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INTRODUCTION

A salt-water intrusion problem was investigated on FKuttu Island,
Satawan Atoll {(Figure l}. Salt-water intrusion into portions of the island
of Kuecu, Satawan Atoll, caused a general reductiom in taro productivity
and a rise of salinity levels in a number of household wells. In addition
to reduced tare production, other food items such as breadfruit were
severely affected by the increased salinity of groundwater. At least part
of the problem was related to drought conditions that prevailed over the
Western Pacific region, However, it does appear that salt-water intrusion
into the taro patch was caused by two additiomal factors: (1) seasonal
changes in the level of the surrounding ocean; and (2) subsurface
conditions of relatively higher permeablility (i.e,, conditicns that allow
the free movement of brackish groundwater).

The taro patch, located in the central portion of the island, occupies
approximately half of the land area of Kutrtu (Figure 2). Enlargement of
the patch over the years has placed the boundary, at some locations, within
a hundred feet of the shoreline. Areas within the tare patch severely
affected by salty groundwater are asscciated with this boundary. Here,
taro plants do not grow normally and usually die after a short period of
exposure. Salty groundwater causes the plant leaves to turn yellow and
wither and the root system to decay. About one—fourth of the tare patch
has been significantly affected by salt-water intrusion.

]

Objectives and Scope of the Study

The primary objectives of the study were to determine the major
factors that influence  salt-water 1ntrusaion into the area of taro
cultivation and to make recommendations for the sffective control of the
problem. In order to achieve these objectives, a number of field and
laboratory activities were conducted, These activities are outlined below.

Field Activities

1. A general (in situ} water-quality survey was conducted for 30
houzsehold wells and 8 taro patch sites.

2. Water samples collected from 30 household wells were analyzed in the
field for temperature, pH, specific conductance, carbon dioxide,
¢hloride concentration, and relative salinity.

3. aAdditional water sauples from selected household wells (primary
drinking water wells) were collectad and taken to the WERI
water—quality laboratory for further analyses.

4, A seismic-refraction survey consisting of 1l forward~reverse lines was
conducted.

5. Vertical electrical soundings (earth-resistivity measurements) were
made at seven stations.
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a. Several auger holes were hand drilled to shallow depths 1in and arcund
the taro patch.

7. A questionnaire was administered to 31 community members.
Laboratory Activities

1, Analyses of water samples for chloride concentration, alkalinity,
total hardness, calcium hardness, total phospheorus, nitrate nitrogen,
nitrite nitrogen, and chloride concentration.

2. Analysis of seismic-refraction data.

3. Analysis of earth-resistivity data.

4. Compilation of questionnaire responses.

5. Interpretation of study results and preparation of the completion
repoTt.
The field crip to Kuttu took place during the latter part of May 1983.

411 field activities were completed within a three-day period.

Location and Description of the Study Area

Satawan Atoll is located approximately 190 miles southeast of Truk in
a group kmown as the Mortlock Islands (Figure l). The atoll platform is
roughly elliptical in shape with the loog axis oriented along .a
northwest-southeast line. The total area of the platform is about 148 mi™.
Forty-nine low-lying islanis are situated on the platform margin; these
izlands occupy only 1.76 mi™ of land area.

The island of Kuttu is located at the northwestarn and of the atoll
platform (Figure 1). Kuttu is about 3200 feet long and 1900 feet wide and
is somewhat lobate in shape. The island is composed of carbonate sedimenta
derived from the reef and lagoon enviromnments. Sediment in the size range
of cobbles to boulders forms a relatively high ridge along most of the
ocean shoreline (Figure 3). This very coarse grained material grades
rapidly inland to gravel and coarse sand. On the lagoon side, sediment in
the sand-size range forms a low ridge. Within the central portion of the
island, the land surface i1s flat and 1is the site of active taro
cultivation (Figure 2). Much of this area has been artificially produced;
that is, the original physicgraphic feature has been axpanded and greatly
modifisd by the practice of taroc growing.

All of the community members (population of 700 to 800) live along the
lagoon sihoreline and the northern end of the island. This part of the
island is preferred mainly because of (1) availability of fresh groundwater
beneath the area and (2) the protection from storms offered by the lagoon
and 1its enclosing reef.



‘PUBTSI N13NY U0 UCESNIJUY 13JEM ITES
4q ole) paSeuep JO JuUBIXI PUR SI1[S JUSWAINSEIW Iazem ysied olre) ‘satoy 1a3ne ‘s{r2m Snp Jo voplecoy "§ 21n81g

) uoondeq

- e — 9%

o m—..lww EZ, vm .

TTBMEAg

UOISnAJuUY Iajes JTes jo juajxy BF

IT2% 123em 3ng g =
judmaInsesw Isjes yoled oxep it

ajoyzainy Ly#

IBTd Jaoy

uead)



Freshwater i3 acquired by two methods. These are (1) the collectionm
of rainwater from roofs either off buildings or those over catchment tanks
and {2) from hand-dug household wells. Rainwater is greatly preferred for
drinking, however groundwater is used during those times when rainfall is
not adequate to provide sufficient quantities of potable water. The
general practice is to boil the well water prior to consumption.



METHODS

A number of field techniques and laboratory procedures were emploved
during the course of the investigation., These metheds included (1)
collection and chemical analysis of water samples, (2) application of
geophysical surveys, and (3) administration of a questionnaire to selected
members of the community. Details of the study methods are presented
below.

Water—-Quality Analysis

Determinations of water quality are important aspects of any
groundwater investigation. The most cbvious benefit of such studies 1is the
assessment of the resource in terms of its potability or fitness for human
consumption and domestic use. However, water-gquality data alsc can he used
to evaluate natural processes within the subsurface hydrologic environment,
such as the degree of mixing between fresh groundwater and seawater in the
case of an insular setting or ildentifying sources cf natural or artificial
contamination in more general situations. Although no comprehensive
program of water guality assessment was undertaken feor this study, the
methods cutlined below were employed in order to obtain at least a general
concept of water chemistry within the lens beneath Kuttu Island.

Water-quality data were obtained from (1) a general survey of
household wells and selected sites- specific conductance meter, (2) field
analyses of samples from household wells, and {3) laboratory analyses of
gsamples cecllected from selected household wells. In the latter case, the
wells were selected on the basia eof location relative to either the
shoreline or the tarc patch and on customary usage (primarily those used as
a source of drinking water). Figure 3 shows a map of Kuttu Island with the
location of water sampling sites and auger hole test sites.

Water samples collected within the study area were subjected to both
field and laboratory analyses in order to determine temperature, specific
conductance, relative salinity, chloride-ion concentration, and, in some
cases, pH. Additional analyses included alkalinity, calcium hardness,
total hardness, carbon dioxide, total phosphorus, nitrate-nitrogen, and
ammonia—nitrogen, Field measurements were performed utilizing portable
instruments and testing kits while laboratory analyses followed
standardized procedures (American Public Health Association, 1980}.

Geophvsical Measurements

Two geophysical fleld methods were employed by the study.
Specifically, these methods were (1) seismic-refraction profiling and (2)
earth—~resistivity soundings. These methods were used in an attempt to
determine the subsurface structure and, to a certain extent, the thickness
of the fresh-water lemns. Several measurement stations were established
within the study area; their locations are shown on the map of Figure 4.
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Seismic-Refraction Profiling

Seismic-refraction methods have been used in a wide variety of
investigations invelving the determinations of subsurface structure. Among
these investigations are numercus applications of the method in
groundwatev-related studies. The object of refraction seismology is to
obtain a time-distance graph from the first arrival of sound waves
generated by an enargy source. From time-distance graphs, seismic
velocities can be calculated and depth determination can be made.

