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INTRODUCTION

Truk Atoll, in the Eastern Caroline Islands, is comprised of 19
high volcanic islands and numerous small coral islands scattered over
a large lagoon. A study of the quality of well water was conducted on
Moen Island located in the eastern part of Truk lagoon. Moen, the
second largest of the volcanic islands, is roughly triangular in shape
and 11.7 square kilometers (km?) in area (Fig. 1). The island is
characterized by steep stream-dissected slopes and mountain peaks up
to 370 m in elevation (Mount Teroken). The volcanic rocks are basalt,
andesite and velcanic breccia (Davis, 1977). Low coastal terraces of
variable width border the steep volcanic slopes. These terraces are
composed of eroded alluvial deposits, calcareous beach and lagoon
material and freshwater marsh deposits (Davis, 1977} (Fig. 1). Most
of the commercial and residential development is associated with the
coastal terraces., Lagoon fringing reefs border the shorelines at most
places around the istand with the most extensive development along the
northern shorelines.

Moen's groundwater resources are found in deeply weathered zones
in the volcanic rock (Valenciano and Takasaki, 1959). The primary area
of groundwater development has been in the saddle between Tanaachau and
Mount Teroken (Nepukos, Iras and Mechitiu villages)}. Twenty-two
production wells have been constructed with 14 currently in service.
Wells typically pump at rates ranging from 40-314 liters/minute (2pm).
The chloride concentrations of the pumped water at the time of initial
testing was generally low, ranging from 14 to 120 mg/t. Subsequent
pumping does not appear to have noticeably increased these chloride
concentrations (Austin, Tsutsumi and Associates, Inc., 1980).

The quality of the groundwater resource in terms of chemical,
physical and bacteriological constituents has not been extensively
investigated. Valenciano and Takasaki (1959) recorded low levels of
hardness, chloride and total dissolved residue in surface waters. The
University of Hawaii in 1977 sampled five points in the distribution
system for pH, temperature, turbidity, specific conductance, chlorides,
nitrate-nitrogen, color, fluoride, hardness and total coliform bacteria
(Austin, Tsutsumi and Associates, Inc., 1980). The Moen Department of
Environmental Health has conducted periodic total bacteria, chloride
and hardness analyses of pumped well water. A review of the available
information dealing with the physical and chemical characteristics of
the production wells is presented in a water resources development plan
by Austin, Tsutsumi and Associates, Inc, (1980}.

The development of a groundwater resource can be better achieved
if the basic water quality of the resource is known. A study by the
Water Resources Research Center {UOG) was begun in May 1979 to ascertain
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the basic water quality of selected production wells connected to the
distribution system. Six production wells were monitored on a monthly
basis for a period of one year. Basic physical, chemical and bacterio-
logical water quality parameters were measured for the pumped well
water.

METHODS

Well Selection Criteria

All of the wells used in the study were connected to the distribu-
tion system. The selected wells ranged in test performance, relative
to the local hydrological conditions, from poor to good with pumping
rates varying between 95 to 303 4pm. Elevations of well bottoms ranged
from 13 to 25 m below sea level. Wells 1, 5, 7, 9, 10, and 13 were
selected for study (Fig. 1). Well 5 went off line after one month of
analyses and was replaced by Well 15 (located below the girls' dormi-
tory, Truk High School). Well 9 was selected primarily because it was
showing signs of incrustation and corrosion. The well had a long his-
tory of severe corrosion problems (Mr. D. G. English, personal communi-
cation). See Table 1 for the physical characteristics of the monitored
wells,

Physical and Chemical Analyses

The monthly water quality parameters measured were nitrate-nitrogen,
nitrite-nitrogen, reactive phosphorus, chlorides, alkalinity, pH,
turbidity (NTU), conductance, temperature, total residue, total non-
filtrable residue, total soluble residue and carbon dioxide. Additional
parameters analyzed on a less regular basis were total Kjeldahl nitrogen,
total phosphorus, sulfate, and total and fecal coliform bacteria.
Ammonia-nitrogen and reactive silicate were measured only one time.

The physical, chemical and bacteriological parameters were analyzed
in accordance with Standard Methods for the Examination of Water and
Wastewater (1975). Techniques presented in A Practical Handbook for
Seawater Analysis (Strickland and Parson, 1971) were used to determine
orthophosphate phoshorus, nitrate-nitrite nitrogen and reactive silicate.
The indophenol technique (Solorzano, 1969) was used to determine ammonia
nitrogen. Table 2 presents the methods of analysis used for each para-
meter.

