more accurate representation of the natural state of 
the sandy ridge. This also diminishes the influence of wells on groundwater level data. Ideal 
coring sites for cross sectional purposes were often obstructed by buildings and fences.   
 
3.1.2 Coring protocol & strategy   
Sites were selected that would cover corings over two sandy ridges in the area of the BT03 site 
and TV02, in a linear fashion, with regular intervals when possible. Additional coring sites, that 
were off the sandy ridge area, were chosen for additional exploration of the geology of the 
system, and hydraulic gradient relative to a water source (ditch). It should be noted that a 
different approach was taken for the BT02 site. Three smaller cross sections, instead of one were 
created to explore the consistency of the sandy ridge structure. 
 
A hand auger and two Van der Staay suction coring devices were used to extract the sediment for 
logging. An Edelman auger (a hand operated tool used to remove sediments in 10cm increments)  
was used to extract the sediment above the saturated zone. When the water table is reached a 
water level measuring tape with sensor was lowered into the bore hole, and the current ground 
water level was recorded. The Van der Staay coring devices were then used to extract the 
sediments below the water table (Figure 9). The sediment can then be analyzed and logged in 
10cm increments. More detailed protocol is available in the Appendix A. 
Due to the nature of the sediment and available materials, it was only possible to core to a 
maximum depth of 4m. For this, a 2m and a 4m Van der Staay were used. In the event of a clay 
layer, a gauge was used to core past it. In order to reach the base of the shallow aquifer system a 
local drilling team was used that could core down at least 10m. Finding the clay base of the 
system was necessary for estimating storage capacity. Deeper cores (past 4m) were completed 
with and automated drilling rig. All the deeper cores at the BT03 site were logged in detail. 
Exact depths are less reliable with deeper coring as approximately 75% of the core is recovered. 
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Figure 9: Depiction of working principles of the van der Staay suction coring apparatus (Wallinga and van der Staay, 1999) 

 
3.1.3 Logging 
The sedimentary observations during the logging process were used to observe water level 
fluctuations and to understand lithology. The coring data is used for analysis of sandy ridge 
architecture, geologic settings, water level changes, and hydrogeologic horizons used for storage 
capacity calculations. The primary focus of this logging focuses on: grain size, texture, sorting, 
groundwater levels and reduction/oxidation zone boundaries. More information was also 
collected concerning: fossils, organic matter, plant remains, calcium carbonate, and any other 
notable features. Observations were recorded on bore log sheets in the field for every 10cm of 
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core. Positions of cores were recorded using a GPS using the UTM positioning system. More 
reliable elevation data was obtained by plotting the coring sites on the DEM in GIS. Grainsize 
was measured using a sand ruler, texture was classified by using a USDA soil texture 
classification triangle, and the reduction zone boundary depths were observed clearly due to high 
concentrations of oxidized iron in the sediment. The reddish/brownish oxidised sands show that 
the sediment has been exposed to air, while the black and greyish sands show that the sediment 
lies below the lowest water table level. This is known as a redoximorphic feature, and is 
evidence of the oxidation of iron from Fe(II) to Fe(III) in the following reaction. 
 

𝑂#	+	4Fe#) + 4𝐻) → 	4𝐹𝑒.) + 2𝐻#𝑂 
 
This reaction can occur within 30 minutes of the sediment being exposed to the air (Vepraskas, 
1992). On the sites studied, this is was a reliable way to determine the groundwater levels at the 
maximum level of depletion during the dry season. This provides a reference point for the level 
of head depletion. The sediments present in these areas of the Mekong Delta have a high degree 
of iron content and show distinct, an easily observable boundary (Figure 10).  Samples were also 
taken from the cores for further analysis in the lab, in order to obtain grain size distribution 
curves to estimate effective porosity and clay fraction. Unfortunately, the lab was unavailable to 
process these samples. Porosity values from literature were used as a substitute.  

 
Figure 10 Section of core featuring a redoximorphic feature. 

3.2 Cross section Analysis 
To establish lithological interpretation, hydrogeological horizons and estimate storage capacity it 
was necessary to create two different cross section types. The preliminary analysis uses the LLG 
software (a core logging software that maps and displays cores and creates cross sections) 
provided by the university. This was useful for observing correlations in the field and 
interpreting lithological horizons. To estimate storage capacity and display hydrogeological 
horizon lines, a core processing program was established, that uses MATLAB.  
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3.2.1 MATLAB 
A MATLAB program, that was developed by a fellow peer Stan Schouten at Utrecht University, 
is able to display the cross sections and allows for the input of horizon lines. This software is 
also capable of calculating the area between created horizons by integrating between two lines. 
This tool was used to calculate the area between the surface and the base of the sandy ridge as 
well as the areas occupied between the surface, current groundwater level and lowest 
groundwater level. This method doesn’t allow for calculation of horizons that are not continuous 
across the entire cross section. Instead of classifying horizons based on the sediments, a range of 
effective porosities were used to get a minimum and maximum storage capacity. This was 
possible due to the fairly homogenous nature of the systems. Utilizing a range of effective 
porosity values was more viable for this data set due to the uncertainty from extrapolating 
horizon lines and upscaling. The minimum effective porosity was assumed to be 0.25, which has 
been used to model a both sand and clay layers in the Vietnamese Mekong Delta in (Pham et al., 
2019). This value used to represent typical effective porosity in this area of the Delta. An 
effective porosity value of 0.30 was used on the higher end, to reflect the higher degree of sand 
present in the sandy ridge areas. This value is commonly used in modeling sandy aquifers, and 
was used by (Pauw et al., 2015) when modeling similar sandy aquifers in the Netherlands. 
 
3.3 Upscaling 
The intent of the upscaling is to be able to estimate the storage capacity of the sandy ridge 
aquifer across the estimated length of the sandy ridge. To assess the sandy ridge aquifers a 
suitability regime was created to give a rating to studied sites so they can be easily compared and 
referenced to an ideal aquifer. This is based on the hydrogeological characteristics detailed in 
this section. This was applied to the study sites visited during the field campaign. For further 
research an ASR potential map was established to explore new potential field sites.  
 