Detection of refracted sound waves generated by controlled energy
sources (e.g., hammer striking a steel plate, weight drop, or explosion)
usually produces a seismic-record indicating cne or more events that are
caused by the change in wvelocity of the wave front. Seismic energy is
transmitted through solid material as elastic waves. Abrupt changes in the
elastic properties of the medium through which these waves are propagated
will cause the waves to be refracted or bent. The degree to which the wave
paths are refracted is related to 8Snell's Law, that is, the sine of the
angle of incidence is equal to the sine of the angle of refraction,
Another way of expressing this law 1s by the feollowing equation:

sin i - Ed
sin r Vz

where
i= angle of incidence,
r= angle of refraction

V.= velocity of transmission of the elastic wave in the
incidence medium, and

V,= valocity of transmission of the alastic wave in the
refraction medium.

A primary concept in refraction work is that of the critical anglae.
Where T is equal to 90°, sin i is equal to V sz. Here, the incident wave
path or ray strikes the interface at the critical angle and the refracted
wave travels parallel to the interface, A refracted wave fromt acts as a
first arrival when its travel time from the source through the refraction
medium to the detector 1s aqual to or greater than the time required for
the direct wave to travel from the source to the same detector. The path
that first-arrival waves take 13 dependent upon the depth to the reference
interface and the distance between the first detector and the energy source
(Telford et al., 1976; Zohdy et al., 1974).

When first-arrival times derived from seismograms are plotted on a
time-distance graph, a break in slope of the curve will occur where the
time taken for both direct and refracted waves to travel from the energy
source to the detector is the same. Seismic velocities are obtained from
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the slope on the time-distance curve (i.e., velocity is the inverse of the
slope).

The most widely used of all field techniques in refraction work 1is
profile shooting. To obtain the necessary time-distance, data, shot points
and detectors or gecphones are laid out on long lines and repeated shots
are taken at varilous positions at the ends and middle of the geophone
spread. If successive spreads are necessary, the lines are overlapped by
at least one or two geophonea.

During field operations, a total of li seismic-refraction lines or
spreads were established within the study area. Each line was shot in both
the forward and reverse order; several lines were shot at the midpoint of
the spread. The energy source used in the refraction work was a sledge
hammer striking a steel plate. The geophone spread consisted of 12
detectors spaced at 25~foot intervals comnected to a McSeis-1300 (model
1191) Signal Enhancement Seismograph. A permanent record was produced on
light-sensitive paper.

Although a number of analytical approaches are availabla (gsee, for
example, Telford et al., 1976; Dobrin, 1976), the least time-consuming
method utilizes computer processing of the time-distance data. The
computer program used to process the Kuttu data was first publiighed by the
U.S5. Bureau of Mines (Scott, 1972). The program generates a
two-dimensional model representing a layered-earth depth interpretation.
Travel times are picked from the seismogram by the usar. These times,
together with shot point and geophone locations and refraction layer
control information, are used as program input, A first approximatiom
deiineation for each refraction interface 1is obtained by a computer
adaptation of the delay-time method. The approximation is thenm tested and
improved by the computer through the use of a ray-tracing procedure in
which ray travel times computad for the model are compared to field data.
The model is subsequently adjusted in an interative wanner such that the
discrepancy baetwean computed and measured travel times 1is minimized.
Seilsmic velocities and depths to refractor interfaces, among other
information, are printed as the final step.

Earth-Resistivity Sounding

In addition to the application of seismic-refraction profiling in
groundwater Iinvestigatlons, earth-resistivity measurements are widely used
in the determination of subsurface characteristics and, in many cases,
water quality. Essentially, the mathed invoivaes measuring the aelectrical
resistivicy of earth materials by iIntroducing an electrical current into
the ground and monitoring the potential field developed by that current.
In most earth materials, electricity is conducted electrolytically by the
interstitial fluid, and resistivity 4is controlled more by porosity,
water content, and water quality than by the resistivities of the matrix
{Zohdy et al., 1974). Clay minerals, however, are capable of conducting a
current alectronically, and the alectrical flow in a clay unit is both
electronic and electrolytic. .



In conducting earth-resistivity soundings, a commutated direct current
or very low frequency (<1 Hz) current is introduced into the ground through
two electrodes (Zohdy et al., 1974). The potential difference is measured
between a second pair of electrodes; the current and potential measurements
are used to calculate apparent resistivity.

The most commonly used electrode configuration for vertical electrical
goundings, and the one used in this study, is the Schlumberger array. Four
electrodes are placed along a straight line on the ground surface such that
the outside current electrode distance (AB) 1Is equal to or greater than 5
times the inside potential electrode distance {(MN}. For any linear,
symmetric array AMNB of electrodes, the apparent resistivity is given by

(Zohdy et al., 1974): _— _
7 Py = (AB/2)2 - (MN/2)? - AV
where MY T

AY = measured potential difference, and
I = electrical current

A Soiltest R-60 resistivity unit was used to conduct the soundings.
The urnit uytilizes dry-cell batteries as a power source with a maximum
output of 810 volts and 1.0 amps. Seven resistivity stations were
established at various sites around and, In cne case, within the taro patch
(Figure 4) all soundings utilized the Schlumberger electrode configuratien
with a maximum current electrode (ABIZ) gpacing of 100 feet (except staticn
6 where AB/2 equalled 50 feet).

Resultant data generated during the resistivity survey were analyzed
by a trial-and-error procedure of curve matching, The first step was to
plot the data on a graph of apparent resistivity versus elactrode spacing
(AB/2) for each station and smooth the vertical slectrical sounding (VES)
curve to remove the discontinuities produced by the methed of measuresment
(see, for example, Zohdy et al,, 1974)., Next, an appropriate layer model
1s selected as a first approximation to the fileld VES curve. Layer
thicknegs or depth and resistivity values are used as input te a cowmputer
program (Zohdy, 1974) which calculates the model VES curve, This model VES
curve 1s then compared to the field VES curve for goodness of fit (usually
a qualitative comparison). 1f necessary, the input values are adjusted and
the program rerun. This procedure is continued until a reasonable match is
achieved between the model and field curves,

As discussed by Zohdy (l974), for a given earth model composed of
horizontally stratified, laterally homogeneous, and isotropic lavers, the
computer program calculates the Schlumberger apparent resistivity in two
parts. First, the total kernel function T = f(h,et) 1s calculated for an
n-layer model using Sundi's recurrence formula which is given by

| ~2Xh,
- N o= (1~
T, = (0,2 = [1-q,e” T M)/ [ e M)
B Q™ os70441%+1 Loy wota1 Yoyl
272h

- -2
LR IR S TS S S TSI T e

n+l]

11
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Q-1 = [en-1 - ont! lpn-1

where

pi = Resistivity of the i EE-1a}rer, and

hi = thicknass of the 1 EE‘layer.

The second part in the calculation of the Schlumberger apparent
resistivity is based on convolving the inverse filter coefficilents {(Ghosh's
coefficients) with the computed total kernel function curve. The
convolution is made twice and six apparent resistivity values per
logarithmic c¢ycle are obtained. The abacissas of the computed pointa are
logarithmically equally spaced, with

(AB/2) /(aB/2) = L.468

i+l

where AB/2 is the Schlumberger electrode spacing.

Quastionnaire Administration

The purpose of administering a questionnaire as part of the field
activities was to collect background information related to the salt-water
intrusion problem. In addition, the questionnaire addre=zsed the subject of
problem solution in terms of what a number of the community members felt
could be done to improve the taro production., A total of 31 people were
interviewad.



RESULTIS

The fellowing 1s a presentation of the relevant findings of the study.
These include a number of general observations, results of water-qualicy
analyses, Iinterpretation of geophysical data (seismic-refraction surveys
and vertical electrical soundings), and compilaticn of gquesticnnaire
respenses. The implication of these findings are discussed f{n the next
section.

General Observations

A number of general observations made during the course of the field
work warrant consideration, These observations are listed below.

1. The tare patch has been extended oceanward to within a hundred
feet of the shoveline In some locations.

2, In these arsas affected by salt-water intrusion, the ditches in
and around the taro patch exhibit large changes in salinity from
point to point.

