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1. Introduction

1.1 Project background

The project, ‘Strengthening Water Security of Vulnerable Island States’, is supported by the New
Zealand Ministry of Foreign Affairs and Trade and is being implemented by the Disaster and
Community Resilience Programme (Geoscience Energy Maritime Division) of the Pacific Community in
the Cook Islands, Kiribati, Marshall Islands, Tokelau and Tuvalu. The five-year (2014-2019), NZD 5
million project supports atoll countries in building the skills, systems and basic infrastructure to better
anticipate, respond to, and withstand the impacts of drought.

1.2 Mission objectives and outcomes

The main purpose of this investigation was to identify fresh groundwater resources on the islands of
Wotje and Wormej within Wotje Atoll that could complement existing water supplies or serve as a
backup during dry periods. Additional objectives included a survey of private wells and the sampling
of groundwater from some of those wells for bacteriological analysis. This resulted in a geographic
information system (GIS)-based well inventory that included information on well location,
construction and groundwater.

The development of new groundwater resources in atoll environments requires: 1) an investigation of
groundwater resource potential and optimal drilling targets and locations; 2) the construction of
horizontal galleries and an assessment of yield and water quality; 3) equipping galleries with pumps
and storage tanks that are in line with the resource potential and the community’s needs and
resources; and 4) the formulation of operational, maintenance and management guidelines — in
conjunction with the community — that promote ongoing operation and sustainability. The current
work focused on the first component, which was achieved through the use of geophysics to better
understand the local hydrogeology and groundwater storage potential. Recommendations are given
with regards to potential gallery locations, expected yields and expected groundwater quality.
Recommendations are also given on the maintenance and use of the existing network of private wells.



2. Background

2.1 Geographical location and history

Wotje is a coral atoll composed of 75 islets with a total land area of 8.2 km?, and is one of the largest
atolls in the Republic of the Marshall Islands (RMI). Wotje lies in RMI’s northern group of atolls within
the Ratak Chain. Wotje island (within Wotje Atoll) is oriented in a north—south direction and is 3.3 km
long and 1.1 km wide. The atoll’s population in 2017 was estimated to be 751, with a total of 114
households. The population figure also includes 150 high school students living on Wotje island.
Wormej, the other inhabited islet within the atoll, is 12.5 km northwest of Wotje and has a population
of 137 with 22 households. Wormej is 1.8 km long (lying in an east—west orientation) and 720 m wide.
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Figure 1. The islands comprising the Republic of the Marshall Islands. Source: www.graphicmaps.com

After World War |, the Marshall Islands came under the South Pacific Mandate of the Empire of Japan.
At the end of the 1930s, Wotje was developed into a major military base consisting of an airfield and



numerous military buildings. Following the end of World War Il, the islands came under the control of
the United States as part of the Trust Territory of the Pacific Islands until the Republic of the Marshall

Islands gained independence in 1986.

Today, many World War Il relics remain on the island, including a large concrete airfield, bunkers and
coastal artillery. The current village is established around the existing concrete surfaces. Copra
production is the main land-use activity on the island.

2.2 Climate

Rainfall varies greatly from north to
south in RMI. The northern atolls receive
less than 1250 mm of rain annually, and
experience significant droughts during
the dry season. The southern atolls
receive more than 2500 mm of rain
annually. The difference between the
wet and dry season is more pronounced
in the northern atolls. The monthly
average temperature on Wotje is 27°C
year round, ranging between 25°C and
30°C. The monthly average precipitation
is presented in Figure 2.

RMI is particularly affected by intense El
Nifio-induced  droughts and the
associated depletion of rainwater
storage and the thinning of freshwater
lenses. Rainfall variability throughout the
years is high, with the wettest years
bringing up to twice as much rain as the
driest years. Droughts generally occur in
the first four to six months of the year
following an El Nifio event. During severe
El Nifio events, rainfall can be suppressed
by as much as 80% (ABM and CSIRO
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Figure 2. Monthly average precipitation (years on record:
30) and number of days with precipitation.
(www.weatherbase.com)

2011). Groundwater is most extensively used during drought due to depletion of rainwater storage.

Table 1. Rainfall statistics for Wotje Atoll from available rainfall data.

Yearly Rainy period Dry period
(mm) Jun—-Nov Dec—May
Average 1594 1081 522
St dev 505.4 164.4 279.6
cv 0.32 0.15 0.54

Compared with RMI’s atolls in the south, Wotje
Atoll receives 1594 mm, a lower amount of
average rainfall on a vyearly basis. The high
coefficient of variation (CV) observed during the
dry period (December—May) indicates higher
rainfall fluctuation, which suggests greater
vulnerability and risk of water shortages during
this period.

