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ABSTRACT

In Guam, as in other oceanic-island environments, rainfall has a
significant chloride-ion concentration. As a result, there is a relatively
simple and straightforward method of estimating groundwater recharge by
considering the chloride ion as a tracer which is concentrated by evapo-
transpiration-related processes.

The chloride-ion concentration of rainwater in Guam is about 4.5 mg/%.
The freshest part of the northern lens is about 11.8 mg/%. Taking the
11.8 mg/% value as an indicator of the chloride-~ion concentration of recharge,
the average annual recharge rate is estimated at 38 per cent of the 218 cm/yr
average annual rainfall, or about 83 om/yr.

This estimate agrees very ﬁell with previcous work which utilized other

independent methods of determining recharge rates. -
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INTRODUCTION
The groundwater hydrology of Guam has been studied by a number of
avestigators for decades. Because of a lack of funds to conduct comprehensive

programs of study and becausée of limited research.facilities in the past,

progress toward an understanding of the hydraulic behaviar and hydrogeology

of the groundwater-flow system has peen slow, As a result, certain key

rameters need further jnvestigation. One such parameter ig the rate of

pa

recharge o the fresh-water lens of northern Guam, the main gource of potable

vater for the island community.
it is esgential to determine recharge by as many ways as available data-
will allow, sinc€ recharge is one of the variables most difficult to measure.

previous {nvestigators of groundwater occcurrence on Guam have used only two

of the many avallable methods to estimate recharge. This is due to primarily
two reasonss -

1. a lack of reliable and consistent data; and

2. limited regearch facilities and capabilities.

The purpose of this investigation is to determine the magnitude of
recharge to the fresh-water lens of morthern Guam utilizing a rather simple
and straightforward method presented. by yvacher and Ayers (1980). This
technique requires only chloride-concentration data for rainfall and
groundwater samples and is easily applied where other data are absent oOr
insufficient.

PREVIOUS ESTIMATES OF RECHARGE
One of the earliest attempts toO estimate the magnitude of recharge in

northern Guam was made DY Peterman et al. (1945) as part of a groundwater

Wk
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study sponsored by the military. Study results indicated that the northern
half of Guar {the study area for this report) received a recharge rate of
100 million gallons per day (mgpd) for the approximate 259 square-kilometer
area or about 0.39 mgpd per square kilometer.

In a later study of water resources beneath the Marbo-Dededo area
(north~central Guam), Davis (1964) estimated that from 0.73 to 0.89 mgpd
of rainfall per square kilometer reached the fresh-water lens. This range
of values was determined by two methods. The low end of the range was
estimated by assuming that any month with less than 10.2 cm of rainfall is
a drought month and therefore no water is available for recharge. Thus,
rainfall occurring during the dry-season months of January through June is
usually less than the 10.2 cm criteria and thus would not contribute to
recharge. Rainfall during the remaining months, less the 10.2 cm/mo value,
contributes approximately 101 cm of water to recharge. This latter volume,
when multiplied by the area, yields the 0.73 mgpd per square kilometer
estimate. Davis obtained data from Blumenstock (1957) for calculating the
budget.

The high end of the range of recharge rates was obtained by assuming
that runoff in southern Guam is equivalent to rechafge in northern Guam
(there is no surface drainage in the study area). That is, if the study
area was completely drained by streams, then the amount of water leaving the
area is equivalent to the amount of water that infiltrates as recharge.
Davis found from past records that the average of the total flow for six
drainage basins in southern Guam (volcanic terrain) was approximately 0.89
mgpd per square kilometer and the range was 0.73 to 1.00 mgpd per square

kilometer.



In an administrative report prepared for the Air Force, Davis and Huxel
(1968) estimated the recharge rate oyer northern Guam to be about 0.97 mgpd
per square kilometer. Rumnoff records for the Pago and Ylig Rivers in
gouthern Guam were used in the determination. Both streams drain basins that
receive approximately the same magnitude of rainfalil per square kilometer
as northern Guam,

In a report of groundwater availabiiity and current water well development,
Sheahan (1968) estimated that 5Q per cent of the rainfall infiltrates the soil
as recharge. His estimate is apparently based on a budget calculation using
evaporation data; however, no data was presented in the report and no compu-
tational procedures were described.

Austin, Smith and Associates, Inc. (1970), in a report to the Puhlic
Utility Agency of Guam (PUAG), presented a set of rainfall-runoff percentages
for the wet and dry season months. Rainfall and runoff data ;ere from 1959
through 1966 and included stage records from six streams in southern Guam.