3. Healthy tarc plants are located within the lagoonward half of the
taro patch,

4. Numerous c¢rab burrows arxe present within the taro patch in
addition to evidence of damage to plants by the crabs.

S, Ingect damage tc plants is evident by partially eaten leaves and
bored holes in the taroc leaf stem.

6. From the results of auger drilling and probing, there appesars to
be a distinct gradation in size of the sediment directly beneath
the soil layer of the taro patch. This gradation is from cobhles
and coarge gravels on the ocean side to coarse sand on the lagoon
side.

7. During the augering and probing within the taro patch a strong
hydrogen sulfide odor was noted. The odor is associated with the
saturated portion of the organic soll layer coverlying the
sediments.

Water-Quality Analvses

As Indicated above, water samples were collected from various sample
sites at different times and analyzed both in the field and in the
laboratory. Results of the analyses for the three data sets {(conductance
meter gsurvey, field analysis of water from household wells, and laboratory
analysis of selected wells) are presented in Tables 1, 2, and 3.

Of the constituents determined in the field and laboratory, specific
conductance and chloride concentration are the wmost useful, These
measurements are indicative of the amount of mixing between fresh
groundwater and seawater that has occurred Iin the subsurface. From the
results listed in the tables, the amount of mixing in the wells ranges from

13
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Table 1., General water quality of household wells and taro patch surface
water, May 23, 1983,

Specific Conduc Chloride

Well Well {umhos /cm) (mg/1) Water Depth to
No. Owner Top Bottom Top Bottom Depth {ft) Water (ft)
L Luela 3000 3000 8l0o 810 2 —
2 Diofil 1175 1175 40 40 1.5 -—
3 Kapino 3400 3400 975 975 1.5 —
4 Kos 6500 6500 2290 2290 1.5 8.0
5 Maguo 16000 16000 6305 6305 1.5 4.0
6 Elias 10250 10250 ag7o 3870 1.5 4.0
7 Daniel 3500 39400 1190 1190 1.5 4,5
8 Roman 3300 3475 935 1010 2.0 4,5
9 Ernest 3250 3250 910 210 1.0 5.0
10 Her 1400 1425 130 140 2.9 6.0
11 Rafino 2350 2350 530 530 1.0 4,0
12 Akostih 2000 2000 385 385 1.0 3.5
13 Istino 3000 5250 1650 1760 2.0 3.0
14 Eriper 5000 5000 1650 1650 1,5 1.0
15 Tasiuo 1375 1375 120 120 2.0 3.0
ib Atalifus 3350 3350 955 955 2.0 3.0
17 Akira 2250 2250 490 490 1.0 3.0
18 Sami 2100 2100 430 430 2.0 3.0
19 Daifis 1200 1150 46 30 2.0 2.5
20 Daniel 1400 1400 130 130 2,0 2.0
21 Tarech 1400 1400 130 130 2.0 4,0
22 Epel 1150 1150 30 30 1.5 4.0
23 Berman 1750 1750 230 280 2.0 4.0
24 Dofer 2475 2475 585 585 2.0 3.5
25 Sam 1750 1750 280 280 2.0 3.0
26 Achum 15590 1575 195 205 2.0 3.5
27 Asauo 1150 1150 30 30 1.5 3.0
28 Eutrper 1625 1625 225 225 1.5 3.0
29 Santer 1800 1800 300 300 2.0 2.5
30 Michael — — -— —-—
Taro 1 8000 3000
Taro 2 13000 5000
Tarc 3 24000 9700
Taro 4 58000 19000
Tare 5 7250 2600
Taro 6 8000 3000
Taro 7 1650 250
Taro 8 1250 109
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Table 2. General water quality of household wells water, May 25, 1983.

Wacer
Well Well Sample Depth Temp. Field Specifii e, Chloridez Salinity
No. Owner Time (£t) (°C) pH Conduc™ (mg/l) (mg/l) (0/100)
1 Luela 0755 1.0 28.1 6.70 3350 131 747  —
2  Diofil 0735 1.5 27.8 46,95 1350 94 a4 —_—
K| Kapino 0750 1.5 27.7 6.74 3375 77 a07 -
4 Kos 0803 1.5 27.7 6.85 6750 167 2011 1
3  Masuo 1245 1.5 27.4 6,70 11500 150 6000
& Elias 1255 1.5 27.8 6.40 10250 128 4lad 3
7 Daniel 1300 2.0 28.2 6.71 4200 94 1478 -
8 Roman 1020 2.5 27.7 6.A83 3650 97 1083 -_—
9 Ernest 1305 1.0 27.8 6.57 3050 101 885 —
i0 Her 0810 1.5 27.7 6,94 1450 74 115 ——
11 Rafino 0820 1.0 27.4 7.06 2575 58 641 _—
12 Akestih Q830 1.5 28.0 7.10 2575 56 542 —
13 Istine 0835 2.0 27.4 7.14 3500 101 1498 -
14  Eriper (0840 1.5 28.8 46.B6 5000 92 1438 —_—
15 Tasiuo D845 , 1.0 28,7 6.85 1450 81 108 ———
16 Atvalifus 0855 2,0 27.4 7.Q0 3650 62 1201 -
17 Akira 0900 1.0 26.8 7.01 = 2100 70 510 -—
18 Sami 0905 2.0 27.4 6.73 2200 93 491 —-—
19 Daifis 0908 2.0 27,3  7.00 1250 52 147 -——
20  Daniel 0910 2.5 28.3 6.67 1450 90 112 —
21 Tarech 0920 1.0 28.0 6.67 1500 98 167 —
22  Epel 0925 2.0 27.4 6.88 1175 64 &0 -
23 Berman 0930 2.0 27.1 6.86 1900 a3 328 -—
24  Dofer 0940 1.5 27.1 6.73 2600 102 570 -
25 Sam 0945 2.0 27.1 6.73 1800 67 281 -—
26  Achum 0950 2.0 26.8 7.00 1150 68 266 ——
27 Asauc 0955 L.5 27.8 6,73 1200 62 94 ——
28 FKutper 1009 1.0 28.4 4.67 1700 72 218 -—
29  Santer 1005 1.0 28.4 6.45 1900 l46 234 —_—
30 Michael 0725 2,0 27.6 7.24 1250 95 72 —-—

1 Specific conductance, umhos/cm (@ field temperature).

2 Chicride determined with specific iom probe.
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relacively fresh to moderately brackish (i.e., from about 60 mg/l to about
6000 mg/l chloride). Except for the brackish wells (those above l000 mg/l
chloride), the chloride-ion concentration averaged about 350 mg/l at the
time of sampling. Chloride-ion concentrations at the 8 sites within the
taro patch ranged over a wider degree with values between 100 mg/l {very
fresh) to those of unmixed seawater. The highest concentrations were
megsured in the southernmost sector of the taro patch. This portion of the
patch is also nearly barren of plants (Figure 2).

From the results of the laboratory analyses it appears cthat, in
general terms, the quality of water from the sampled wells is good although
total hardness 1s rather high (Table 3). ©Notable exceptions are those
wells where the total phosphorus is many times higher than the 0.20 mg/l
standard wused by the Trust Territory Environmental Protection Board
{Territorial Register, 1978). The probably source of the contamination is
soap from the common practice of bathing and clothes washing near the well.
Nitrate concentration in two wells also exceeds safe drinking water
standards (greater than 10 mg/l) and may be unsafe for consumption by
infants one year or less in age (may cause methemoglobinemia; Lewis et.al,
1980, p.6). The scurce of the nitrate 1s not known but warrants further
study,

Geophvsical Measurements

Results from the application of the geophysical field technique of
seismic-refraction profiling and earth-resistivity sounding are presented
in detail in Appendices A and B and summarized below.

Seismic-Refraction Profiling

From the computer study of seismic data, two types of information were
obtained (1) velocity values for various subsurface layers and (2) depths
to the top of the layers beneath each geophone. Seismic velocitles are
listed in Table 4 and the layer depths are illustrated in Figures 5 and 6
and presented in Appendix A,

A number of relevant points can be made with regard to the computer
results, These points are summarized below.