3.3.1 Storage Capacity 
The storage capacity was first calculated in 2D. This, per stretched meter, value was then 
multiplied across the length of the estimated sandy ridge system. The storage capacity of the sites 
is calculated by calculating the areas between horizon lines, and then stretching that area across 
the system to get to a storage volume. For example, the BT03 sandy ridge is approximately 1km 
long and the storage capacity was calculated along this length. The storage volumes between the 
horizons are calculated as well as storage for the entire cross-sectional area. The horizons include 
the base of the system (aquitard), the lowest groundwater level, the observed groundwater level, 
and the surface.  The surface level to groundwater level storage capacity is assumed to be the 
volume available for fresh water infiltration at the time of the field campaign (at the start of the 
dry season, when surface waters are still fresh). There is a maximum and minimum storage 
capacity based on effective porosity estimations (0.25-0.3). The maximum assumes there is 
100% fine sand in the cross-sectional areas, and the minimum assumes a mix of sand, clay and 
loam, that is more typical for other areas of the delta. The void volume was calculated using 
effective porosity to give a value that represents water residing in connected pore spaces, that is 
usable for extraction. The volume of voids was calculated by the porosity formula (Fetter, 2018). 
Where 𝑛1 is the effective porosity, 𝑉3 is the volume of the void space and 𝑉4 is the total volume 
of the sediment. 
 

𝑛1 =
𝑉3
𝑉4
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The storage volume was first taken as per stretched m (calculated in 2D), and then stretched 
across the length of the system observed in the DEM. This allows for the estimation of storage 
capacity for the agricultural community that utilizes the sandy ridge aquifer system.  
 
3.3.2 Site Suitability 
A site suitability scoring system was developed based on a methodology used for creating 
suitability maps in the Netherlands for creek ridge infiltration ASR systems. This system is 
loosely based on creek ridge infiltration parameters created with modeling and field experiments 
in a study by  (Pauw et al., 2015) and the tables 1 and 2 are inspired by (Delsman et al., 2015). 
The combined hydrogeological and geological factors are what determine the site suitability of 
this type of ASR system. The system has been adapted for the available hydrogeological data 
from this study. This scoring technique can be applied to the shallow sandy ridge aquifers in the 
Mekong Delta when selecting new sites after similar data has been gathered. The factors and 
scoring for suitability are shown in Table 1. Table 2 shows the suitability classifications created 
through evaluating the combination of these scores. Factor A is determined with DEMs using 
GIS, where elevated elongated sandy ridge structures are present in rural areas, often running 
parallel to the coastline. Factor B, C, D, & E are determined by geological exploration through 
coring and the cross-section interpretations. The purpose of factor D is to identify potential 
layers with high clay content that could inhibit groundwater flow and / or infiltration. Factor F is 
determined by the storage capacity calculation and the estimated space available upwards from 
the groundwater levels present at time of field campaign (Late October – mid December) at the 
end of the wet season and beginning transition into the dry season. To enlarge the freshwater 
lenses, while preventing flooding, there should be at least 0.85 m of unsaturated sediment above 
the water table (Sommeijer, 2012). This system provides a simplified overview of the suitability 
of the sites, so that they can be easily compared with each other.   
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Table 1 suitability factors for sandy ridge infiltration suitability ( inspired and adapted from Delsman et al., 2015) 

 Criteria Score Criteria Score 

Factor A 
Presence of elevated sandy 
geomorphological feature 1 absent 0 

Factor B Unconfined aquifer 1 Confining layers 0 

Factor C 
Significantly comprised of 

homogenous sand 1 
Highly variable 

composition 0 

Factor D 

Absence of extensional low 
flow layers within target 

aquifer 1 
Presence of extensional 

low flow layers 0 

Factor E 
Presence of horizontal and 
vertical aquifer boundaries 1 Absent or unknown 0 

Factor F 

Storage Capacity available 
during the end wet season 

with at least 0.85m of 
unsaturated zone). 1 rest 0 

 
Table 2 Scoring to determine site potential for ASR system.  

Suitability / potential Score 

Ideal 
If A = 1 & B = 1 & C = 1 & D + E + F 
= 3 

Good If A = 1 & C = 1 & D + E + F = 1 or 2 

Low / possible 
If A = 1 & B = 1 & C = 1, D + E + F = 
0 

Not suitable If A = 0 or C = 0 or B = 0 
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3.3.3 Potential Map for ASR 
 
The purpose of the potential map is to identify sandy ridge/beach ridge structures that have the 
potential to be utilized for ASR systems. The potential map was created using the high-resolution 
LiDAR DEMs from the two provinces (5m resolution), an official land use map derived from 
Landsat 5 data from 2009 (30m resolution) (Minderhoud et al., 2018) , and a map of surface 
water salinity data in g TDS/L from the 2016 dry season (2km resolution) (Eslami et al., in 
preparation). The salinity map represents median salinity between January and April. QGIS 
software was used to create boolean raster layers that are multiplied with each other to yield 
sandy ridge areas that have high potential to benefit from an ASR system. 
An ASR system would be used to provide water security and increase availability in the dry 
season. For this reason, the areas, in the land use map, areas that are cropping in the dry season 
or have orchards that grow all year were considered. These areas are more likely to be vulnerable 
to water shortages or saline intrusions in the dry season and will therefore benefit the most from 
such a system. The land use map isolates the areas that are assumed to irrigate using groundwater 
in these types of cropping schemes. Areas of aquaculture, and areas that crop less frequently are 
not considered a priority. These areas are reclassified into a boolean map that is used to identify 
areas that are at risk for lower dry season water availability (Figure 11) 
 

 
Figure 11 Land use input map based on 2009 Landsat data and reclassified boolean map for dry season cropping.  