For the B-year period of record, the mean dry season rainfall-runoff percentage
was 38 and the mean wet season value was 63. It was assumed that runoff from
the six watersheds was a measure of the recharge to the lens of northern Guam;
no allowance was made for base flow from groundwater., These percentages
convert to a recharge rate of about 1.04 mgpd per gquare kilometer.

Aspart of a study on the groundwater resources of Guam, Mink (1976),
presented estimates of recharge based on hydrologic budget calculations and
rainfall-runoff relationships. Using rainfall and evaporation data he
estimated that from 0.52 mgpd to 0.95 mgpd per square kilometer reaches the
fresh-water lens if no runcff from the northern plateau is assumed and that
from 0,44 mgpd o 0.86 mgpd per square kilometer is available for recharge

i1f 5% runcff is agsumed.



In general, the results of previous studies on groundwater resources of
northern Guam have presented a range of recharge rates that center on (.77

mgpd per square kilometer with a deviation of about 0.20 mgpd.

to a rate from 79 cm/yr to 135 cm/yr or, expressed as a percentage of the

mean annual rainfall, from 37 to 62 percent (agsuming that 218 cm/year is

representative of the mean annual rainfail).

HYDROGEOLOGIC SETTING

The study srea encompasses the northern half of Guam and is characterized

by a gently undulating limestone plateau bordered by steep wave-cut cliffs.
The plateau slopes southwestward from elevations of about 185 meters in the

uorth to less than 30 meters at the narrow midgection of the island. At the

southern end of the plateau, the boundary is represented by the east-west
trending Adelup-Pago fault which separates the limestones from the volcanic

rocks of the mountainous southern half of Guam,
Two formations, the Mariama and older Barrigada, make up most of the

rock of the study area and together form the major aquifer (Ward et al,,

1965; Mink, 1976). These principal units form a thick sequence of limestone

conglsting of shoal, complex reef, and lagoonal facies. Permeability within

the units i1s highly variable due to numerous solution channels and fissures

and, for the Agana argillaceous member of the Mariana, varying amounts of

clay., An average or regional hydraulic conductivity of approximately 610

m/day has been assigned to the northern aquifer (Mink, 1976).

Impervious volcanic rocks of probable Eocene age underly the limestone

aquifer (Tracey et al., 1963). Depths to the volcanic basement range from

about sea level to several hundred feet over most of the plateau. Volcanic

rocks outcrop at three locations forming Mt. Santa Rosa (260 meters in
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elevatiOﬂ)| Mataguac ne1l (210 meters in elevation) and Palia pily (185 meters
in glevation). Where exposed on the plateau, the volcanics are composed of
bedded ruf faceous ghale and gandstone containing japilli cuff. On Mt. Santa
thologic units have been‘mapped (Tracey et al., l963)_which

¢t of weathered volcanic conglomeraté, blocky flow breccia, basic flows
and dikes: ruf faceous gandstoneés end shales, 1apilli conglomerate, and
nglomerate. The exposed volcanic units have heen assigned tO the
Alutolm formation-(Tracey et al., 1963) -

The topographic relief of the volcanic pagement is shown in Figure 1.

As 1nferred from the zero contour 1in€, there is 2 relatively-large area of
the porthexrn plateau under which the pagement 1ies at oT above sead 1evel.
Major features of the basement topegraphy jnclude high relief areas centered
on Mt. Sant2 Rosa,-Hataguac and Palia - Hills, threelburied‘hills jocated

to the north.and gouthwest of Mataguac Eill, a long slightly arcuate ridge
extending from Mt. Santd Rosa southwestward to Barrigada Hill, and 2 north-
east-southwest trending rrough between Mt. Santa Rosa and Mataguac uill.
The map of Figure 1 was constructed by piehler and Walen (1980} from geismic
yrefraction data obtained from a recent geophysical study.

Fresh groundwater occurs as @ complex Ghyben—ﬁerzberg lens (Ward et al.,
19643 Mink, 1976) . Rainfall infiltrates the ground gurface and percolates
through the highly permeable 1imestone a8 recharge- Freshwater reaching the
water table, which lies near £ea 1evel, displaces the salty groundwater by
yirtue of the density Jifferences petween fresh and sed water and 3 lens-
shaped body of freshwatel {e formed and maintained. gea water 1is approximately
one-fortieth greater in density than freshwater; consequently, the depth of

a static freshwater jens below se€2 level would be roughly 40 rimes the height
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of rhe water table above sea level. The lens is, however, a dynamic system
through which water is in constant motion from areas of Yecharge to zones of
discharge, and the energy involved in this movement affects the shape of the
lens and the depth of the freshwater. Theoretical aspects of the hydraulics
of the fresh-water lens have been discussed ip detail.by Hubbert (1940),
Gooper (1959), Glover (1959), and Bear (1972, 1979).