L. Interpretation of seismic data from those lines established along
the lagoon side of the 1island (spreads 1-8) indicate that the
near surface structure is composed of three layers.

2. Interpretation of seismic data from spreads 9 and 10 established
on the ocean side indicate that the near surface structure is
composed of two lavers.

3. Velocities of layers 1 and 2 appear not to wvary across the
1sland, suggesting no significant change 1in composition or
internal structure (1,e,, Iintra-layer coustructiom). There isg,
however, distinct differences between the two layers.

4. Layer 3 appears to underlie only that portion of the island along
the lagoen shoreline. It should be notad however that the

17
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Table 4, Layer velocities determined by the seismic-refractiom survey.

Layer 1 Layer 2 Layer 3
Line (ft./sec) (ft./sec) (ft./sec)
L 1186 5485 6213
2 1500 5634 7747
3 1345 5222 6612
4 1103 5160 5968
5 1175 5540 8852
6 1500 5200 6612
7 1158 5370 9162
: 1272 5549 6894
Mean value 1280 : 5395 7258
9 1192 6134
10 1083 5847
Mear value 1138 5390
*]-4 1201 5388 6472
*5-8 1207 5419 7361
Mean value 1204 5404 6916

*Note: Results from the computer analysis of coupled lines.
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seismic-line coverage is inadequate to verify the presence of
layer 3 elsewhere,

5. The top of layer 2 displays relatively little relief and is
located at an average depth of 6.6 feet below the surface,

6. The top of layer 3 is very irregular with a relief of about 20
feet to 25 feet beneath spreads 5 to § and about 10 feet to as
much as 40 feet for spreads 1 to 4. It is noteworthy that the
surface of layer 3 is greatly depressed beneath spread 1; this
location also corresponds to an area of severe damage by
salt-water intrusion,.

7. The average depth to the top of layer 3 is roughly 40 feet
beneath spreads 5 to 8 and 35 feet beneath spreads 1-4 except for
spread 1. Here the top of layer 3 exceeds a depth of 60 feet.

Earth-Resistivity Scundings

Results from the curve matching procedure are listed in Table 5, All
relevant information produced during the course of resistivity dara
analysis are presented in Appendix B (field curves matched ves curves, and
program input and output}.

Analytical results indicate that at the time of measurement cthe
fresh-water column probably was 10 to 12 feet in the thickest part of the
lens. On the average, the transition zone or zone of mixing between frash
groundwater and the underlying seawater may be on the order of 12 feet
thick, or about the same thickness as the fresh-water nucleus near the
center of the lens. These values are subject to about a *15% error;
however, they do serve as a first approximation of water availability. It
should be noted that any geophysical field method, especlally earth
resistivicy, should be checked by drilling and water sampling.

Questionnaire Responsas

The questions and their corresponding responses are given in Appendix
C. A total of the 31 people intarviewed, 30 were male. Seven people were
in the age range of 18-29%, eleven were in the range of 30-49, and fourteen
were 50 years of age or older. Apparently, all of the people interviewed
have experienced problems with salt—water intrusion Into their respective
plota. TFigure 7 shows the distribution of taro plots owned and/or worked
by the people interviewed.
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Table 5. Fresh~water lens and associated transition zone thicknesses
derived from earth-registivity data,

Station Lens Thickness (ft.) Transition Zone Thickness (ft.)
E-1 6 14
R-2 10 8
-3 8 12
K-4 12 8
K-5 8 ' 12
K-6 6 12
*K-7 15 10

* Field curve may be distorted due to lateral inhomogeneties; curve matching
results are therefore tentative.



23

"PUBTSI N3Ny uo saydjed ole) I\MRFAIIIUT JO UOTINQTIASIQ ‘7 2InTrg

M tuco8en

(o] K 3 €z, ¥C
\I\\II\ Z1 . t—. A *

saaleg
oIe]

SE31E UO[SNIjUul asjemjyeg B

sayoled oaey sameralaluj v

IETd 3934

LR

-
S

{-ER Ty



24

DISCUSSICN

The following discussion of the study resules is based on the
interpretation of water—quality dara and geophysical information combined
with the general observations and questionnaire responses. Three main
topics are addressed, these are (1) the geologic framework of the island,
(2) the occurrence a2nd distribution of fresh and brackish groundwataer, and
(3) the problem of salt-water intrusion and its possible control.

Geologic Framework

The geologic framework of Kuttu can be deduced from the results of the
seismic-refraction survey and, in part, from genmeral observations. Three
distinct, more or less, horizontal layers make up the structuyral components
of the near surface portion of the island (Table 6). The surface layer has
an average thickness of about 6.5 feet and is composed of dry
unconsolidated sands and gravels for the most part., Sediment sizes grade
rapidly from the genmeral composition of sand into cobbles and boulders as
the ocean shoreline is approached. Seismic velocities within layer 2 are
typical of those indicative of saturated unconsolidated to moderately
congolidated sand and fine-grained gravel. The thickness of layer 2 varies
from site to site because of the irregular surface of layer 3; a rough
estimate, however, 1s about 30 to 35 feet. Velocities determined for layer
3 are typical of well consolidated sand and gravel, although other types of
material are possible.

The geismic profile determined frem the computer analysis of data
generated by spreads 1 to 4 (Figure 5) shows a distinct depression in the
surface of layer 3 beneath spread 1. This depression (and necessarily
thicker portiom to layer 2) corresponds to a portion of the taro patch that
is severely affected by salt-water intrusion. It is possible that this
depression is somehow related to the problem. One explanation might be
that this depreased surface representsa a former channel that cut acroas the
reef flat prior to the development of the island. If this is the case, the
channel may be partially filled with very ccarse-grained material and thus
would be higher in permeability relative to other portioms of layer 2.
This higher permeability would allow a greater degree of mixing between
fresh groundwater and the underlying seawatar and result in very high
salinity values within the coarse-grained wmaterial. This, of course, is
only speculation and needs verification by further atudy.

Groundwater Occurrence and Water Quality

Ruttu 1s underlain by a substantial fresh-water lems as shown by the
chloride-fon concentration map of Figure 8. The map was constructed with
data from Tables 1 and 2 and the results indicate that approximately
one-third of the island 1is underlain by a fresh-water nucleus which
contains water of 250 mg/l chloride or less. Interpretation of resistivitcy
data suggests that the fresh-water nucleus, at the time of measurementc, may
be 10 to 12 feer at the thickest part of the lens. The associated
transition zone is probably around 12 feet thick beneath most of the
nucleus.
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Table 6. Possible types of geologic material comprising the near-surface
portion of Kuttu.
Laver Average Velocity (ft/s) Layer Composition
1 1280 Dry. unconsclidated
sand and gravel
2 5395 Saturated, unconsclidated
to consolidated sand
and/or fine gravel
3 7258 Saturated, well

consolidated sand and/or
gravel
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One additionmal point with regards to lens characteristics i1is its
pesition. As seen by the map of Figure 8, the fresh-water nucleus is
situated, more or less, along the lagoon side of cthe island. The lacation
of the lemns is probably related to the hydrogeologic characteristics of
layer 2. It is suspected that near the ocean, the sediment comprising
layer 2 is composed of mostly gravel, cobbles, and boulders derived from
the reef environment and transported by storm waves. Evidence cthat this
activity occurs is the boulder ridge along the ocean shoreline of Kuttu
which was deposited during typhoon Pamela in 1976. Permeability in such a
depeosit would be necessarily high and thus allow considerable mixing of
freshwater and seawater in the subsurface, in addition to allowing free
movement of this water inland. The overall results would be highly saline
groundwater inland of the ocean shoreline.