Drought in RMI’s Islands can be defined, using the percentile method, as being a period in which the
sum of the rainfall for the specified period (e.g. 3, 6, 12 months) is in the lowest 10% of the summed



recorded rainfall for that specified period. In other words, the sum of rain recorded over a three-
month period, for example February—April in Wotje, will constitute a drought if it falls in the lowest
10% of the summed recorded rainfall for the same three-month period across the entire rainfall
recorded history.

Wotje relies heavily on rainwater harvesting for domestic use and drinking water, therefore, it is
appropriate to use a three-month period of rainfall to assess the impact of drought, using the
percentile method, due to the smaller storage sizes, and the ‘residence’ time associated with
rainwater harvesting. Groundwater systems that have a larger storage capacity are more resilient to
the impacts of short-term reductions in rainfall, and it is more appropriate to use 6- or 12-month
periods when assessing drought impacts on islands that depend on groundwater. A statistical analysis
of the entire rainfall record for Wotje (January 1986 to September 2018), using a three-month drought
index percentile method, is shown in Table 1 to provide some insight into drought occurrence for atolls
in the central part of RMI.

Table 2. Analysis of drought statistics for Wotje Atoll from available rainfall data, using a three-month drought
index percentile.

Total ElINifio La Nifa Neutral
Number of droughts 16 7 2 7
Average length of drought (months) 4.7 3 7.5 5.5
Average recurrence (months) 20 23 17 17

Wotje is likely to experience short drought events during El Nifio conditions, which occur, on average,
about every two years. In the last 30 years, only two droughts were experienced during La Nifia
conditions; however, these were longer and more intensive than droughts experienced during El Nifio
conditions. Table 2 identifies the top five droughts on Wotje in terms of intensity and duration. It is
notable that the 1998 drought that strongly affected Majuro Atoll, did not greatly affect Wotje.

Table 3. Historical droughts on Wotje Atoll (three-month percentile index).

Wotje Atoll (January 1986-September 2018)

Rank Drought period Drought Drought Total rainfall Average monthly rainfall
length ENSO during during drought period (mm)
(months) state drought (mm)

1 Oct 2012 to Jul 2013 10 Neutral 688 69

2 Apr 2001 to Mar 2002 12 Neutral 950 79

3 Jan 2012 to Jul 2012 7 La Nifa 424 60.5

4 Oct 2005 to Mar 2006 6 Neutral 405 67.5

5 Sep 2008 to Apr 2009 8 La Nifa 702 87.8

2.3 Current water supply and drought response
During the 2011 census, all households reported rainwater as their main source of drinking water(SPC
2012). In 2017, RMI’s Ministry of Public Works constructed a 189 m3storage tank on Wotje and a 95
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m3 tank on Wormej. Additional tanks were installed by the EU-GIZ ‘Adapting to Climate Change and
Sustainable Energy’ (ACSE) programme in 2018, and additional community rainwater harvesting
improvements are planned for the upcoming Green Climate Fund (GCF) project ‘Addressing Climate
Vulnerability in the Water Sector (ACWA) in the Marshall Islands’ (2019-2026). A permanent reverse
osmosis desalination unit is planned for Northern Islands High School, with a production capacity of 3
m3/day (UNDP 2018).

During a survey conducted in 2016 (UNDP 2018), the total rainwater tank volume needed for Wotje
was estimated at 970 m? (1290 L/person), and the tank volume needed for Wormej was estimated at
314 m* (2290 L/pers). The total communal rain-water tank capacity was estimated at 323 m? (430
L/pers) and 189 m3 (1380 L/pers), repectively for the two islands. Groundwater is also extracted from
private wells, which are widespread around the island; however, groundwater is only used for
secondary purposes such as washing, toilet flushing, gardening and occasionally cooking. A few well
owners mentioned during this survey that they also use their groundwater for drinking purposes, after
adequate boiling.

During droughts (e.g. 2013), rainwater supplies can diminish substantially, and the government
response is to deploy portable reverse osmosis units to produce desalinated water for basic water
needs. This process is initiated through an Initial Situation Overview form by the focal points of the
National Disasters Management Office (NDMO), which are based in the outer islands. Then, the Water
Sanitation and Hygiene (WASH) cluster® is activated to undertake an assessment and analysis to
confirm the drought conditions and provide recommendations to NDMO, which is responsible for
coordinating the national disaster committee, and any subsequent declaration of drought and
response.

2.4 Geology and groundwater occurrence

Atolls are geologic structures derived from basaltic volcanoes that have subsided. Reef growth results
in a cap of calcium carbonate minerals, extending from the sea surface to the top of the submerged
volcano. The volcanoes that formed the Marshall Islands were active more than 150 million years ago
(Schlanger et al. 1987). Chemical alteration and weathering of these carbonate minerals, induced by
precipitation and sea level changes, have governed the shallow subsurface geology, which is generally
described by the following three-layer model: 1) upper sediment unit composed of unconsolidated
and well-sorted coral sand and gravel; 2) lower sediment unit composed of unconsolidated lagoonal
sands and gravel of Late Pleistocene/Early Holocene age; and 3) dense and well-consolidated
limestone unit of Pleistocene age, which formed during subaerial exposure and recrystallisation to
calcite. The unconformity between the younger sediments and the underlying Pleistocene limestone
is called the Thurber Discontinuity, and is typically encountered at depths ranging between 5 m and
25m.