Water samples were collected at the well head after a minimum one
minute flushing period. The temperature of the running water was deter-
mined by mercury thermometer (20-50°C) and specific conductance by
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variable, for all the wells, except Well 9. The mean TNFR level in Well
9 was 70.2 mg/k with the remaining wells ranging from 4.7 to 29.0 mg/%.
The TNFR parti¢les in Well 15 water were generally a fine white chalk-
like material, presumed to be a calcium carbonate. The TNFR particles
in Wells 7 and 9 were uswally a fine brown to red particulate material.

Specific ¢onductance of the well water ranged from 195 (Well 1) to
1400 umhos/cm £W011 9) (Figs. 4-9). Specific conductance readings
taken at 1 to 5 minute intervals at the well heads usually were steady
values for alliwells except 9. Well 9 conductance values continually
fluctuated. A a result, a median value at the 1 minute interval was
used as the recorded value. The following set of timed conductance
readings were btalned for Well 9 in July 1979: 0 minutes, 1480 umhos/
cm; 1 mlnute I860 umhos/cm; 3 minutes, 960 ymhos/cm; 4 minutes, 1080
umhos/cm; minutes, 1100 umhos/cm. All of the wells had a peak
conductance period in January 1980 (Figures 4-9)}. The wells had an
additional peak conductance period occurring in the time interval between
July to October, 1979.

water pH ranged form 6.21 to 6.54 (Fig. 10). Reduced pH
d in October 1979 and February to March 1980, Peak pH

d in July to September 1979 and November 1979 to .January
ad the widest range of pH values, 5.80 to 7.30. Well 13
recorded pH value at 5.65.

Mean well
periods occurr
periods occurr
1980. Well 9
had the lowest

%ﬁ—&—'—ﬁ'ﬁ'—“}—i—‘—

rature values ranged from 27.5 (Well 1) to 28.0°C (Well
alue (+50°C) for Well 7 was a result of pump malfunction
as not used in the mean calculation.

Mean temp
9). The high
and therefore

T4

Mean chloride levels ranges from 12.4 {Well 1) to 260 mg/f (Well
9). Chloride levels in Well 9 show a large increase beginning in
January 1980 (Fig. 11). A chloride concentration of 604 mg/% was
measured in May 1980. This value is in violation of the territorial
safe drinking water standard (Territorial Register, 1978) which is
400 mg/2. There is also a possible positive increase in chloride levels
occurring in Wells 1 and 1C¢ from February to May 1980. Wells 7, 13 and
15 fluctuated with variable peak periods.

The total|alkalinity (expressed as CaC03) was always in the form
of bicarbonate|alkalinity (HCO3"). The mean total alkalinity ranged
from 116 (Well|l) to 230 mg/t (Well 7) (Figs. 4-9). Well 9 had a peak
total alkalinity (407 mg/%) in December 1979 (Fig. 6)}. The remaining
wells had peak|alkalinities in October 1979. Alkalinity values in all
the wells showed decreases beginning in January 1980 and remained low
through May 1980.

Free carbon dioxide (CO,) was generally high in the well water
with mean valueés ranging from 71 (Well 10) to 145 mg/f (Well 7). Two
periods of eleyated CO, levels were recorded for all the wells, October
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1979 and March 1980 (Fig. 12). CO, levels in October ranged from 160
(Well 10) to 550 mg/2 (Well 7). The high CO, content in water pumped
during the October peak from Wells 7, 9, and 15 caused the sampled water
to effervesce. The March 1980 peak period had lower values ranging from
120 (Well 10) to 240 mg/¢ (Well 13)}. The CO, value for the March 1980
peak period of Well 15 water was not obtained.