The water—quality map of Figure 9 was also constructed from the data
in Table 3. The map indicates the distriburion of niltrate-nitregen in the
groundwater. It appears that nitrate 1s present in significant
concentrations (two areas exceed the safe drinking water limit of 10 mg/l
get by the Trust Territory Enviroumental Protection Beard) to warrant
concern. Nitrate concentration in excess of the recommended limit may be
hazardous tc the health of infants one year or less in age and therefore
ghould net bhe used, Nitrate has been assoclated with the disease
methemoglobinemia {(infantile cyanosis; Lewla et al., 1980, p.6). The acute
toxicity of nitrate occurs as a result of its reduction to nitrite within
the body. The nitrite ion formed oxidizes iron in the hemoglobin molecule.
The resultant methemoglobin is incapable of reversibly binding oxygen, and
consequently anoxia or death may ensue 1f the condition is left untreated.

Sources of the nitrate have not been identified in Ruttw, The prime
source, however, 13 animal and human waste. Nitrate is also a principal
ingredient in chemical fertilizers and can be produced by certain plants.
The problem of nitrate contamination may become more serious in the near
future and therefore warrants a more comprehensive investigation than what
has been done by this study.

Another constituent of the groundwater that 1s of concern 1is
phosphorus. As noted before, several wells were found to contain levels of
total phosphorus that exceed the recommended limit of 0.20 mg/l sat by the
Trust Territory Environmental Protecrion 3Board (Territorial Register,
1978) . Phosphotrus, no doubt, iz entering the wells via waste water from
nearby clothes and dish-washing facilities. It was observed that the
common practlce 1s to conduct the washing adjacent to the well, primarily
for convenjence.

Concentration of phosphorus 1in excess of the recommended limit may
cause irritation of mucous membranes. In addition, phosphorus cowbines
with essential metals and renders them useless to the body.

Sources of phosphorus in addition to many washing and bathing scaps is
chemical fertilizer. Imn fact, it 18 one of the three (nitrate, phosphorus,
and potash) prime ingredients.
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Salt=-Water Intrusion and Its Control

Taro production on HKettu has been decreased due to salt-water
intrusion into part of the region of cultivation. Slightly brackish to
very brackish water underlies the oceanward half of the tarc patch (see map
of Figure 8). The photographs of Figure 10 were taken at opposing sides of
the patch; the top photograph shows healthy taro growing within the lagoon
half of the island and the bottom photograph shows the affects of brackish
water within the root zone in an area near the ocean shorelina. The
contrast between the two areas within the taro patch 1s obvious.

Ancther obvious contrast in terms of the affects of salty groundwater
1ls depicted in the two photographs of Figure 1ll. The top photograph shows
well 30 and healthy taro growing in the background, The chloride-ion
concentration in the well water at the time of sampling was 72 mg/l. This
water 18 probably representative of the groundwater beneath the healthy
plants. The water in the ditch, shown in the foreground of the bottom
photograph, contained a chloride-ion concentration of about 3000 mg/l. The
affects of the salty groundwater present beneath the wvarierty of taro
planted in this region of the patch (site 6 on Figure 3) are readily seen,
The bottom photograph also shows a thinner organic soll layer than is found
elsewhere,

The current problem with taro production is not an isclated one.
Apparently, salt-water intrusion inte the ocean-side of the taro patch
occurs during that time of the year when sea level is the highest (due to
steric effects) and when the westerly winds have beenrn established. This
time of the year 1s between October and December or January, that is,
toward the end of the wet season. The problem is occasionally compounded
with heavy rains that cause flooding within the taro patch which allows
salty water in the Intruded areas to flow lagoonward into the reglon where
healthy plants are located,.

The major factor that has contributed to the problem of salt-water
intrusion is the past practice of expanding the taro patch in an effort to
grow more food. As a result, the patch has been extended over highly
permeable sediments allowing direct access of brackish groundwater to the
border areas and the boundary has been pushed nearly to the ocean
ghoreline. The size of the taro patch has exceeded the natural system’s
ability to maintain healthy conditlons in which taro can be produced on a
sustained yield basis.

Salty water that intrudes the ocean border areas appeara to migrate
inland by way of a number of ditches within the taro patch, The result is
a larger affected area by the brackish water than otherwise would occur
without the open conduits, These ditches should be partially filled to
limit the movement of high chloride concentration water.

From the reasponses to the questionnaire, most of the people suggested
lining the taro patch with a cement or plastic barrier and then refill the
region with soil, It appears that this suggestion 1s in response to a
comment that was made during the field work. The comment was related to



Figure 10. Comparison of unaffected (top) and affected (bottom) areas within
the taro patch.



Figure 11. Comparison of areas within the taro patch underlain by fresh
(top) and brackish (bottom) groundwater.



what is currently being discussed in Yap State as a means of controlling
salt-water intrusiocn. No construction activities have yet been initiated
however,

This suggested means of salt-water intrusicon control has several
disadvantages that by far outweigh any benefits. The major drawback is
thar the fresh-water lens would not receive enough recharge (derived from
rainfall) because of the artificial barrier to infiltrating water and thus
the lens could not maintain itself. The fresh-water nucleus would soon
bacome extremely brackish. The result, of course, is that freshwater would
not be available for consumption during the later part of the dry season or
during droughts., Other disadvantages include (a) improper development of
soil due to poor drainage, (b) total loss of taro preduction during the
installation of the impermeable membrane and refilling opexation, and
finaliy (c} enormous cost of the project, especially considering the large
area of the taro patch on Kuttu.

In terms of a sclution to the problem of salt-water intrusion, there
appears to be none, The taro patch has been enlarged to a point that the
border areas along the ocean shoreline are always going to be subjected to
intruding seawater. There are, however, effective measures that can be
initiated that would (1) control the spreading of brackish water within the
taro patch and (2) increase taroc production in the vicinity of the intruded
areas. These measures are presented in the recommendations section of thisg
report.
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SUMMARY AND RECCMMENDATIONS

The following is a summary of the results and conclusions of this study.

L.

The geologic structure of Kuttu consists of three distinct, more
or less, horizontal layers. The thickness of the surface, on the
average, 1s 6.6 feet and 1s composed of sand and gravel which
grades rapidly teo cobbles and boulders as the ocean shoreline is
apprecached. Underlying the surface layer is a unit which varies
in thickness from 10 to as much as 40 feet. This unit appears to
be composed of saturated consolidated sands and gravels. The
third unit displays an Irregular surface at an average depth of
about 40 feet., The unit may be composed of well cemented
material.

Groundwater beneath Kuttu appears to occur as a fresh-water lens
with an associated mixing zone. The lens 1is situated within
layer 2 and along the lagoeon portien of the island. The maximum
thickness of the lens is probably around 10 feet as determined
from resistivity measurements.

Water quality within the freshest part of the lens is relatively
good, except for high hardness 1in general and high nitrate and
total phosphorus in some areas. The scurce of the nitrate is not
known, however, the phosphorus contamination is no doubt related
to the common practice of clothes and dish washing and bathing
near the well.

. The past practice of expanding the taro patch in order to produce

more fcod appears to be the major contributing factor to the
problem of salt-water iIntrusion. The tare patch has been
extended over what may be a highly permeable unit (layer 2} which
allows a greater mixing of fresh and salty water in the
subsurface. This brackish water intrudes the border areas of the
taro patch through the permeable unit.

The 1intruded brackish water appears to flow inland toward
unaffacted areas through the numerous ditches within the taro
patch.

Although the problem of salt-water intrusion appears to be a
permanent occurrence, there are measures that can be initiated to
control the spread of brackish water within the taro patch and to
increase the yield of taro 1in areas underlain by brackish
groundwater.

Recommendations

The following recommendations are suggested as a means of improving
the current situation on Kuttu. These recommendations are based on the
findings of this study.
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Further expansion of the taro pactch will probably lead to
increased salinity problems and therefore should be discouraged.

To inhibit the migration of brackish water from intruded areas,
any ditch in the wvicinity should be partially filled such that
only short sections (no more than 25 feet)} are left open.

Thin soil layers in intruded areas should be refilled to as thick
as possible in order to raise the taro roots above the underlying
brackish water.