 
The salinity map is representative of an extreme year (2016) of record salinity intrusion, and 
drought following the El Niño of 2015-2016 (Eslami et al., 2019). Using this data, enables the 
identification of areas that are at risk during unusual climate conditions, and that can potentially 
be protected from such events. The salinity map shows areas that experience salt water intrusions 
in the surface water ways. Table 3 shows the classifications used to identify the severity of 
salinization, based on the usability of the salt contaminated water (Mayer et al., 2005). A cutoff 
of above 2 g/L of salinity (as that is considered the cutoff where the water becomes unusable for 
crops) was used to create a boolean map that shows the areas that are at high risk for surface 
water intrusion. The salinity map identifies areas that had high salinity surface water intrusions 
in 2016 (>10 TDS g/L), as well as areas that are classified marginal to saline (0.5 – 10 TDS g/L), 
and always fresh zones (<0.5 TDS g/L). Areas that are less affected or always have fresh surface 
water and areas that are deemed too saline are shown in a reclassification map used define areas 
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where ASR is; less possible (high salinity), high benefit (marginal – saline) and possible (always 
fresh zones), see Figure 12. 
 
Table 3 Salinity classification and usability (Mayer et al., 2005) 

 
 

 
 Figure 12 Surface water salinity input map and resulting map for ASR salinity classifications. 

 
The DEMs of these areas isolate elevated features above 1.5m above MSL. This is used to pick 
out the higher elevation sandy ridges. This height was chosen as all sandy ridges studied have an 
elevation of at least 1.5m, so this cutoff enables the identification of similar structures (Figure 
13).  
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Figure 13 High resolution LiDAR DEM of Ben Tre and Tra Vinh input map and resulting boolean map isolating elevated 
structures. 

 
By making boolean maps these three factors allows the visualization of shallow sandy ridge 
aquifers (above 1.5m) in the Tra Vinh and Ben Tre provinces that use groundwater in the dry 
season and are at higher risk for salt water intrusions. These maps are multiplied together to 
produce Figure 25. The DEM of the elevated areas is converted into a vector layer, so that the 
shape and area of the total sandy ridge structures can more accurately be identified. This way, the 
sandy ridges in the suitable areas can be identified from morphology and separated from built up 
areas, and issues with reduced resolution from combining multiple maps can be accounted for. 
This map is overlain on the resulting boolean map to add sandy ridges back in that intersect with 
the boolean map. Built up areas and areas that are not morphologically similar to sandy ridge 
structures that were included in the DEM map are manually eliminated. The sandy ridges in fresh 
water areas and sandy ridges covered by clouds in the land use map are also manually picked out 
of the vector layer and added into the ASR potential map.  
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4 Results 
4.1 Sandy ridge Architecture 
 
An overview map of the sites is provided in Figure 5, and close up maps of the specific sandy 
ridges and cores are displayed in this section. This section is organized by presenting results and 
observations for each site individually. The Ben Tre 03 (BT03) site covers two sandy ridge 
structures, the Ben Tre 02 (BT02) site covers the smallest sandy ridge with three cross sections, 
and the Tra Vinh 02 (TV02) site shows the largest sandy ridge structures studied.  
 
4.1.2 Ridge Architecture of Ben Tre field site BT03 
 

 
Figure 14 LiDAR elevation map depicting the two sandy ridge structures of the BT03 site, with coring sites and cross section line. 
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Figure 15 Ben Tre site BT03 lithological cross section depicting subsurface interpretation of architecture, sediment types and 
boundaries, created using the LLG software. 

The BT03 (Ben Tre 03) site covers two sandy ridges over a span of approximately 600m. The 
upper 1-2m consist mainly of layers of sandy clay (SC), sandy clay loam (SCL) and very fine 
sand (Vfs). This top most layer is very likely to have a high anthropogenic influence. There is a 
thick clay layer present approximately 6.5 meters below MSL that continues for the duration of 
the cross section. This is considered to be the “base” of the system and a system boundary, 
assumed to be an aquitard. This clay layer is only observed by the three deeper cores and is 
assumed to be present throughout the system. Recovery of the deeper cores is approximately 
75%, so the exact depths are less reliable than the shorter cores. The majority of the aquifer 
consists of fine sand (fs) with some areas of (Vfs) and medium sand (Ms). There are a few thin 
clay layers present in the aquifer. They have a maximum thickness of 30cm and appear to be 
discontinuous. The sand layer from the surface is approximately 7.5m thick. This site is 
represented of the pinnacle of the field methodology development and has the highest degree of 
confidence, compared to the other sites.  
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4.1.3 Ridge Architecture of Ben Tre field site BT02 
 

 
Figure 16 Elevation map depicting the small sandy ridge structure of the BT02 site, with coring sites and cross section lines A,B & 

C. Note: Cores 17 and 34 are in the same location. 

 
Figure 17 Cross section 1 depicting subsurface interpretation of architecture, sediment types and boundaries, created using the 

LLG software 
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Figure 18 Cross section 2 depicting subsurface interpretation of architecture, sediment types and boundaries, created using the 
LLG software. 
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Figure 19 Cross section 3 depicting subsurface interpretation of architecture, sediment types and boundaries, created using the 

LLG software. 

 
The sandy ridge is much smaller than the other sites, being only approximately 200m wide, and 
there were many buildings and roads obstructing potential coring locations. The top 1.5m of 
depth, have a high degree of anthropogenic influence in on this site. In cores 12 and 15 there was 
plastic and glass found in the core within the first 1.5m, meaning that this layer is not 
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representative of the natural environment, making geological interpretations unreliable. There is 
a sand (Fs-VFs) layer that is at least 3m thick, that is consistent along all 3 cross sections. There 
are intermittent loamy sand layers (LS) on top and in-between the sand layers. There are also 
sandy clay (SC) deposits on the edges of cross section 1(Figure 17), and on top of cross section 2 
(

Figure 18). The clay deposits here (green) should be especially noted, as they are considered 
aquitards in the system. There is more consistency among cross sections 1 and 2 with the extent 
and thickness of the clay layers on the edges of the sandy ridge, than in cross section 3 (Figure 
19), though they are still present. All three cross sections show the base of the system with an 
aquitard that is present between -1m and -2m below MSL. This is considered the system 
boundary for the unconfined aquifer and is assumed to be continuous. There is a single deep core 
in cross section 3 that depicts a potential confined aquifer, but as there is only one core, no 
definitive correlations can be made with this data, past the depth of the first aquitard. 
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4.1.3 Ridge Architecture of Tra Vinh field site TV02 

 
 
Figure 20 Elevation map depicting the sandy ridge structures of the TV02 site, with coring locations and cross section line. 