The principle form of nitrogen in the well water was nitrate-
nitrogen. Nitrite-nitrogen levels were generally below detectable
limits. Mean nitrite-nitrate ritrogen values ranged from 0.35 (Well 10)
to 2.51 mg/¢ (Well 1) (Figs. 4-9). The mean value of Well 1 was high
due to a 17.5 mg/2 nitrate-nitrogen concentration measured in June 1979,
Attributing the 17.5 mg/% value to sample contamination and disregarding
it, the mean nitrite-nitrate nitrogen value of Well 1 would become
1.01+.50 mg/%. The ammonia-nitrogen concentration of the well water was
sampled in May 1980 and was found to be negligible. Mean total kjeldahl
nitrogen {TKN = organic nitrogen + ammonia nitrogen} ranged from 0.16
(Well 13) to 0.38 mg/t (Well 1), excluding Well 15 which had only two
measurements, 0.07 and 0.79 mg/2. The TKN values of all the well waters
were variable with large concentration deviations between sampling
periods. Total nitrogen (TKN + nitrite-nitrate nitrogen) concentrations
of the well waters were approximately 1 mg/%.

Mean phosphorus levels ranged from 0.07 (Wells 10 and 15) to 0.13
mg/¢ (Well 1}. The phosphorus was primarily in the form of orthophos-
phate-phosphorus with the organic phosphorus (Total minus orthophosphate
phosphorus) generally negligible. Mean orthophosphate values ranged
from 0,05 (Well 10) to 0.12 mg/t (Well 1) (Figs. 4-9).

Sulfate and reactive silicate concentrations were low in all of the
well waters. The highest sulfate values were in Well 9 water with values
ranging from <1.0 (Well 1) to 6.7 mg/2 (Well 15). Reactive silicate
levels in the well waters ranged from 8.6 (Well 15) to 11.8 mg/% (Well
16).

Total and fecal coliform bacteria contamination was present in all
of the well waters as evidenced by the arithmetic and geometric means
(Table 5). Total coliform arithmetic means ranged from 3 (Well 10) to
1003 colonies/100 m¢ (Well 9) with the geometric means ranging from 3
(Well 10) to 11 colonies/100 mg (Well 9). Fecal coliform arithmetic
means ranged from 1 (Wells 10 and 13) to 50 colonies/100 m& (Well 15)
with the geometric means ranging from 1 (Wells 10 and 13) to 8 colonies/
100 me (Well 15). The occurrence of fecal coliforms in the well water
was in violation of the territorial safe drinking water standards
(Territorial Register, 1978). The presence of fecal coliforms in the
well waters indicated contamination of the well waters with surface
water. The contaminated water entered the wells either by seepage
around the well casing or through back-flow from the distribution system.
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ALthough total bacteria was not quantified, it was believed to have
been present in moderate to heavy levels in most of the well waters
during the bhacteriological sampling periods. This was indicated by the
presence of many non-coliform colonies in the cultured samples.

DISCUSSION

Groundwater pollution is defined as an impairment of water quality
by chemicals, heat or bacteria to a degree that does not necessarily
create a public health hazard, but does affect such waters for normal
usc. Contamination implics an impairment of water quality by chemicals
or bacteria to a degree that creates a public health hazard (Campbell
and Tehr, 1973).

Total and fecal coliform bacteria are used as indicators of the
possible presence of disease-producing organisms of human or animal
origin. The frequent presence of total coliform and turbidities in
cxcess of 1 NTU in well water at Wells 7, 9, 13 and 15 constitutes
localized pollution of the groundwater resource. The occurrence of
fecal coliform bacteria implies groundwater contamination.

Bacteriological contamination of the production wells with coliform
and non-coliform bacteria poses not only a potential health hazard but
can cause extensive corrosion and incrustation of well structures.
Sulfate-reducing bacteria as indicated by rusty colored water and the
slight odor of hydrogen-sulfide (rotten ecgg smell} was suspected of
growing in the well waters, particularly Well 9. These anaerobic (do
not use free oxygen) bacteria utilize sulfate as their primary food
source. A major source of corrosion in Well 9, which had the highest
sulfate levels, was possibly due to sulfate-reducing bacteria.

Disinfection of the water in the well with chlorinated water is
required to control the bacteriological contamination. Generally chlor-
ine solutions of 50 to 200 mg/% are sufficient to sterilize the bacteria
component in the well water. Sulfate-reducing bacteria may require 400
mg/% chlorine concentration and six hours contact time (Campbell and
Lehr, 1973). Additionally, highly turbid groundwater can reduce the
effectiveness of normal chlorination, requiring larger doses of chlorine
to ensure disinfection of the well. See Appendix A for general disinfec-
tion procedures.