A mulching machine would greatly spead up the process of soil
rebuilding by producing small-sized £ill material which would
decay quickly.

Salt tolerant varieties of tare such as cystosperma (2000-30Q0
mg/l chloride tolerant) could be planted in those areas were
higher salinity 1s expected. An altermative 1s to plant
fast-growing taro (variety known by Ponape Agricultural Station)
in areas 9geasonally affected by salt-water intrusion. This
variety could be harvested annually prior to the seasonal
occurrence of the problem,

An expert should be consulted on the effective control of land
crabs and insects that are currently damaging taro plants.

To decrease furthar cootamination of the fregsh groundwater
resource (l) washing and bathing should not be done in the
vicinity of the household well (suggested minimum distance is 30
feet from the well) and (2) utilization of chemical fertilizer
should be discouraged.

A more comprehensive water-quality study {(including fecal
coliform) should be conducted in the very near futura,

Further hydrogeoclogic study 1ia needed to define the subsurface
conditions that promote the intrusion of salty groundwater.
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Spread 1 Smoothed position of layers beneath shotpoints and geophones

] Layer 2 Layer 3
5P Position Surf Elev Depth Elev Depth Elev
(ft) (ft}

F -15.0 2.5 2.6 =0.1 66.5 -64_0
M 137.5 2.0 9.6 -7.6 59.0 =537.0
R 290,0 2.0 4.4 -2.4 53.5 -51.5
GEO2

1 0.0 2.5 3.5 -1.0 65.8 -63,3
2 25.0 2.5 5.4 ~2.9 64.8 ~-62.3
3 50.0 2.5 6.3 -3.8 61.7 -61,2
4 75.0 2,0 8.1 -6.1 62.2 -60,2
5 100,0 2.0 10.4 ~-8.4 61.1 -59.1
& 125.0 2,0 3.9 -7.9 59.7 -57.7
7 150,90 2.0 9.3 -7.3 58,2 -56.2
8 175.0 2.0 9.4 ~7.4 56.9 =-54.9
9 20C.0 2.0 8.5 -6.5 56.4 =54.4
19 225,0 2.0 8.0 -6.0 56.0 =-54.0
11 250,0 2.0 6.5 -4.5 535.0 =53.0
12 275.0 2.0 5.0 -3.0 3.9 -51.9

SP - Shot Point: F, Forward; M, Middle, R, Reverse,

2 GEQ - Geophone Spacing



Spread 2 Smoothed position of layers beneath shotpoints and geophones

1 Layer 2 Laver 3
SP Position Surf Elev Depth Elev Depth Eley
(£x) (fr)

F -15.0 2.0 3.9 -1.9% 34,2 -32.2
M 137.5 1.0 9.5 =8.5 66.4 -65.4
R 290.0 2.5 5.7  =3.,2 46,2 -43.7
GEO2

1 0.0 2.8 5.5 =2.7 33,1 -35.3
2 25.0 2.8 5.7 =-2.9 55.9 -53.1
3 50.0 2.5 7.3 ~4.8 60,9 -58.4
4 75.0 2.0 7.7 -5.7 65.1 -63.1
3 100.0 1.0 8.6 -7.8 64.2 -63.2
& 125.0 1.0 9.7 =-8.7 66.4 -65.4
7 150.0 1.0 9.2 -8.2 66.4 -65.4
8 175.0 i.0 8.5 =7.5 68.9 -67.9
9 200.0 1.0 10,2 -9.2 64,6 -63.6
10 225.0 2.0 9.0 .=-7.0 59.2 -57.2
11 250.0 2.3 7.0 =4.5 52.0 -49.5
12 275.0 2.5 6.2 =3.7 48.9 -46.4

2 GEQ - Geophone Spacing

8P - Shot Point: ¥, Forward; M, Middle; R, Reverse,
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Spread 3 Smoothed position of layers beneath shotpoints and geophones

1 Layer 2 Layer 3
5P Position Surf Elev Depth  Elevw Depth Elev
(ft) (fe)
F -15.0 2.5 5.8 ~3.3 35,0 -32.5
M 137.5 3.0 6.8 -3.8 3g.9 -35.9
R 290.0 2.8 4,1 -1.3 4.1 -1.3
GE(}2
l 0.0 2.5 5.9 -3.4 35,5 =33.¢
2 25.0 2.5 6.2 =3.7 35.% -33.4
k! 50.0 2,5 7.2 =4.7 38.5 =386.,0
& 75.0 3.0 6.9 -3.9 40,4 =37.4
5 100,0 3.0 6.8 -3.8 40,3 -37.3
6 125.0 3.0 6.7 =3.7 39.1 =36.1
7 150.0 3.0 7.0 -4.0 38,7 =35.7
8 175.0 3.0 7.3 -4.3 36.4 =33.4
9 200.0 3.0 3.1 =5.1 3l.5 -28.5
10 225.0 3.0 7.1 -4,1 26,5 -23.5
11 250.0 2.8 7.0 =-4,2 l4.1 -11.3
12 275.0 2.8 4.3 -1.5 4.3 -1.5

SP = Shot Point: F, Forward, M, Middle; R, Reverse.

2 GEO -~ Geophone Spacing



Spread 4 Smoothed position of layers beneath shotpoints and geophones

1 Layer 2 Laver 3
5P Position Surf Elev Depth  Elev Depth  Elev
(fe) (fr)
F -15.0 4.0 7.2 -3.2 12,4 -8.4
M 137.5 3.5 5.8 -2.3 24.4 -20.9
R 290.0 2.5 5.5 ~3.0 24,7 =22.2
GEO2
l 0.0 4.0 7.1 -3.1 13.7 -9.7
2 25.0 4.0 7.3 -3.3 15.8 -11.8
3 50.0 4,0 7.0 -3.0 16,7 =12.7
4 75,0 4,0 6,2 =-2.2 18.7 =14,7
5 100.0 4,0 6.7 -2.7 22,0 -18.0
) 125,0 3.5 5.8 =-2.13 24,6 -21.1
7 150.0 3.5 5.8 -2.3 24,2  =20.7
8 175.0 3.5 6.2 =-2,7 25.5 =22,0
9 200,0 3.0 5.1 -2.1 29.5 -26.5
10 225.0 3.0 =5.6 ~2.6 28.% =25,9
11 250.0 2.5 5.3 -2.8 23,7 -21.1
12 275.0 2.5 5.4 =2.9 26,6 =22,1

L SP - Shot Point: F, Forward; M, Middle: R, Reversge.

2 GEQ - Geophone Spacing
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Spread 5 Swoothed position of layers beneath shotpoints and geophones

1 Layer 2 Layer 3
sP Positicn Surf Elev Depth  Elev Depth Elev
(fr) (fr)

F -15,0 4.0 6.7 -2.7 95.7 =91.7
M 137.5 3.0 7.3 -4.13 62.8 -59.8
R 290.0 3.0 8.3 -5.1 24,9 =21.9
GEO2

1 0.0 4.0 6.7 -2.7 92.7 -88.7
2 25.0 4.0 7.5 -3.5 86,5 -82.5
k] 50.0 i.s 6.6 -3.1 79.7 =76.2
4 75.0 3.5 6.0 =2.5 73.4 -69.9
5 160.0 3.0 5.9 -2.9 72.4  =69.4
6 125.0 3.0 6.6 =3,6 66.2 =63.2
7 150.0 3.0 7.9 -4,9 39.4 =56.4
3 175.0 3.0 8.2 =5.2 53.7 =50,7
9 200.0 3.0 6.0 -3.0 41,7 =38.7
10 225.0 3.0 8.8 -5.8 _ 32.7  =29.7
11 250.0 3.0 8.1 =5.1 27.1  =24.1
12 275.0 3.0 3.3 =-5.3 29.0  -26.0