 

 
Figure 21 Cross section depicting subsurface interpretation of architecture, sediment types and boundaries, created using the 
LLG sofwere. 
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This site is characterized by a largely, deep and uniform sand layer of well sorted very fine sand 
(Figure 21). This was observed across two sandy ridge structures spanning approximately 670m. 
Very few clay deposits (maximum 20cm thick) were found during the shallow coring (maximum 
4m deep). These small layers do not appear to be significant or continuous across the sandy 
ridges. The deep coring shows a thick clay layer, which is could be a continuous base of the 
sandy ridge, but this would only be an assumption based on what has been discovered about 
these systems. There is only one deep core that had the potential to reach the bottom system 
boundary, so no definitive correlations can be made across the system. In order to be able to 
calculate the storage capacity for the shallow aquifer, with more reliability, this boundary has to 
be assumed to be at the depth found by the depth core at 3.7m below MSL. Based on this 
boundary and varied surface elevation, the sand layer is approximately 7.4m – 6.2m thick. 
 
4.1.1 Geological Observations 
 
Core 031 (Appendix B) serves as a good example of sediments found in the field on a sandy 
ridge aquifer. Core 031 is obtained from deep drilling has the highest elevation (on top of the 
sandy ridge) of the cores logged in the field and is representative of sediments studied in the Ben 
Tre site (BT03). As only approximately 75% of samples are recovered during deep drilling, the 
exact depths of sedimentary observations have less confidence. Deep cores 031 and 032 also 
displayed good structural preservation in some areas when extracted.  
In core 031, the uppermost ~3m consist of red brown fine - very fine, well sorted, sub angular, 
sand and show a fining upward sequence. Core 032 shows well preserved parallel laminations at 
approximately and an organic layer around 3m depth (Figure 27). There are also organics present 
in between 1.5 – 2.5m. A distinct color change to grey occurs at 3.6m, which is observed as the 
redoximorphic boundary, where the lowest groundwater level occurs. From 3.5m – 5m there is a 
layer of silty sands, very fine sands (poorly sorted), with clay (recorded as sandy clay loam). 
This layer also includes shells, shell fragments and mica flakes. This is followed by another layer 
of fine sand down to 8.5m, with an intermittent layer of sandy clay loam from 5.5 – 6.0m. More 
shells are present from 6.8 – 7m and shell fragments are present from 7.7 – 8.5m. There is an 
abrupt boundary separating the sand and clay at 8.5m. From 8.5m, to the bottom of the core, 
consist of clay. All core logs are available in the Appendix B.  
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4.2 Storage Capacity 
 
An overview map of the sites is provided in Figure 5, and close up maps of the specific sandy 
ridges are displayed in section 4.1. Horizon line cross sections used to calculate storage capacity 
and storage capacity results are displayed in this section. This section is organized by presenting 
cross sections and storage capacity results for each site individually.  
 
4.2.1 Capacity for BT03 
 

 
 
Figure 22 BT03 cross section depicting the surface level, groundwater level, lowest groundwater level and the base of the 
hydrogeological system. Created using a MATLAB program. 

 
 
Table 4 BT03 Cross sectional area and storage calculations for maximum and minimum effective porosity values, and stretched 
perpendicular to the cross section. 

BT03 Horizons Area Min porosity 
volume per 
stretched m 
(m3) 

Max porosity 
Volume per 
stretched m 
(m3) 

Min Volume 
over 1000 
meters (m3)  

Max Stretched 
Volume over 
1000 meters 
(m3) 

Surface-GW 
level 

886 221 266 2.24E+05 
 

2.68E+05 
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GW level – 
Low GW level 

697 174 209 1.76E+05 2.11E+05 
 

Total Aquifer 
 

4635 1159 1391 1.17E+06 
 

1.40E+06 
 

 
The volume per stretched meter is extrapolated perpendicular across the length of the sandy ridge 
structure which is taken as approximately 1km. The BT03 site has the most cores and the most 
reliable hydrogeological data. This cross section is also having the highest density of cores and 
low groundwater table reading, so it has a much higher confidence and resolution, compared to 
the other sites. This cross section also includes three deep cores which all have a sharp contact 
with a clay aquitard at the base of the shallow aquifer. This contact is extrapolated across the 
system and used to calculate the total capacity of the aquifer from surface to base. It is worth 
mentioning core 027, which is the core furthest to the North, on the map (Figure 14).  Core 027 
is taken from a dugout field and consisted of at least 180m of a mix of sandy clay loam, and clay. 
This has the potential to be representative of a system boundary with more exploration, but as a 
single core of this type, high anthropogenic influence and poor recovery it is considered fairly 
unreliable.  There is also a sharp redoximorphic feature representing the lowest groundwater 
level, in most all cores. This boundary is inferred in core 024, and core 025 in Figure 22, the 
remainder of the cores have this sharp contact. The lowest groundwater level horizon is the most 
accurate in this core. With this boundary it is possible to infer groundwater level fluctuations 
from the wet season to extreme dry seasons in this area. The groundwater table readings in this 
area were taken in early December, which is considered the dry season. The surface to 
groundwater level volume is representative of the potential capacity for infiltration in this site, 
depending on the availability and quality of fresh surface waters available for infiltration during 
this time.  
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4.2.2 Capacity for BT02 

 
Figure 23 BT02 cross section depicting the surface level, groundwater level, lowest groundwater level and the base of the 
hydrogeological system. Created using a MATLAB program. 