Chemical and physical characteristics of the well water can cause
corrosion and incrustation in production wells. According to Campbell
and Lehr {1973) the following chemical and physical conditions can be
considered as indicators of corrosive groundwater:



30

pH below 7.0

presence of dissolved oxygen

hydrogen-sulfide

total filtrable residue (TFR) in excess of
1000 mg/%

carbon dioxide in excess of 50 mg/%

chloride in excess of 300 mg/2

increased or abnormally high temperatures

The monitoring wells all had pH values below 7.0 and frequent carbon
dioxide levels in excess of 50 mg/&. Well 9 had 4 chloride values in
excess of 300 mg/? and 1 TFR value in excess of 1000 mg/%. The ground-
water temperatures were slightly higher than surface spring water and
catchment/storage water (Table 3). The mean water temperatures were
consistent between the wells and were not considered abnormally high.
The well waters were not analyzed for dissolved oxygen or hydrogen-
sulfide.

The high levels of free carbon dioxide periodically measured in the
well waters were possibly related to short periods of intense rainfall
(Fig. 2). Since the time lag for surface or rain water to percolate into
the aquifer was not known, it was difficult to assess the relationship
between CO, levels and 24-hour rainfall. Tropical rain forests produce
large quantities of CO, with a considerable part released directly to
the atmosphere (Hem, 1970). A portion of this CO, is dissolved in the
water as HpCO3 (carbonic acid) and retained in the soil layer (Freeze
and Cherry, 1979). During periods of intense rainfall the soil-water
with the accumulated dissolved constituents is flushed into the aquifer
zone. Peak (0, levels should occur when there has been a period of low
rainfall followed by heavy 24-hour rainfall. Peak COp periods result
in elevated carbonic acid concentrations in the well waters which can
cause incrustation (Campbell and Lehr, 1973).

Incrustation as defined by Campbell and Lehr (1973) is a clogging,
cementation or stoppage of a well screen and/or water-bearing formation.
It is caused by precipitation of materials, deposition of silt to clay
sized particles and bacteria or slime forming organisms. Bacterial
contamination and silt deposition are potentially the major factors
causing incrustation in the monitored wells. Groundwater in weathered
basalt formations may have higher levels of turbidity, particularly
after rainy periods (Bouwer, 1978). The high mean levels of TNFR, silt
and residue resulting from corrosion, in the well waters {Table 3} can
potentially clog the well screens. Periods of increased turbidity
coincided with the highest TNFR levels. Incrustation from bacterial
contamination can be eliminated by routine disinfection of the well
water.

The dissolved nitrogen and phosphorus concentrations in the well
waters were low. Discounting the high (17.5 mg/%) nitrite-nitrate
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measurement in Well 1, the dissolved nutrients did not present a health
hazard. Dissolved nutrients do not effect the structural components of
the wells. The chloride levels in the wells were low except for Well 9.
An increase in chloride concentration of 600 mg/% occurred in Well 9 over
a 4 month period {Fig. 11). Continued monitoring of this well would be
required to ascertain if the measured increases in chloride levels were a
seasonal or long term trend,

Wells 7, 9, 13 and 15 were surged in February and Well 1 in March
1980. Wells 7 and 15 had pumps replaced. Well 10 was not surged. The
variation in physical and chemical water quality parameters of Well 10
showed a similar pattern as the surged wells. The well water parameter
trends in the surged wells for the April and May sampling periods could
have been seasonal changes. There was no obvious basis for distinguishing
an improvement in water quality as strictly a result of surging. Except
for turbidity, surging does not appear to have greatly improved well water
quality. There was an apparent improvement in turbidity levels in Wells
7, 9 and 15 after the surging process (Fig. 3).

Bacterial contamination was found in the well water from Wells 7,
10 and 13 in the April sampling period. No total or fecal coliform
bacteria were detected in water from Wells 1, 9 and 15. However, these
samples did contain noncoliform bacteria. Wells 7 and 13 had both total
and fecal coliform contamination. Well 10 had only total coliform contam-
ination. The presence of coliform bacteria in the surged wells during
the May sampling period indicated that the wells were not properly disin-
fected or contaminated surface water had entered the wells subsequent to
surging.

All wells had coliform bacteria contamination in the May sampling
period. Well 10 had only total coliform centamination. All surged wells
had fecal coliform contamination with the highest count in Well 15 (180
colonies/100 m2) (Table 11). Well 15 water had more fecal than total
coliform bacteria which indicated sewage contamination from human or
animal sources.