SPF - Shot Point: ¥, Forward; M, Middle; K, Reverse,

2 GED - Geophone Spacing



Spread & Smoothed position of layers beneath shotpoints and gecphones

1 Layer 2 Laver 3
SP Position Surf Elev Depth  Elev Depth Elev
(fr) (ftr)

F -15.0 4.0 5.5 -1,5 38.4 34.4
M 137.5 3.0 6.2 =3.2 34,6  =31.6
R 2%0.0 3.0 7.9 -4.,9 7.9 -4.9
GEG2

l 0.0 4.0 5.7 -1.7 38.3 -34.3
2 25.0 4.0 5.9 -1.9 37.3  =33.3
3 50.0 4.0 7.3 -3.3 36,3 -32.3
4 15.0 4.0 8.7 =4,7 35.4 -3l.4
5 100.0 4.0 7.7 =3.7 36,1 =32.1
b 125.0 4.0 7.2 -3.2 37.3  -33.3
7 150.0 4.0 7.1 =-3.1 33.9 =29.9
8 175.0 4.0 6.9 -2.9 30.3  =25,3
9 200.0 4.0 8.5 ~4.5 26.5 =22.5
10 225.0 4,0 B.4 -4.4 18.6 -~1l&4.6
11 25C.0 4.0 7.7 =3.7 10.9 -6,9
12 275.0 4.0 8.7 ~4.7 9.3 -5.3

SP - Shot Point: F, Forward; M, Middle, R, Reverse.

2 GECG - Geophone Spacing
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Spread 7 Smoothed position of layers beneath shotpoints and geophones

1 Layer 2 Layer 3
SP Position Surf Elev Depth  Elev Depth  Elev
(ft) (fr)

F =-15.40 4.0 6.5 -2.2 109.8 -105.8
M 137.0 3.5 6.9 =-3.4 52,9 -49.4
R 290.0 4.0 8.0 =-4.0 37.9 -33.¢
GEO2

1 0.0 4.0 6.6 ~2.6 104,868 -100.6
2 25.0 4.0 7.9 -3.9 96.8 -92.8
3 30.0 4,0 7.9 -3.9 88.9 -B4.9
&4 75.0 4,0 7.8 -3.8 Bl.1 -77.1
5 100.0 3.8 7.3 -3.5 73.0  =69.1
6 125.0 3.5 7.0 -3.5 39.5  -56.0
7 150.0 3.5 6.9 ~3.4 46,4 =42.9
8 175.0 3.5 7.3 -3.8 27.9  =24.%
9 200.0 4.0 7.9 -3.9 34,4 -30.4
10 225.0 4,0 8.1 -4.1 37.3 =33.3
11 250.0 4.0 7.9 -3.9 j8.5 =34.5
12 275.0 4.0 8.0 -4.0 38.1 =34.1

SP = Shot Point: F, Forward; M, Middle, R, Raverse.

2 GEQ - Geophone Spacing



Spread 8 Smoothed position of layers beneath shotpoints and geophones

] Layer 2 Layer 3
5P Position Surf Elev Depth  Elev Depth  Elev
(£t) (f2)
F -13.0 3.5 4.3 -0.8 40.3  -36.8
M 137.3 3.8 6.2 -2.4 il.9 -28.1
R 290.0 4.0 6.6 -2.6 40,9 -36.9
GEO
i 0.0 3.5 4.4 -0.9 39.5 =36.0
2 25.0 3.5 6.4 =-2.9 38.5 -35.0
3 50.0 3.5 7.1 -3.6 37.5 -34.0
A 75.0 3.5 7.3 -3.8 36,1 =32.8
5 100,0 3.8 6.3 -2.5 35.0 -=31.2
6 125.0 3.8 6.4 -2,6 32,6 =28.8
7 150.0 3.8 6.0 -2.2 31,1 -27.3
8 175.0 3.8 5.5 -1.7 34.4  =30.,86
9 200.0 3.8 5.4 -1.6 37,1 =33.3
10 225.0 4.0 - 6.9 -2.9 39.0  -35.0
11 250,0 4.0 6.4 -2.4% 39.5 =35.5
12 275.0 4,0 6.5 -2.5 39.9 -35.9

5P = Shot Point: F, Forward, M, Middle: R, Reverse,

2 GEO - Geophone Spacing
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Spread 9 Smoothed position of layers beneath shotpoints and geophoenes

3 Layer 2
SP Pesicion Surf Elev Depth Elev
(ft})

F -15.0 3.0 6.8 -3.8
M 137.5 3.0 6.9 -3,6
R 290.0 3.0 6.3 =3.3
GEO2

1 0.0 .0 6.8 -31.8
2 25.9 3.0 7.2 ~4,2
3 50.0 3.0 7.7 -4,7
& 75.0 3.0 7.6 ~-4.6
5 l00.¢ 3.0 7.1 -4,1
6 125.0 3.0 7.0 -4.,0
7 150.0 3.0 6.8 ~3.8
8 175.0 3.0 7.1 -4,1
9 200.0 3.0 6.9 -3.9
10 225.0 3.0 7.4 -4, 4
il 250.0 3.0 7.1 -4,]
i2 275.0 3.0 6.4 -3.4

! 5P - Shot Point: F, Forward; M, Middle: R, Reverse.

2 GEQ - Geophone Spacing



Spread 10 Smoothed position of layers beneath shotpoints and geophones

L Laver 2
5P Position Surf Elev Depth Elev
(ft)
F -15.0 3.0 8.8 -5.8
M 137.5 3.0 3.1 =5.1
R 290.40 3.0 6.1 =3.1
GE02
| 0.0 3.0 8.7 =5,7
2 25,0 3.0 8.6 =5.86
3 30.0 3.0 8.5 =5.5
& 75.0 3.0 8.7 -5.7
5 10c.0 3.0 8.2 =5.2
) 125,0 3.0 8.2 -5.2
7 150.0 3.0 8.1 -5.1
8 175.0 3.0 3.1 =5,1
9 200.0 3.0 7.2 -4.2
10 225.0 3.0 6.6 =3.6
11 250,0 3.6 6.7 -3.7
12 275.0 3.0 6.3 -3.3

SP - Shot Point: F, Forward; M, Middle; R, Reverse.

2 GEO - Geophone Spacing
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APPENDIX B

FIELD VERTICAL ELECTRICAL SOUNDING CURVES
AND
COMPUTER-GENERATED RESULTS



49

I |
Crirl

U
O
i
{

|
|

—
O
1

|
LR

| ]

APPARENT RESISTIVITY

[V ]
[ |

L
|

i
1

| T rrnrl ! | T 1T Tl

STATION K-1

[

]

L1l

1

1_-

11|11}

1

)

]

7890 20 0 40 %0 70 100
AB/ 2 (ft) '

CURRENT ELECTRODE SPACING (feet)

!
3 4 5

200



50

SO0C1+

U R B A B | ¢ T 1 T 1T

1 1l

S

3

£

L1004 -

o I :

- —— —

- 504 -

> 1 -

'——

'-i) -T- —

o —f— —

f—

=

L

10 STATION K-2 7

< T . -

& —

a ——

(I — -
e -

ey
3 4 5 78920 20 N 40 %0 70 100 200
AB/ 2 (ft)

CURRENT ELECTRODE SPACING (feet)



51

( ohm-ft.)
8

[ |

un
T

|
|

APPARENT RESISTIVITY

LR

B

P rrrmn i T 1T 1Tl

STATION K-3

] | | | 1 I 11l
T T LI B B 2

L1111

i1 1111

l

L1 1 1il

T T ¥

i
T
LY 20 30 40 50 70 100

AB/ 2 (ft
CURRENT ELECTRODE SPACING (feet)

111
T
3 4 5678

(7]



52

LINLILBL

el

Frrrrg

|

mrerr T3 |

—
—p—

TrTrrri

STATION K-

|
I

|
20 30 40 %
ABT 2 (ft)
CURRENT ELECTRODE SPACING (feet)

|

L 1]]

3 4 5678%0

|

1
Q
o

(" u-wlo)

ALIAILSIS3Y

| |
111
o n

L NIYVAIY

HENEE

200

100

70



L]

53

S00-—r

-
o
¢

]

( ohm-ft.)
Ll 1

LB

(§)]
(s
|

10

l
BIREA

1

APPARENT RESISTIVITY

»
I
I

r- 1T ri1t1tihi | T T T 1T

STATION K-5

|

ol b1l

1

L1 Etr)

)
1
2

- o mam o

5 67890 20 30 40 50 70 100
AB/ 2 (ft)

CURRENT ELECTRODE SPACING (feet)

|
T
3

§ N

200



500

( ohm-ft.)