Fresh groundwater occurs in an atoll as a thin lens, buoyantly supported by dense underlying saline
water. A freshwater lens is formed within the unconsolidated sediments due to suitable hydraulic
conditions. On wider islands (> 1000 m) that receive an appreciable amount of rainfall, the base of the
freshwater lens can reach the Thurber Discontinuity. The higher permeability of the underlying
limestone cannot support the formation of a lens that is truncated at that point due to immediate
mixing with the underlying saltwater (Hamlin and Anthony 1987; Hunt 1997). The thickness of the
freshwater lens across the width of the island depends on the recharge rate, the island’s width,

1 The WASH cluster consists of the following members: RMI Environmental Protection Agency, Majuro Water
and Sewer Company, International Organization of Migration, National Disaster Management Office, and the
International Federation of Red Cross.



hydraulic conductivity (K) of the upper sediment units, depth to the Thurber Discontinuity, and the
presence or absence of a reef flat plate (Bailey and Jenson 2012). A zone of transitional salinity
typically exists between the infiltrated rainwater and the underlying saltwater. This zone is formed by
the mixing of the two water types, which is promoted by tidal forces; the thickness of this transitional
zone largely depends on the hydraulic properties of the aquifer sediments.

The hydraulic properties of freshwater lens aquifers strongly depend on the island’s position with
respect to the prevailing winds. Freshwater lens aquifers tend to acquire a coarse sediment structure
on islands that are in the direct path of the prevailing winds and their associated high-energy waves.
In contrast, aquifers on the partially protected leeward side of atolls tend to acquire a finer sediment
structure. Considering that the prevailing direction of the tradewinds in the Marshall Islands is from
the northeast, it is expected that both Wotje and Wormej do not offer ideal hydraulic conditions for
the development of thick freshwater lenses.

2.5 Previous investigations

Extensive coastal aquifer assessment and development work in the Marshall Islands has been done
since the 1980s in response to the vulnerability of limited freshwater resources, increasing drinking
water demand, and chronic water shortages experienced during and after the EI-Nifio driven droughts
of 1983, 1987, 1992, 1998 and 2015.

The Outer Island Water Resources Planning and Development project focused on the water resources
assessment of 10 atolls, including Wotje (Goodwin et al. 2000). This work aimed at: 1) evaluating the
condition of existing water supply infrastructure and facilities and identifying the necessary
improvement works necessary; and 2) assessing groundwater resources in terms of location and
thickness to support water supply needs. The results for Wotje and Wormej islands are presented in
Table 4.

Table 4. Summary of survey results for Wotje and Wormej islands.

Island Groundwater and rainwater catchment Groundwater potential
information
No. of No. of No. Percentage Island Lens  Maximum Safe yield Safe yield
houses household of wells with area area lens under average under
catchments wells  freshwater  (km2)  (km2)  thickness rainfall drought
(%) (m) (m3/day) (m3/day)
Wotje 64 37 5 90 2.76 1.71 2.56 2068.34 541.88
6
Wormej 17 3 1 50 0.97 0.32 2.62 387.22 101.46
5

Source: Goodwin et al. 2000

The 2007 hot spot analysis, undertaken by RMI’s Environmental Protection Authority, identified and
evaluated ‘hot spot areas’ of national, regional and global significance within RMI, and where
conditions adversely affect human health, threaten ecosystem functioning, reduce biodiversity and/or
compromise resources and amenities in a manner that requires priority management attention
(Graham 2007). Two main hot spot areas identified were: 1) education on water and sanitation,
highlighting the poor overall awareness and education levels leading to poor water and wastewater
management and health problems; and 2) groundwater assessment, raising the need for a better
assessment of groundwater resources, supply and quality, especially during drought periods. These
two areas have strong linkages to the objectives of this project: strengthening community-based
governance through the inclusive engagement of communities, and focusing on awareness and
information exchange. This in turn is expected to improve understanding of development and use of
fresh groundwater systems.



3. Field survey methodology

3.1 Electrical resistivity tomography survey

Electrical resistivity tomography (ERT) geophysics were used to assess, visualize and identify the lateral
and vertical variability in electrical resistivity response within the different geological units. The
method works on the principle of injecting direct current into the ground using a pair of
electrodes. This current causes a potential voltage difference in the ground, which is measured by a
separate pair of electrodes. The voltage measured can then, using the parameters of the survey, be
converted into an apparent resistivity value. Resistivity of the subsurface is a function of the porosity
of the geological medium, hydraulic permeability, electrical conductivity or salinity of pore fluids, and
clay mineralization, and can provide insight into the underlying geology and hydrogeology.