RECOMMENDATIONS

Bacterial contamination is the majgr p}oblem associated with the
production wells. Disinfection of the groundwater in the wells 1s cssen-
tial to climinate a potential health hazard and bacterial corrosion of
well structures. Contaminated water is entering the production wells
through seepage around the casing seal or from pipcline back-flow. A
bacteriological study should be established to determine the contamination
sources. Total bacteria and total and fecal coliform bacteria levels
should be monitored for a minimum period of five days in all the production
wells and in the pipeline leading from the wells to the storage tanks.
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This would establish the bacterial level of the wells and identify the
sources of contamination in the wells. The detection of any fecal coli-
form would require disinfection of the contaminated well. A total coli-
form level of 4 colonies/100 m& in more than one sample indicates a
contaminated well that requires disinfection. Wells that have excessively
high total bacteria levels with observable turbidity levels (>1 NTU)
should be disinfected. After disinfection of a well, total coliform
bacteria should be monitored for a period of 5 days. The presence of
total coliform in excess of the standards (Territorial Register, 1978)
would require disinfection of the well with either a stronger chloride
dose or a longer contact period., The total coliform bacteria and tur-
bidity levels in the production wells should be routinely monitored as
designated inthe territorial safe drinking water standards (Territorial
Register, 1978).

The chloride concentration in Well 9 should be monitored on a weekly
basis to determine the chloride trend. 1In the case that the chloride
level in Well 9 continues to climb, it is recommended that the well be
shut off for at least a one month recovery period. This would presumably
help reduce the seawater intrusion.

In addition to the required monthly well water monitoring, water
wells should be analyzed once a year for a wide range of bacteriological,
chemical and physical water quality parameters. Total bacteria and total
and fecal coliform bacteria should be determined with the membrane filter
technique. Microscopic examinations of the well water should be made for
the presence of iron and sulfate-reducing bacteria. Chemical parameters
should include chloride, total alkalinity, total hardness, calcium hard-
ness, free C0,, hydrogen sulfide, dissolved oxygen, total and orthophos-
phate phosphorus, total nitrogen (TKN + nitrite-nitrate nitrogen), and
ammonia nitrogen. The physical parameters should include turbidity,
temperature, pH, specific conductance and total filtrable residue,

Background heavy metal levels should be determined for all the
production wells. Metal analyses should include arsenic, barium,
chromium, lead, mercury, silver and iron.
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APPENDIX A

WELL DISINFECTION PROCEDURE

The disinfection procedure, chlorine dosages and contact times are
adapted from Campbell and Lehr (1973} and EPA Office of Water Supply
{1977).

Chlorine disinfection effeciency is dependent on pH, temperature,
initial chlorine concentration, bacterial type and number and contact
time. Organic and particulate matter can reduce the chlorine to less
efficient combined chlorine compounds. Generally, an initial chlorine
concentration of approximately 50 mg/f will most likely inactivate any
known disease-producing organisms. Sulfate-reducing, iron and non-coli-
form bacteria, usually not a health hazard, may require up to 400 mg/%
chlorine dose with at least 6 hours of contact time.

A chlorine disinfection solution is made with either calcium hypo-
chlorite of sodium hypochlorite., Sodium hypochlorite should be used
when concentrations greater than 300 mg/f are required. Calcium hypo-
chlorite is a dry powder containing approximately 70 percent "available"
chlorine by weight, Sodium hypochlorite, as laundry bleach, generally
contains 12 to 15 percent by weight of available chlorine. The chlorine
solution is made by dissolving calcium or sodium hypochlorite in two to
three gallons of water,

Table A-1 presents the recommended amount of chlorine solution for
the production wells based on well depth and casing diameter. Since
bacterial comtamination was shown in the monitored wells, a single shock
chlorination treatment of 400 mg/% may be required to eliminate bacterial
growth. Initial contact times should range between 8 to 12 hours. A
residual chlérine level of 1.0 mg/% should be measured in the well 2 hours
after chlorimation. If no residual remains after 2 hours, additional
chlorine solution should be added to the well.

The chlerine solution should be introduced into the well so that all
well surfaces above the static levels will be completely flushed with the
solution. The dispersion of the solution can be aided by pouring into
the well a vplume of water equal to the volume of the screen. This will
result in an overflow of the disinfection solution into the area around
the screen.  After the contact period the well is pumped to clear it of
the disinfection selution.
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