Table 5 BT02 Cross sectional area and storage calculations for maximum and minimum effective porosity values, and stretched 
perpendicular to the cross section. 

BT02 Horizons Area Min porosity 
volume per 
stretched m 
(m3) 

Max porosity 
Volume per 
stretched m 
(m3) 

Min Stretched 
Volume over 
1500 meter 
(m3) 

Max Stretched 
Volume over 
1500 meter 
(m3) 

Surface-GW 
level 

238 
 

60 
 

71 
 

8.93E+04 
 

1.07E+05 
 

GW level – 
Low GW level 

264 
 

66 
 

79 
 

9.90E+04 
 

1.19E+05 
 

Total Aquifer 
 

660 
 

165 
 

198 
 

2.48E+05 
 

2.97E+05 
 

 
The volume per stretched meter is extrapolated perpendicular across the length of the sandy ridge 
structure which is taken as approximately 1.5km. This cross section presented with reliable 
lowest ground water level readings across all three cores. The aquitard / system boundary line 
extrapolated across the center core (core 10 in Figure 23) but is considered a fairly reliable 
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estimation as this boundary is found in nearby in other cores, as well as core 009 and 011. 
Looking at the deep core 034 in Figure 19, this aquitard may be quite thin, and may have 
connectivity to the lower confined aquifer. The resolution of the storage capacity horizons is 
reduced by the low number of cores in this cross section but considering the width (about 200m) 
of the feature itself the density of cores is reasonable. This site has the lowest storage capacity 
volume of all three sites by far, having only about 40% the surface to groundwater level storage 
capacity of the BT03 site.  
 
 
4.2.3 Capacity for TV02 

 
 
Figure 24 TV02 cross section depicting the surface level, groundwater level, lowest groundwater level and the base of the 
hydrogeological system. Created using a MATLAB program. 
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Table 6 TV02 Cross sectional area and storage calculations for maximum and minimum effective porosity values, and stretched 
perpendicular to the cross section. 

TV02 Horizons Area Min porosity 
volume per 
stretched m 
(m3) 

Max porosity 
Volume per 
stretched m 
(m3) 

Min Stretched 
Volume over 
3000 meter 
(m3) 

Max Stretched 
Volume over 
3000 meter 
(m3) 

Surface-GW 
level 

864 216 259 6.48E+05 
 

7.78E+05 
 

GW level – 
Low GW level 

697 413 495 1.24E+06 
 

1.49E+06 
 

Total Aquifer 
 

5000 1250 1500 3.75E+06 
 

4.50E+06 
 

 
 
The volume per stretched meter is extrapolated perpendicular across the length of the sandy ridge 
structure which is taken as approximately 3km. The storage capacity results from this site are 
considered the most unreliable. The lowest average groundwater reading, taken by the 
redoximorphic reduction zone boundary, was only found in 3 cores. This is not enough to 
extrapolate across the system with reasonable accuracy. The most reliable reading was the 
groundwater level, found in all coring locations. The most reliable results for the cross-sectional 
area is the surface to groundwater level. The ground water levels were taken in October, near the 
start of the dry season. This is also the zone that could be useable for infiltration of fresh water. 
The base of the system is assumed to be the aquitard in the deepest core (35 in Figure 24), and in 
order to estimate the cross-sectional area of sand in the system this is assumed to be continuous, 
which is not a reliable based on the single core, but this may be a valid assumption based on the 
similarities in the other deep cores. This site is largest sandy ridge studied and has largest storage 
capacity of the three sites.  
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4.3 Site suitability 
The method outlined in 3.3.2 was used to evaluate each site in order to establish a way to give 
ratings to studied sites for a potential ASR system. The factors in Table 1 are used to assess the 
suitability of each site respectively. This scoring has been summarized in   as well as the surface 
to ground water level storage capacity in Table 7. 
 
Table 7 ASR suitability scoring and surface to GW level storage capacity for studied sites BT03, BT02, and TV02. 

 Criteria BT03 BT02 TV02 

Factor A 

Presence of elevated 
sandy 

geomorphological 
feature 1 1 1 

Factor B Unconfined aquifer 1 1 1 

Factor C 
Significantly comprised 
of homogenous sand 1 1 1 

Factor D 

Absence of extensional 
low flow layers within 

target aquifer 1 0 1 

Factor E 

Presence of horizontal 
and vertical aquifer 

boundaries 0 0 0 

Factor F 

Storage Capacity 
available during the 

end wet season with at 
least 0.85m of 

unsaturated zone). 1 0 1 
Total Score  5 2 5 
Suitability  Good Low/possible Good 

Surface – GW 
lvl storage 

(max)  
2.68E+05m3 

 
1.07E+05m3 

 
7.78E+05m3 

 
 
 Table 7 represents the cumulative assessment of the subsurface outlined in this study. An aquifer 
that scores a 6 is considered ideal. Elevated sandy ridge aquifers (factors A and B) are shared by 
all sites. Being significantly comprised of sand (factor C) is a valuable component of an ASR 
system, for greater pore volume of the material and connectivity, which is why it is required for 
suitability. All three sites pass factor C. The significance of the sand is also based on the size of 
the sandy ridge, i.e. a small clay layer for a large ridge may be very large for a smaller sandy 
ridge. By observation of the subsurface cross sections, BT02 has the lowest fraction of sand. 
BT02 fails factor D (absence of low flow layers) due to the large clay layer that appears to 
separate the two larger sand layers. All sites fail for presence of horizontal and vertical 
boundaries (factor E), due to the absence and/ or the unknown existence of vertical boundaries, 
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but all are assumed to have horizontal boundaries. BT02 appears to have swale deposits, but, at 
their current extent, they do not appear to be vertically continuous. Factor F (0.85m of 
unsaturated zone during end wet season) is in place to ensure there is storage space available 
during the infiltration window, that will not cause root zone saturation or potential flooding of 
the lower areas. This factor is present for only TV02 and BT03 sites.  
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4.4 Aquifer storage and recovery potential map 
 
The high saline risk areas are identified by utilizing the boolean maps created using the input 
maps in section 3.3.3. The three input boolean maps are multiplied together to create the 
resulting high saline risk map of elevated areas (Figure 25). The boolean salinity map of areas 
over 2.0 TDS g/L of salinity is used to identify the high saline risk elevated areas. The DEM map 
is set to identify areas above 1.5m, to ensure that the larger sandy ridges are accounted for. The 
land use map isolates areas that use irrigation in the dry season.  
 