The ABEM Terrameter LS2 from GuidelineGeo Inc. was used in combination with the multiple gradient
array as the preferred survey protocol offering a high horizontal and vertical data resolution (Darlin
and Zhou 2006). The depth of investigation is a function of the electrode spacing and the Earth’s
resistance; in general, the greater the electrode spacing, the deeper the investigation. An electrode
separation length of 2 m was selected to investigate depths up to 30 m. The orientation of the survey
profiles and surveyed distance was guided by the review of satellite photos and existing shallow wells
so as to adequately investigate the groundwater potential of shallow coastal sediments.

Table 5 illustrates the different geological materials that may be encountered on Wotje and the
corresponding resistivity range that is likely to be measured.

Table 5. Typical resistivity ranges for different sediment types.

Rock and sediment type Resistivity (Ohm.m)

Dry coral sediments 500-3000

Coral sediments saturated with freshwater  30-300

Hard coral saturated with seawater 5-15

Coral sand saturated with seawater 2-10

Source: Dale 1986; Greggio et al. 2018

3.2 Model inversion methodology

Model inversions were performed using the RES2DINV software (Loke 2000). The program
automatically creates a two-dimensional model by dividing the subsurface into rectangular blocks,
and subsequently calculating the apparent resistivity of these blocks using either a finite difference or
finite element method, and comparing these to measured data. The resistivity of the model blocks is
adjusted iteratively until the calculated apparent resistivity values of the model agree with the actual
measurements. A uniform resistivity color bar was used to allow comparisons between the inverted
profiles.

Prior to running the model inversions, the raw exported database was first treated to remove any
‘negative resistivity’ readings that might affect the accuracy and reliability of the inversion. These
erroneous readings indicate the electrode’s inability to read a realistic difference in electrode
potential, thus contributing substantially to the total absolute error. This is usually related to poor
electrode contact, misplaced electrodes, the presence of human-made objects in the ground (e.g.
cables or pipes) and above the ground (e.g. metal fences), and noise from electrical fences or power
lines. Other reasons are related to incorrect transmitter and/or receiver settings with respect to field



conditions, and to highly variable geological conditions in two or three dimensions, forcing the
electrical current to travel in unexpected ways and cause negative readings (Fredrik Nyqgvist, Product
Manager, Guideline Geo Group MALA/ABEM, 2017, pers. comm.). The presence of seawater with very
low resistivity along the coastal survey lines is another factor that can contribute to ‘noisy’ datasets.
After removing the negative values, a preliminary inversion was carried out using all of the remaining
data points. Then, using the ‘RMS error statistics’ option that displays the distribution of the
percentage difference between the logarithms of the measured and calculated apparent resistivity
values, bad data points having an error of 100% and above were further removed. A final inversion
was then carried out using the new filtered dataset, allowing for a much lower absolute error
compared to the first run, and providing improved confidence in the datasets.

3.3 Selection of ERT survey locations

Considering the absence of monitoring boreholes on Wotje that would have allowed for the in situ
verification of the recorded resistivity results, a scoping survey line was conducted in Laura, Majuro
Atoll (Fig. A1.5). The survey line was conducted along monitoring wells 5 and 6, in which groundwater
salinity could be measured at various depths. This allowed calibrating the recorded resistivity results
at the borehole location with real groundwater salinity measurements. As mentioned earlier, the
recorded resistivity value is a combination of pore-water salinity and matrix properties. Extrapolating
the calibrated resistivity values in Laura to Wotje is done by assuming the same aquifer properties for
the two islands, which introduces a certain degree of uncertainty.

As Laura is situated on the leeward side of Majuro Atoll, it is expected that the freshwater lens aquifer
has acquired a finer sediment structure, as compared to the aquifers existing in Wotje and Wormej.
The lower permeability in Laura, therefore, is expected to contribute to decreasing the overall
recorded resistivity, possibly resulting in overestimation of the freshwater thickness in Wotje when
using the same ‘recorded resistivity to groundwater salinity’ ratio. Nevertheless, this calibration
exercise was considered suitable for obtaining a general guideline for the vertical delineation of the
freshwater lens along the survey lines conducted on Wotje and Worme;j.

Table 6. Summary of survey lines.