The boundary between fresh and underlying salty groundwater in northern
Gugm is not an abrupt interface, but rather a zone of mixing or, as defined
by Bear and Todd, (1960}, 8 transition zone. The presence of the transition
zone can be attributed to periodic fluctuationg of the water table which
cause corresponding movements of the theoretical interface (Bear and Todd,
1960; Bear, 1972). Periodic fluctuations in the positions of the water
table are due to seasonal variations in recharge and osclllations of gea
level. The latter are ﬁore important to the maintenance of the transition
zone, partiCulariy sea-level oscillations due to the tides (Carrier, 1959)
and sea-level changee related to atmospheric pressure variatione (Vacher,
1978; Ayers, 1980).

Experiments on dispersion models of the trangsition zone (Carrier, 1959;
Bear and Todd, 1960) have shown that the increasge in relative salinity ()
with depth can be described by an error function (integral function of the
bell-shaped curve of statisticg); that is, if z ig depth below the water

table, then

e(z) = % {?—erf /;_; Z ]

where z = (z)E = 50%

L T 15.97)
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Thus, the get of values of relative salinity determined at various depths in
¥

" obgervation well can be plotted on probability paper, the regression
a

1ine drawn, and the value of 2z corresponding to any relative salinity of
est interpolated easily. Of interest is the position corresponding to

inter
~ g this datum corresponds to the theoretical interface (Todd and Meyer,
1971) defined by the Ghyben-Herzberg relationship.

Figure 2 ghows a plot of relative salinity versus depth which represents
the transition zone in and ne&r the CHURA-Dededo monitoring well. The
monitoring well is located in the north-central portion of the study area
and is the only observation well to penetrate the fresh-water lend and
pottom in the underlying saltwater (Huxel, 1980). As indicated by the gentle
glope of the regression line, the transition zone is relatively thin compared
to the thickness of the fregh water column.

Because of the configuration of the volcanic basement, the freah-water
lens is discontinuous in the north-central region of the plateau and along
the southern fault boundary. Figure 3 ghows diagramatic cross sections
through the lens which demonstrate the relationship between the groundwater-
flow system and the boundary conditions. Note the large increase in head
and the lack of a transition zone over the basement. Wells locatea in this
portion of the aquifer yield relatively high quality water because upconing
of seawater beneath the well can not occur. This region is analogous to
a coastal aquifer subject to 2 landward migrating saltwater/freshwater front
(e. g. Shamir and Dagan, 1971).

Recharge increases the thickness of the fresh-water lens and causes a

downward movement of the transition zone. At times of 1ittle or no recharge,

the lens thins and the transition zone mMOVES upward as continuing discharge
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depletes the amount of freshwater in storage. Major fluctuations igp recharge
follow the seasonal pattern of rainfall as evidenced by the correlation
between water-table response and rainfall events shown in Figure 4. Water-
level changes in areas where the volcanic basement ig at a higher elevation
than thetransition Zbne are greater than those areas where the lens is
continuous and show strong effects of recharge during the wet season (Ward

et al., 1965).

METHODS
In the process of evaluating groundwater recharge of Devonshire lens

in Bermuda, Vacher and Ayers (1980) found that an estimate of recharge could

by the processes of evapotranspiration. Rainfall in coastal or island
enviromments normally has a significant chloride-ion concentration due to
aerogols (Garrels and Mackenzie, 1971, p. 137). Evapocranspiration, which
involves fluxes back to the atmosphere with essentially zero chloride,
concentrates the rain-derived chloride in the remaining soil-water excess or
recharge. In northern Guam, where nearly all rainfall probably infiltrates the
soil'aﬁnfate;ithhiratiofcinrlciir_(wherg CiR- is the chloride concentration in
rain water and Clr- is the chloride concentration in recharge water) would
heasure the ratio of recharge to rainfall; i.e,, r/R where r ig recharge

and R is rainfall. As an example, if 2/3 of the infiltrating rain water is
transmitted back to the atmosphere as a flux with cl = 0, then the chloride
concentration of the remainder would be 3 times that of the initial concen-
tration. The rationale is the same as that used to calculate the degradation
of shalloy groundwater resulting from recycling it as irrigation (e.g.,

Helwig, 1977).
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1n northern Guam, the evapotranspiration-related concentrative process
can be utilized to determine recharge because the chloride concentration of
rainfall is easily measured; the chloride concentration of recharge is
approximated by the lowest concentration found in the fresh-water lens; and,
the hydrelogic circulation is not complicated by surface drainage.