 
Figure 25 Output high saline risk boolean map from input maps of land use, salinity and elevation 

The high saline risk area map does not correctly identify all sandy ridge structures in the target 
areas. It also does not separate sandy ridge structures from other elevated areas. To correct for 
this, the high saline risk areas map (Figure 25) is used in conjunction with a vector layer of 
(described in 3.3.3) to manually add in extended  structures that intersect with the areas in Figure 
25. 
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Figure 26 Sandy Ridge structure map with aquifer storage and recovery potential, based on surface water saltwater intrusion 
severity, elevated structures and land cover classes that irrigate during the dry season, in the Tra Vinh and Ben Tre provinces in 
the Vietnamese MKD.   

The ASR potential map Figure 26 created shows elevated sandy ridge structures in areas deemed 
more suitable for increasing fresh water availability, categorized by the severity of saline 
intrusion in the surface water. The ASR potential map is overlain with the classified surface 
water salinity map. This shows which areas are having a high ASR benefit potential (light 
green), assumed to be too saline for ASR to be a practical solution (red), and areas that always 
have fresh water (blue) where ASR is assumed to be less necessary, but still possible depending 
on water availability. The final beach ridge with ASR benefit potential map produced shows the 
priority areas where additional exploration is recommended for ASR systems. These are areas 
sandy ridge structures (yellow) in the high benefit potential ASR zone (light green). 
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5 Discussion  
5.1 Geological interpretation 
 
It is possible to establish depositional settings and geologic context to the sandy ridges in the 
presented field sites by taking a detailed look at the cores and relating to literature, to understand 
the sediments of the sandy ridges, it’s important to look at the depositional environments. To 
most accurately connect the cores gathered this study to another study, the work of Ta et al. will 
be considered, which concerns sediment facies classifications in a nearby cores in the Ben Tre 
province. These deposits are evident of a prograding delta and the formation of beach ridges. The 
observable layers within the deeper cores, namely 031 can be broken down into three facies: 
Delta front slope to pro delta, tidal flat deposits and the subaerial delta plain which includes 
beach ridges, interridge swales and floodplain deposits. The lowest being the delta front slope to 
pro delta deposits. These sediments are composed of dark grey silt and clay deposits, overlain by 
sand deposits with shells and shell fragments (Ta et al., 2002a). This is consistent with what is 
seen in the deeper cores, in BT03, where there is a thick layer of clay in the deeper areas. The 
boundary between the Delta front to pro delta sands and the tidal sands is more unclear in the 
shallow and deep cores obtained during this study, due to the recovery method, where the 
integrity of the sedimentary structures is easily lost. This layer is characterized by dark grey silty 
sands and fine sands, with a fining upward succession with a wide variation in sedimentary 
structures and with shell fragments and mica flakes (Ta et al., 2002a). In the cores taken from 
this study, evidence from this layer is the sands with mica flakes and shells that is distinctive 
from the upper and lower layers. The uppermost layer is the subaerial delta plain with interridge 
swales, floodplains and including the beach ridges, which is where the sites are based. This 
facies is characterized by discontinuous parallel lamination and lenticular bedding, and consists 
of fine yellowish brown sand, with some mica flakes and organic matter. (Ta et al., 2002a). This 
is also consistent with what was found during coring. There is one section of core (in core 031) 
with well-preserved parallel lamination structures from around 3m of depth, and a layer of 
organics at approximately 1.5m depth (photo included in the Appendix A, Figure 27). These 
three sedimentary facies compose the shallow unconfined aquifers that are of interest to this 
study and expansion of groundwater resource management with aquifer storage and recovery 
systems in the Mekong delta. In this study the strong color boundary in the cores (Figure 10), is 
taken as a redoximorphic feature based on a literature from (Vepraskas, 1992), but this is not 
mentioned in the works of Ta. et al or a rival explanation.  
 
5.2 Site Suitability and Recommendations 
 
In the presented lithological cross sections from the selected sites (section 4.1), the subsurface is 
visualized to evaluate how close they are to an ideal system. The cross sections represent an 
interpretation of what the subsurface could look like based on the coring logs. The most useful 
information obtained from these sections is the heterogeneity of the subsurface, the thickness of 
the sand aquifer and hydrogeological boundaries. It should be noted that the presence of vertical 
boundaries is largely absent section 4.1 and more exploration outward from the sandy ridges 
could prove the presence of swale deposits that could act as vertical boundaries.  
 
The surface to groundwater level storage (section 4.2) capacity is assumed to be the volume 
available for fresh water infiltration at the time of the field campaign, at the start of the dry 
season. In theory this early dry season period represents the time when surface waters have low 
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salinity and there is storage volume available in the subsurface to infiltrate without the risk of 
flooding lower areas.  
 
In section 4.3, it should be noted that both BT03 and TV02 are presented with the same score, 
but the confidence of the data from BT03 is much higher, as there are more cores, more deep 
cores and less inferred boundaries. TV02 is a promising site based on the evaluation, but the 
lower amount of data points requires more assumptions to be made about the geologic 
architecture of the site. For this reason, BT03 is the best candidate of the three. It is an 
unconfined, elevated aquifer comprised significantly of homogeneous sand, with minimal 
obstructive layers. It also has the most reliable horizontal hydrogeological boundary. This site 
has the most data associated with it from the field campaign, and therefore the results concerning 
BT03 are of a higher confidence than the other two sites. The storage volume available for 
infiltration between the groundwater level and the surface was estimated to be in between 
6.5x105 m3 and 7.8x105m3 for this site, and the water levels at the time of measurement were low 
enough to provide adequate space for infiltration. This seems to be the most geologically 
promising prospect for an ASR solution of the three sites, and additional information provided 
by the measurement infrastructure in place at the site will reveal its suitability with greater 
surety. 
 