Survey line Distance (m) Electrode Start point End point

spacing (m)
Laura-01 240 2 7°8'54.23"N 171°1'56.58"E 7°8'53.99"N 171°2'2.88"E
Wot-01 520 2 9°27'41.69"N 170°14'0.17"E 9°27'49.69"N 170°14'14.82"E
Wot-02 240 2 9°26'47.31"N 170°14'13.11"E 9°26'45.49"N 170°14'21.96"E
Wot-03 320 2 9°27'8.50"N 170°14'13.37"E 9°27'9.84"N 170°14'23.65"E
Wot-04 560 2 9°27'28.29"N 170°14'13.75"E 9°27'37.90"N 170°14'28.38"E
Wot-05 200 2 9°27'10.11"N 170°14'25.96"E 9°27'15.26"N 170°14'29.95"E
Wor-01 480 2 9°33'2.99"N 170°9'2.64"E 9°33'16.86"N 170°9'9.85"E
Wor-02 400 2 9°33'1.54"N 170°8'56.74"E 9°33'13.60"N 170°8'56.88"E

3.4 Survey of private wells

A detailed survey was undertaken of all private wells on Wotje and Wormej. GPS locations and key
information from wells was collected to create a database for planning and monitoring purposes.
Information captured included well construction and condition, groundwater levels and groundwater
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quality (electrical conductivity and coliform bacteria). Additionally, potential sources of pollution for
each well were captured to complement the results of the bacteriological tests. Electrical conductivity
was measured using a TPS logger (WP Series) while total coliform bacteria and E. coli were estimated
for a representative number of wells using 3M™ Petrifilm™ E. coli/coliform count plates.

Groundwater was monitored through the entire study period by installing automatic loggers
(Eijkelkamp divers) at a number of representative private wells, allowing for continuous electrical
conductivitiy (EC) and water level measurements during the study period. Two loggers were installed
on Wotje and two on Wormej. The loggers were suspended on stainless steel wire at a depth that
ensured they were submerged below the water table at all times. A barometric logger was installed
to compensate for barometric influences. The loggers were set up to record data every six minutes.
Manual water level and EC readings were taken at the beginning and at the end of the monitoring
period in order to validate the readings recorded by the loggers. Also, a logger was installed on the
seabed by the wharf on Wotje (on the lagoon side) to measure the time and amplitude of sea tides to
allow the estimation of tidal damping and tidal lag through the aquifer material.

Groundwater levels and, in certain situations, groundwater salinity are affected by sea tides.
Generally, sea tides induce fluctuations of the groundwater table. These tidal effects decay inland
exponentially and diminish over a certain distance, depending on the amplitude of a given sea tide
and on the aquifer’s properties (hydraulic conductivity and effective porosity) (Li et al. 1999). The tidal
effect at a specific location also decays upward as the distance to the transition zone increases. Tidal
effects can, thus, also cause some fluctuations in groundwater salinity, particularly at close distance
to the freshwater—saltwater interface. During the well survey, groundwater levels and salinity were
recorded at different moments in time because they were partly influenced by the tides. It is not an
easy task to normalize groundwater level data against tidal influence, considering the horizontal and
vertical propagation of the tidal signal. Consequently, it is not recommended to use measured
hydraulic heads to estimate groundwater flow patterns. It is, however, strongly recommended to take
note of the exact time the measurements were obtained in order to be able to, at a later stage,
compare with tide tables and draw conclusions on the response of different wells to different tidal
conditions.



4. Results and discussion

4.1 Geophysical results and interpretation

The survey line performed in Laura, allowed the calibration of the obtained resistivity results with real
salinity observations from the monitoring bore existing along the profile. The tested groundwater
revealed an EC of 0.785 mS/cm in bore 6-33 (10.0 m), 2.433 mS/cm in bore 6-43 (13.1 m) and 14.900
mS/cm in bore 6-48 (14.6 m), suggesting the presence of a relatively sharp interface between fresh
groundwater and seawater. According to the inverted resistivity profile (Fig. A2.1), modeled
resistivities for these depths were 40-60 Ohm.m, 8-10 Ohm.m and 2—-4 Ohm.m, respectively. In
interpreting the resistivity profiles and freshwater lens extent, an EC of 2.5 mS/cm was chosen as the
higher limit for freshwater occurrence, corresponding to a modeled resistivity of 8-=10 Ohm.m for the
specific matrix/sediment properties. It should be noted, however, that 2.5 mS/cm is a relatively high
limit while a recommended aesthetic guideline for drinking water purposes would be in the order of
1.5 mS/cm.

The thickest part of the freshwater lens in Wotje was found along survey line wot-04 (Fig. A2.5), which
crossed the middle part of the island (Fig. 3). Assuming that Wotje has similar aquifer and sediment
properties as Laura, the freshwater body along this profile gradually acquires a thickness of up to 16
m at around 270 m distance. Survey line wot-01 (Fig. A2.2) suggests the presence of a thinner
freshwater body, which attains a maximum thickness of 9 m while survey line wot-05 (Fig. A2.6)
suggests the presence of a relatively homogeneous freshwater body with a 9-10 m thickness. Survey
line wot-03 (Fig. A2.4) indicates the presence of a high-resistivity feature at 240-280 m distance along
the profile, which may be causing some localized thickening of the freshwater lens. Finally, survey line
wot-02 (Fig. A2.3) reveals the presence of a very thin freshwater body that just barely attains a
thickness of 4-5 m towards the middle part of the profile.