Two rainwater-collecting stations were established (Figure 5), one at
the Water Resources Research Center (WRRC), University of Guam, and the
other at Ypao Point near the Guam Memorial Ho;pital. Samples were collected
using a prewashed glass bottle with an attached funnel. The collecting
apparatus was placed in the open and left on site for approximately 24 hours.
A minimum of 250 mR of rain water was obtained for each of the six collection
dates.

Ground-water samples were collected from ohservation wells (Figure 5)
penetrating the fresh-water lemns. Six wells were selected on the basis of
location and accessibility and sampled using a Kemmerer-type water sampler.
All samples were taken at a depth of 6 meters below the water table.

Immediately after collection, chloride-ion concentrations were determined

in accordance with Standard Methods for Examination of Water and Waste Water

(American Public Health Association, 1975).

RESULTS AND DISCUSSION
Results of chloride analyses on rain-water and groundwater . gamples are
listed in Tables 1 and 2 respectively. Chloride-ion concentrations are given
1n milligrams per liter (mg/2). Sample collection dates are also listed.
From the data of Table 1, the chloride-ion concentration of rainwater is

relatively low. The range of values is from 2.0 to 7.2 mg/% with a mean
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concentration of 4.5 mg(z_ Although the time interval of collection is
fairly ghort, it 1s assumed that this maan chloride~ion concentration is
representative of rain water. No other chloride data for rainwater have
been found in the literature; however, supplemental data from analyses
conducted on storm runoff samples add validity to the assumption. These
data are shown in Table 3. Chloride-ion concentrations found in storm
runof{ agree very well with those found in raimvater. Thease data represent
an additional set of rainwater samples. The high value for Site No. 1 is
probably the result of some local contamfnation and probably does not
represent the norm.

Inspection of Table 2 indicates that chloride-ion concentrations of
groundwater fall within two groups, one with a range of values between 72
and 151 mg/% and the other with a range between 9 and 15 mg/%k. The data
gsuggest that concentrations within the range of 9 to 15 mg/¢ represent
the lowest chloride-ion concentrations found in the fresh-water lens.
Concentiration values within the high range probably represent sea water
intrusion on.a small scale due to pumping within nearby well fields or loecal
hydrogeologic anomallies.

The interpretation of these results is summarized in Figure 6. ﬁith
the premise that the mean of the low range of chloride values for samples
from the fresh-water lens represents the Cl~ of recharge then Cl; = 11.8 mg/e.
From the rainwater analysis, Cli = 4.5 mg/e. Thus ClE/Cl; = R/r = 0.38,
With R = 218 em/yr (Mink, 1976), recharge is r = 83 cm/yr, and actual
evapotranspiration is 135 cm/yr. The result agrees very well with previous

estimates.



Table 1. Results of chloride analyses on rain-water samples.

Sample No. Date of Collection CL (mg/L)
I
: WRRC - 1 6 - 18 - 80 6.0
! WRRC - 2 8 - 19 - 80 2.0
} WRRC - 3 9 - 9 - 80 6.0
| TAM -1 6 - 18 - 80 4,0
i TAM - 2 9 - 22 - 80 2.9
TAM - 3 9 - 30 ~ 80 7.2
Ave = 4.5

Table 2. Results of chloride analyses on ground-water samples.

Sample No. Date of Collection Co (mg/%)
BPM 3-25- 80 87.6
6 - 18 ~ 80 91,2
A-16 3-25-80 125.0
6 - 18 - 80 177.0
M-10A 3-27-80 9.7
6 - 18 - 80 9.9
M-11 3 -27-80 72.2
6 ~ 18 - 80 72.7
M-11A 3-25-80 10.5
6 - 18 - 80 11.7
107 3-27-80 13.7
6 ~ 19 - 80 15.0

Table 3. Results of chloride analyses on rainfall-runoff samples,

Location Date of Collection Ci_(mglﬂ)
Camp Watkins Road 10- 27 - 80 27.0
Airport Parking Lot 10- 27 - 80 6.7
Perez Acres 10- 27 -~ 80 5.3
Latte Heights 10- 27 - 80 5.6

- 80 3.8

Barrigada Heights 10- 27

11

Ll
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CONCLUSION
A relatively simple and straightforward method is utilized to estimate
the annual (and long term) recharge rate to the fresh-water lens of northern
Guam. The technique requires chloride-ion concentration data from rain-water Ame]
and ground-water samples, Assuming thaé the chloride ion is concentrated by
evapotranspiration-related procesaes and that the freshest parf of the lens Aus!

can be identified, a rainfall-recharge ratio can be calculated. Results from

the application of this method to the estimation of recharge in northern Guam Aye

agree very well with previous work which ugsed other independent methods to

obtain recharge estimates, _ Bea
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Topographic relief of the volcanic basement beneath northern Guam.
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Figure 5. Map of northern Guam showing sample site locationms.
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