APPARENT RESISTIVITY

N

Q
0
1

[
F' T T 1T

W
Q
]

-
L]
L

i1
R

54

] i
LR

i
|

1

I P T 1 | L ERERA

STATION K-6

1 11}

| I

L L1 1t1

i

1

WNEE Y
7 8910 20 30 40 % 70 100
AB/ 2 (ft)

CURRENT ELECTRODE SPACING (feet)

! |
LI 1 1 ¥
2 3 4 5

n

200



-ft.)

o

bl l.l}
I V1 rrg

APPARENT RESISTIVITY

[+ ]

(ohm
X

55

l
I

|
I

l
4

i T 1T TTT] | v 1T T T1T7]I

A

STATION K-7

[ | S I S I
1T F T 17 1 L L L . L . L

]
L

L1111

L1111l

1

1 1111

|

3 4 S 678%0 20 30 40 50 70 100

AB/ 2 (ft)
CURRENT ELECTRODE SPACING (feet)

200



56

THICENESS

3.16
4,64
6.81
9.99
14,67
21.54
31.62
46,41
68.12
99.99

STATION R-1

DEPTH

VES

66.59
62.10
54.75
44.63
32,20
19.97
11,43

7.36

5.94

5.43

RESISTIVITY



THICKNESS

&

3.16
4.64
6.81
2.99
14,67
21.54
3l.62
46,41
68.12
99.99

STATION K-2

DEPTH

4.0
4.0
22.0

VES

6l.
63,
66
70
7l.
61
42,
22,

21
37

.97
.89

1c

.98

92
49

.95
.83

57

RESISTIVITY

6
10
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STATION K-3
THICKNESS DEPTH RESISTIVTY
1.0 3.0 450.0
8.0 11.0 150.0
12.0 23.0 20.0
_— — 4.5
/2 VES
3.16 406.92
4,64 352.75
6.81 274,53
9.99 194.76
14,67 127. 66
21.54 73.35
31.62 34.15
46,41 13,41
68.12 6.53

99.99 5.29



THICKNESS

&

.18
4.64
6.81
9.99
l4.67
21,54
31.62
46.41
68,12
99,99

STATION K-4

DEPTE

2.0
14.0
22.0

VES

57.71
69,65
83.99
97.33
105,35
101,97
83.17
54,98
3i.20
19,38

RESISTIVITY

45,0
150,0
40.0
5.0
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STATION R-5
THICKNESS DEPTH RESISTIVITY
5.0 5.0 350.0
8.0 13.0 150.0
12.0 23.0 20.0
-_— ——— 5.0
AB/2 VES
3.16 532.59
4.64 504,85
6.81 442,09
9.99 338.57
l4.67 218.02
21.54 114,99
31.62 48.79
46.41 17.73
68.12 7.8%

99,99 5.93



THICKNESS

b3 ON B
. e

QW

&

4,64
6.81
9,99
14,67
21.54
il.62
46.41
68.12
99.99

STATION K-6

DEPTH

4.5
10.5
22.5

VES

525.17
486,34
405,06
2B84.18
160,20
71.81
27.88
12.47
8.16
6.84

RESISTIVITY

550.0
125.0
20.90
6.0

6l
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STATION E-7
THICKNESS DEPTH RESISTIVITY
3.0 3.0 300.0
5.0 8.0 100.90
10.0 18.0 175.0
10.0 28.0 10.0
— — 3.0
AB/2 VES
.16 272.11
4.64 238,52
6.81 191.84
9.99 151,26
l4.67 128,67
21.54 112.48
31.62 84,70
46.41 47,23
68.12 L7.94

99.99 _ 5.53
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KUTTU QUESTIONNAIRE

A) DESCRIPTICN OF TARC PROBLEM:

1, Has your family had any problems with their taro patch?

No ¥
Yes 31
a) salt water intrusion 31
b) rotten taro roots 1
c) crabs eating taro 2
d) drought 3
e) high tide in winter and spring time 17

2. How many times have you had this problem with the taro patch, as
far back as you can remember? {(Cive number of times).

a) twice i
b} almost every year 26
e} after typhoon Pamela (1976) 5
d) since 1981 1

What season?

a) winter . 31
b)  spring ’ 31
¢} during the west wind period 1

B) INFORMATION ABOUT TARQ PATCH:
3. Does your family own the plot they work in?

no 1
yes 3¢

Who 1s respomnsible for working in the taro patch?

a) wmyself 30
b) wife and ayself 1
c) in=-laws L

4, Who takes care of the taro patch if the one responsible for it is
not there?

a) brother 8
b) aiatey 3
c) mother/father 4
d) in-laws 10
ey wife 7
£) aunt/niece 8
g} neone 3



C)

Are there tare patches near you that are no longer being used?

no 29
yes 2

When were they last used?

a) after typhoon Pamela {1976) 2
Why did people stop using them?

a) rotten taro rcots 2

What is the weather like when thevre is no tare problems?
{Please describe)

a) weather does not matter 30
b} good with low tide 1

What is the weather like when there is a taro problem?
(Please describe)

a) rough weather with westerly wind {(oceanside},
big waves and high cide 31

What is the ocean like whem there is no taro problem?
(Please describe)

a) calm and during summer 1
Bb) calm and low tide ' 2
c) calm (no big waves) 28
What is the ocean like when there is a taro problem?
(Please describe)

a) rough and big waves 11
b) rough, blg waves, and high tides 20
Please list the foods that are usually eaten by you and your
family?

a) USDA 1
b) Bananas 30
¢) Breadfruit 31
d) Taro a0
e) Rice 30
£) Coconut ; 3

What 3 or 4 foods do you eat most often now?

a) Rice, limited taro, breadfruit 31

65



D)

66

10.

11.

12.

13.

How well are other foods growing on the ialand
{like breadfruit, yams, papaya)?

Grows good

a) bananas 31
b) papaya 30
c) breadfruit 11
d) Sugar cane L

Doeg not grow

a)

yams i1

When Kuttu had problems with taro patches before, what
was done to correct the problem? (Pleage give details)

a)

bullt a seawall (when funding was provided) 3l

What was most helpful?

a) the seawall was a little bit helpful in stopping
overwashing waves (seawall did not stop high tide) 30
b) the seawall was not helpful to the problem 1
What do you believe causes the problem with the taro
patches?
a) salt water coming up through the ground 24
b) intrusion from rocky areas {along seaward side) 2
e) the coconut crab (making holes) 1
d} wash-in over the land by high tide (which causes
saltwater intrusion) 18

Do you think the problem can be solved?

vesa 31
Why? (No responses)
What do you feel could be dome to help correct this
problem?
a) extend or make concrete wall deeper inte ground

(if funding is provided) 26

b)

dig patch deeper and place concrete and/or plastic
sheet (then refill seil) a0



14,

15,

16.

17,

18,

Is there anything alse you would like to tell me about
the problem the island is having with the tarc patches?

a) coconut crabs {(increased after Pamela, 1976}
b) bad insects
c) drought

Position within family of interviewee

a) head of family
b) on behalf of family
c¢)  unknown

Sex of interviewee

a) male
b) unknown

Approximate age of interviewee

a) young adult (18-29)
b} middle adult {(30-49)
a) older adult (50 and above)

Does house have!

a) Tooftop catchment system
b) water well

30
1
1

L1
L4

29
17