It is also important to consider factors for assessment that are not included in this study. Other 
students that participated in this initial field campaign of the FAME projected assessed these 
sites based on interviews concerning land and water use for agriculture, and hydrogeological and 
hydrological studies. To illustrate the importance of taking information from these sources as 
well the case of BT02 should be considered. While interesting geologically, it was found through 
interview that groundwater extraction at BT02 was predominantly being used for domestic use 
and some livestock, and not agriculture. The community also already has a water system 
provided by the government that supplements their supply in times of need. This kind of 
information also influences the suitability of an ASR system. Hydrogeological / hydrological 
measurement is also a vital component in assessment. There are rain gauges and piezometers 
installed on each of the three sites, that were installed during the field campaign, to gather 
information about water balance and groundwater fluctuations. These instruments will provide a 
better picture of water availability problems and the infiltration window. A probe was also used 
to make water quality measurements on the sites to find areas with quality problems and 
potential saline intrusion pathways. The quality of the water being infiltrated is important to 
consider. From interviews it was discovered that at the BT03 site, the residents also use the 
ground water as drinking water. Therefore, any water infiltrated needs to be of sufficient quality, 
not only for agriculture but also for human consumption. This serves as an example of how 
different areas of assessment for suitability can affect each other. It is clear that the assessment of 
the sites requires a multidisciplinary approach. In order to truly, define suitability the 
hydrological, hydrogeological, geological, agricultural and water use information have to be 
considered as a whole.  
 
5.3 Improvement and further research 
5.3.1 Field Methods 
There are several challenges that future researchers should be aware of when considering 
additional field work. The suction coring only provided limited penetration due to the nature of 
the sediments. In order to reach the deeper parts of the aquifer, the suction coring was 
supplemented with deep cores, which were drilled by a professional team with a mechanical rig. 
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These deep cores are necessary to identifying the geological architecture of the shallow aquifer 
and hydrogeological boundaries. This kind of coring is preferable but is also very expensive and 
should therefore be used sparingly. The suction coring is useful for discovering sites that merit 
additional deeper exploration, but on larger sandy ridges it is evident that there is need for more 
deeper exploration to more accurately depict these structures. 4m of depth is not enough to 
adequately explore the boundaries of the larger sandy ridges. It may be possible to improve the 
build of the suction coring devices to go past this depth. 
 
5.3.2 Storage Capacity 
The storage capacity calculations are based on cross sections from each site. The resolution of 
the storage capacity could be greatly improved by utilizing more cross sections for each site. 
This way the volume measurements of the sedimentary layers could be mapped and analyzed in 
3D using a software such as iMOD (Vermeulen et al. 2020). The MATLAB software is a very 
useful tool for analyzing cross sections and provides a way to customize and add horizon lines 
that can be easily used for analysis. Instead of integrating the area between curves, as the 
MATLAB program does, it’s possible that program could be improved by using using a 
coordinate geometry method called Gauss' area formula (Persson et al., 2006). 
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This way, layers which are not continuous across the system could be accounted for when 
determining storage capacity. The estimation of the storage capacity in this report is provided as 
a range to account for uncertainties in effective porosity. The grain size observed in the field, is 
not an accurate portrayal of the sediment size distribution in the subsurface. The field 
measurements account for the average grain size, as the fewer smaller and larger particles are not 
accounted for by using a sand ruler. To improve this, grain size distribution can be obtained 
through sieve analysis or laser diffraction of samples. The grain size of the material has no 
influence on effective porosity, but the grain size distribution does have an effect of effective 
porosity. Smaller grains can fill voids between larger grains, which changes porosity. Sorting, 
packing shape and roundness also have an effect on the volume of pore space between grains 
(Gibb et al., 1984). A more useful parameter to obtain may be specific yield of the material in 
question. This is where specific yield is the difference between the total porosity and the residual 
soil water content left in the material once it is drained (specific retention). Specific yield is a 
useable substitute for effective porosity in shallow soils (Gibb et al., 1984). 
Important hydrogeologic factors such as storativity, transmissivity and hydraulic conductivity, 
could be estimated with pumping tests. The deeper drillings were all completed with well casings 
and screens with piezometers. These wells could be used to obtain more hydrogeologic data from 
pumping tests, as well as head fluctuation data, to create a hydrogeological assessment of the 
aquifer, that gives a more comprehensive view about how these systems function. The 
infrastructure for additional assessment, and long-term evaluation was set up during the field 
campaign and is intended to be used by future researchers.  
 
5.3.3 ASR potential mapping  
The ASR potential map is provided in this thesis as a point for further exploration of sandy ridge 
structures in the Ben Tre and Tra Vinh provinces that could benefit from an ASR system. This 
map can be further refined by including more factors, such as land availability, water usage, and 
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economic potential, which will narrow down the suitability area. The land use map does not 
seem to always accurately account for built up areas, and it can be difficult to distinguish from 
built up areas and sandy ridge areas. Some built up areas appear to be built on top of the sandy 
ridges, with a road running on the crest of the sandy ridge. BT02 serves as an example of this. 
These types of areas may not be suitable for ASR if there are too may man-made obstructions to 
install the system. In the current map, more built up areas are manually eliminated by comparing 
elevated shapes to satellite images. The map may further be improved by implementing a 
groundwater salinity map for the first 10 m or so. This way it may be evident which sandy ridge 
aquifers are being contaminated with salt water. If there were data available detailing surface 
sediment types, there is potential for identification of other sandy shallow aquifers, and 
interridge swale deposits. The suitability could be refined and potentially expanded with this 
information.  
 