These unusually high resistivity readings, like the one observed along survey line wot-03, are hard to
interpret and, generally, they are related to instrument malfunction such as a possible electrode
disconnection during the survey. High resistivity readings could also be related to an anthropogenic
cause, including a buried wire, metal, concrete, buried electricity lines, an old water cistern, or an
unusual geological feature, such as a limestone block within the expected sands. Additional literature
searches of old available historical WWII records revealed the presence of an underground shelter
structure at close vicinity (~180 m southeast of the high-resistivity feature), which was targeted for
bombing by the United States. However, nothing was mapped at the specific location and there is no
obvious surface expression of the anomaly to indicate a possible cause. Further investigation would
be required with additional geophysical techniques (including ground penetrating radar,
magnetometer, and additional resistivity survey lines) to better assess the possible cause of this high-
resistivity feature.

In Wormej, the two survey lines (Figs. A2.7 and A2.8) revealed the presence of a thinner freshwater
lens compared to Wotje, not exceeding 4-5 m thickness and mainly present along survey line wor-01
(Fig. 4). Also, very high resistivities (> 500 Ohm.m) were recorded in the upper layer suggesting
probably the coarser nature of the sediments, responsible for the thinner nature of the freshwater
lens due to inadequate capacity of the sediments to withhold water. A coarser sediment structure is
to be expected considering that Wormej is even more exposed, compared to Wotje, to trade winds
and associated high-energy waves whose prevailing direction is from the northeast.

The proposed isolines of freshwater lens thickness presented in Figures 3 and 4 are very approximate,
especially as the distance from the survey lines increases; therefore, they should be used as a guide.

10



The edge of the 3-m isoline, for example, is an estimate that includes salinity information from private
wells.

Legend

— Survey lines
X Installed loggers
Well salinity (EC)
< 800 pS/cm
7 800 - 1500 pSfcm
® 1500 - 2500 pS/cm
® > 2500 pS/cm
@ unknown
Lens thickness
C1>3m
T 1>8m
T >13m

Figure 3. Freshwater lens thickness contours and salinity levels (EC) in private wells on Wotje.
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Figure 4: Freshwater lens thickness contours and salinity levels (EC) in private wells on Wormej.
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4.2 External influences on groundwater

By studying groundwater level fluctuations in four private wells — as recorded by the installed loggers
and compared with the seawater level fluctuations (Fig. A3) — it was possible to approximate the
percentage of the tidal signal that is propagated in these four wells (Table 7). As mentioned in Section
3 of this report, the signal is propagated both horizontally and vertically, and comparing two or more
wells is not straightforward. Assuming homogeneous aquifer conditions (hydraulic conductivity and
effective porosity) within each island, and assuming that the two logged wells at each island are at the
same depth (which is partly true), it was possible to demonstrate the exponential decay of the tidal
signal as it propagates inland (Fig. 5).

When comparing the signal propagation decay between the two islands it is apparent that the aquifer
on Wormej dampens the signal more abruptly than the one on Wotje. Also, a greater tidal lag was
observed on Wormej (Fig. A3) despite the shorter distance of the two wells to the shore. This suggests
that the permeability of the sediments on Wormej is lower. This conclusion, however, should be
treated with caution as errors may have been introduced related to well construction, and
assumptions related to aquifer homogeneity.

Table 7. Percentage of tidal signal propagated in four private wells.

Logger S/N Island Distance to shore (m) Well total depth (m)  Tidal signal %
m7426 Wotje (sea) 0 - 100
p5150 Wotje 220 1.45 10.2
r2463 Wotje 260 1.77 8.3
m7398 Wormej 130 2.9 4.0
v1318 Wormej 65 2.9 14.1

100 ®
- ® Wotje Wormej

75
©
c
.ao
n
= 50
o
+
X
25 y = 98.513e001x
............ R?=0.9957
y= 88.979e—0.025x """"""" @ cceenlll,, [ )
R?=0.9844
0
0 50 100 150 200 250 300

Distance to shore (m)

Figure 5. Tidal signal propagation on Wotje and Worme;j.
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4.3 Groundwater quality

In total, 107 private wells were tested for groundwater salinity, which was indirectly inferred through
electrical conductivity (EC): 79 wells (74%) had an EC of less than 0.8 mS/cm, and 21 wells (20%) had
an EC between 0.8 mS/cm and 1.5 mS/cm. Only two wells showed an EC higher than 1.5 mS/cm and
both were located outside of the freshwater lens, based on the resistivity profiles (Fig. 3).

Out of the 22 private wells that were sampled on the two islands and analysed for coliform bacteria,
11 (50%) were identified as having less than 300 counts per mL of water while another 11 (50%) were
highlighted as having too many to count. Out of these samples, 6 (29%) were devoid of Escherichia
coli (E. coli), 11 (50%) had less than 10 E. coli counts/ml and 5 (21%) had more than 10 E. coli counts/ml.
Boiling groundwater prior to use is highly recommended for all households on Wotje and Wormej,
given the presence of total coliforms and E. coli bacteria, to prevent any issues related to the ingestion
of contaminated water.

Groundwater quality in terms of salinity is suitable in all, but two, private wells sampled during this
study. Groundwater with an EC between 0.8 mS/cm and 1.5 mS/cm is often the range in which many
people may detect some ‘saltiness’ in taste. Salinity is an aesthetic parameter of palatability and is not
considered a health risk by the World Health Organization (WHO 1996).

4.4 Groundwater resource development

Two freshwater lenses were identified and delineated on
both Wotje and Wormej. Wotje, with its larger island size
indicates a freshwater lens thickness of 10 m, which is
suitable for groundwater development, while Wormej is
identified as having a thinner freshwater lens, generally
< 5 m and of limited extent, thus restricting the potential
for groundwater development.

Development of the freshwater lens on Wotje would be
best achieved through the use of horizontal wells or
galleries, which are located just below the water table
and used to skim the freshest water. Horizontal well
construction minimizes the impact of pumping, which can
result in pumping-induced upconing of the saline water,
or salinization of the groundwater

Gallery construction in freshwater lenses involves
excavating a trench approximately 1 m below the lowest
level of the water table from tidal impact, and installing
horizontal PVC-slotted pipes that lead to a centralized
closed pumping well. The horizontal wells would be
backfilled with suitably sized rounded gravel to help
develop a gravel pack before being backfilled with the
excavated sand. It is suggested that during the excavation
of the trench for the gallery, if reef rock is encountered

Figure 6. Proposed locations for gallery
and remains weathered to moderately weathered, then construction in Wotje.

trench construction should continue. A practical

approach during construction may be that if the trench excavation can continue relatively easily
through the reef rock, then trench construction should continue. If the reef rock is hard or well
cemented or thick reef rock is intercepted, then the continued construction of the trench should be
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assessed. In areas where thick and unweathered reef rock is encountered, it is expected that the
recharge rate may be reduced and/or delayed, thereby reducing the effectiveness of the horizontal
gallery.

In Wotje, priority should be given to the central area where the lens has a substantial thickness of
more 10 m (Fig. 3), thus allowing for the best possible production capacity and longer resilience to
droughts. It is recommended to install the gallery as close as possible to survey line wot-04 to benefit
from the higher certainty of the lens thickness estimates. Three suitable locations are proposed in
Figure 7, with number 1 considered the most ideal due to its proximity to survey line wot-04 and the
absence of households. Considering the possibility that in the future, the airport runway will be
asphalted, galleries installed on either side of the runway will also benefit from the enhanced localized
recharge from rainwater accumulating from and flowing off of the runway.

On Wormej, the groundwater potential and thickness of the freshwater lens is generally less than 5 m
thick. A horizontal gallery for community drought proofing purposes could be located along survey
line wor-01, preferably past the 90-m mark along the survey profile. The production capacity,
however, is expected to be significantly lower than the one on Wotje in order to avoid the production
of higher salinity water and potential salinization of the lens.

4.5 Water resources protection and management
The integrated and coordinated development and management of freshwater resources on Wotje will
be key to the community’s long-term health and water security. Thus, it is recommended to:

1. Consider the installation of a communal groundwater supply and horizontal gallery, based on
an assessment of current water supplies and community needs under normal and extreme
climatic conditions.

2. Instal flow meters and salinity meters, in future galleries and reservoirs to allow the
assessment of groundwater abstraction, water usage and leakage.

3. Undertake regular rainfall analyses from the existing station to determine the temporal and
spatial variability of rainfall, and to capture the periodical island-wide groundwater recharge.
This will require the strengthening of links between the island government and the national
weather office on the compilation, archiving and sharing of rainfall data and climate forecast.

4. Identify appropriate trigger levels for groundwater salinity and rainfall to support water
resources management during prolonged dry periods.

5. Develop a drought awareness and drought action plan that considers pragmatic management
responses under different climatic conditions and triggers.

6. Establish appropriate water restriction or rationing actions during extreme climatic conditions
across all communal water supply sources (e.g. rainwater, groundwater and desalinaited
water).

7. Consider restricting land-use activities in the area of the thickest part of the freshwater lens
to minimize potential contamination of the groundwater and maintain water quality suitable
for potable purposes.

In view of the sensitive and fragile nature of these groundwater systems, the installation of
appropriate technologies and regular routine monitoring of groundwater should be adopted to ensure
the long-term availability of fresh groundwater. Appropriate protection measures against improper
land-use activities is required to safeguard groundwater bodies for water supply purpose.

15



5. References

ABM and CSIRO (Australian Bureau of Meteorology and the Commonwealth Scientific and Industrial
research Organisation). 2011. Climate change in the Pacific: Scientific assessment and new research.
Volume 1: Regional overview. Volume 2: Country reports. 257 p.