It is assumed that ridges in areas with high surface saltwater intrusion are less feasible for ASR 
solutions (Figure 26). This is because saltwater intrusion is assumed to come earlier in these 
areas, and with a higher salt concentration. Therefore, the infiltration window will be smaller, 
transitioning form the wet to dry season (late November – December), and the quality of the 
water available for infiltration will be lower. The possible ASR zones are, fresh water zones. 
These are considered less likely to benefit from ASR as the salinity levels are low. This does not 
necessarily mean that they cannot benefit from ASR solutions. ASR can supply improved water 
quantities as well as quality. The fresh water areas may also see quality/quantity declines with 
climate change. The map does not account for, declining head levels, droughts, or other aquifer 
problems like contamination, high metal concentrations, excessive drawdown, etc. In the map 
presented ASR is still considered possible on a case by case basis.  
The salinity map from 2016 is used to represent problematic conditions in the Mekong Delta. An 
aquifer storage and recovery solution has the potential to combat these kind of conditions and 
increase water security, in times of need. The potential map may yield the identification of 
communities that can benefit the most, as groundwater insecurity increases in the MKD. 
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6 Conclusions 
The expansion and economic growth of the delta has put a strain on groundwater supply that the 
people depend on for food, and prosperity. The VMD will continue to be impacted by water 
scarcity with more groundwater extraction, subsidence, climate change, sea level rise, and 
saltwater intrusion of groundwater and surface water systems. These problems will persist with 
increasing severity, without bridging the gap between increased fresh water demand and supply. 
The aim of this research is to provide a basis of understanding with geological/hydrogeological 
field research and suitability mapping, that can be used to evaluate the feasibility of aquifer 
storage and recovery systems in the provinces of Tra Vinh and Ben Tre in the Vietnamese 
Mekong Delta. This was done by answering the following research question through three sub 
questions:  
 
What is the hydrogeological potential of the shallow sandy ridge aquifers in the Vietnamese 
Mekong Delta for local aquifer storage and recovery solutions? 
 

1. What is the geological architecture of the sandy ridge aquifers found in the Tra Vinh and 
Ben Tre provinces? 

The architecture was studied by utilizing deep and shallow coring data to create and interpret 
cross sections across three sites. The sandy ridges are unconfined, shallow aquifers, identified by 
their elongated elevated structure, composed predominantly of fine sand, with a clay layer, acting 
as an aquitard, at the base of the system. This aquitard has the highest confidence in the BT03 
site. Thickness of the sand layers and intermittent layers are variable from site to site. Sand 
thickness and depth to confining layer are used to calculate storage. 
 

2. What is the capacity for water storage in the shallow sandy ridge ground water systems? 
The storage capacity of each was assessed by utilizing hydrogeological horizons and calculating 
areas between them using a range of effective porosities. These values were then extrapolated 
perpendicular to the length of the cross section to give a min and max storage capacity for each 
site. The surface level to groundwater level is considered the available room for infiltration of 
fresh water.  
 

3. What areas are most suitable for ASR solutions in the Tra Vinh and Ben Tre provinces?  
A suitability map was created to find sandy ridges in areas deemed most suitable for ASR 
solutions, using information on elevation, land use and surface water salinity intrusions. The map 
considers areas, with elevated dune structures, that irrigate in the dry season, and have marginal 
to saline salt water intrusions in surface waters, to be the areas that can benefit most from an 
ASR solution.  
 
A rating system was established to compare studied aquifers to the ideal site for an ASR system. 
The three sites in Tra Vinh (TV02) and Ben Tre (BT02 and BT03) were evaluated for ASR 
suitability utilizing this rating system. The geologic architecture of the BT03 site proved the 
most feasible for ASR, because it passes the following factors; presence of elevated sandy 
geomorphological feature, unconfined aquifer, significantly comprised of homogeneous sand, 
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absence of extensional low flow layers, and storage capacity available during the end of the wet 
season. This site also has the most reliable horizontal hydrogeological boundary, evident by the 
presence of a clay layer that exists across three deep corings. The suitability map created 
provides a way to find new sites that have the potential to benefit from ASR solutions. The 
success of an ASR solution has the potential to protect residence from economic damage and, in 
extreme cases, food insecurity. Exploring this system of water management in Vietnamese 
Mekong Delta, could aid in the security of water resources for many farmers in increasingly 
uncertain times.  
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8 Appendix  
8.1 Appendix A 
 
Van der Staay Construction and Use 
The Staays were constructed on site utilizing PVC tubing, clamps with handles, wooden plugs, 
washers, screws, and leather discs. The Staays consist of an inner tube that acts as a plunger to 
create suction and an outer tube with a handle that acts as a casing for the sediment. The Staay is 
prepared by wetting the leather ends in water and then inserting the inner tube inside the outer, 
leaving a few cm gap between the two tubes at the coring end. The Staay is placed into the 
borehole and its depth is recorded before extractions. The operation procedure of this follows the 
same steps described by (Wallinga and van der Staay, 1999). A wedge is placed in-between the 
two tubes to prevent slipping. Then the outer tube is pushed down using the handles while the 
inner tube pulled slightly upwards, while keeping its position as much as possible. When at the 
desired depth, the wedge is placed back between the tubes and the tubes are extracted and placed 
horizontal as quickly as possible to prevent sediment loss. The core can then be pushed out by 
holding the position of the inner tube and pulling the outer tube over it. 
 
Sedimentary Structures found in Deep core 032 
 

 
Figure 27 Planar lamination sedimentary structure found in core 032. 

 
 
 
 
 
 
 



 53 

Organic layer found in deep core 032  
 

 
Figure 28 Well preserved layer of organics observed in deep core 032 

Close up of sediments from BT03 
 

 
Figure 29 Typical sediment found past 3m in the BT03 site, containing small mica flakes, and shell fragments.  
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Example of a deep core (032) 
 

 
Figure 30 Example of a deep coring from the Ben Tre field site (BT03) 
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8.2 Appendix B 
 
Core Logs 
Referred to by last three numbers in the borehole header in the top right of the log.  
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