Bailey R.T. and Jenson J.W. 2012. Estimating the freshwater-lens thickness of atoll islands in the
Federated States of Micronesia. Hydrogeology Journal 21 (2):441-457.

Dahlin T. and Zhou B. 2006. Multiple-gradient array measurements for multichannel 2D resistivity
imaging. Near Surface Geophysics 4(2):113-123.

Dale D. 1986. Coral island hydrology: A training guide for field preactice. Department of Scientific and
Industrial Research, Commonwealth Science Council, Wellington, New Zealand. 108 p.

Goodwin R., Zheng K. and Mistry R. 2000. Final report on water resources evaluation and proposed
water development plan for ten atolls, Marshall Islands. FEMA-0932-DR-MH Hazard Mitigation Grant
Program #4, Outer island water resources planning and development project.

Graham B. 2007. Republic of the Marshall Islands hot spot analysis and national diagnostic reports for
integrated water resources management. RMI Environmental Protection Authority (EPA) and the
Pacific Islands Applied Geoscience Commission (SOPAC), Suva.

Greggio N., Giambastiani M.S., Balugani E., Amaini C. and Antonellini M. 2018. High-resolution
electrical resistivity tomography (ERT) to characterize the spatial extension of freshwater lenses in a
salinized coastal aquifer. Water 10, 1067.

Hamlin S.N. and Anthony S.S. 1987. Ground-water resources of the Laura area, Majuro Atoll, Marshall
Islands. US Geological Survey Water Resources Investigation Report. 87-4047. 69 p.

Hunt C.D. Jr. 1997. Hydrogeology of Diego Garcia. p. 909-931. In: Geology and hydrogeology of
carbonate islands. Developments in Sedimentology, volume 54. Vacher H.L. and Quinn T. (eds). 948 p.

Li L., Barry D.A,, Stagnitti F. and Parlange J.Y. 1999. Tidal along-shore groundwater flow in a coastal
aquifer. Environmental Modeling and Assessment 4: 79-188.

Loke M.H. 2000. Topographic modelling in resistivity imaging inversion. In: 62" European Association
of Geoscientists and Engineers Conference and Technical Exhibition Extended Abstracts, D-2.

Schlanger S.0., Campbell J.F. and Jackson M.W. 1987. Post-Eocene subsidence of the Marshall Islands
recorded by drowned atolls on Harrie and Sylvania guyots. p. 165-174. In: Seamounts, islands and
atolls. Keating B.H. et al. (eds). American Geophysical Union Monograph 43.

SPC (Secretariat of the Pacific Community). 2012. Republic of the Marshall Islands 2011 census report.

UNDP (United Nations Development Programme). 2018. Addressing climate vulnerability in the water
sector (ACWA) — Annex IX Atoll Profiles.

WHO (World Health Organization). 1996. Guidelines for drinking-water quality, 2nd ed. Volume 2.

16



Annex 1 - Maps
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Well total coliforms

® Tot.coli < 100 counts/ml
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2 unknown

Figure A1.1. Total coliform levels in private wells on Wotje Island.
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Legend

Well E.coli
E.coli = 0 counts/ml
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Figure A1.2. Escherichia coli levels in private wells on Wotje Island.
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Figure A1.3. Total coliform levels in private wells on Wormej Island.
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| ® E.coli = 0 counts/ml

| © E.coli <10 counts/ml
® E.coli > 10 counts/ml
unknown

Figure A1.4. Escherichia coli levels in private wells on Wormej Island.
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Figure A1.5. Laura, Majuro depicting the location of the test survey line along monitoring well 6.
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Annex 2 - Inverted resistivity profiles
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Figure A2.1. Resistivity profile Laura-01 (Majuro Atoll).
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Figure A2.2. Resistivity profile Wot-01 (Wotje).
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Figure A2.3. Resistivity profile Wot-02 (Wotje).
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Figure A2.4. Resistivity profile Wot-03 (Wotje).
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Figure A2.5. Resistivity profile Wot-04 (Wotje).
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Figure A2.6. Resistivity profile Wot-05 (Wotje).
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Figure A2.7. Resistivity profile Wor-01 (Wormej).
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Figure A2.8. Resistivity profile Wor-02 (Wormej).
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Annex 3 - Groundwater logging data
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Figure A3. Tidal effect on the groundwater level as recorded in four private wells on Wotje and Wormej.
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Annex 4 - Private well survey
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photo numbers
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photo numbers
2999-3001. no
toilet facility.

photo numbers
3002-3004
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3005-3007. well is
too saline. 15-20m
to sea.
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3008-3010. high
salinity measure
dtWT and bottom.
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photo numbers
3014-3016. well is
conpletely sealed.
cannot measure
DTWT and well
details.
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close to a pond.
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3139-3141. well
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photo numbers
3151-3153. well
owner migrated.
pig died inside
therefore no
measurement was
taken.
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toilet facility.
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