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One poorly understood aspect, of the Northern Guam Lens Aquifer is freshwater discharge through dissolution-wideme
fractures and caves that apen to the sea along the cliff-deminated northwest coast of the island. Despile the knowledee
of the existence of these coastal fractures, accurate estimates of the freshwater discharge from the fractures are

difficult to ascertain because freshwater flow cannot be isolated from salt water in the fracture due to incoming sur?
and tide. The purpose of this study is to determine the utility of using water temperature t¢ identify the variabie
depth of the halocline in a dissolution-widened coastal fracture. The motivation for this study was the need to find a
means for accurately tracking over time the cross-sectional area of the plume of fresh water discharging atop manne
water in dissolution-widened fractures. This is an essential step forward ultimately developing an accurate technique
for quantifying the mass flux of freshwater from discharging fractures. Data from three different observation penod:
suggested that the position of the halocline could be Tocated within the water column of a large discharging fracture
on the northwest coast of Guam using water lemperature data. Salinity observations made in the fracture support
this hypothesis, indicating that a halocline, or at least a boundary between slightly saline and very saline water
exists at about 1.2 m below the water surface in the fracture. Calculation of freshwater discharge using cross sectiona.
area is subject to error due to the varying depth of the halocline and the variability in the amount of freshwater 1=
the fracture, For example, considering that the water in the fracture is 3-4 m deep, and the halocline is approximateh
at a 1.2m depth, at low tide about one third of the flosded portion of the fracture is dominated by freshwater. anc

whereas it is only one quarter at high tide.

ADDITIONAL INDEX WORDS: Freshwater discharge, halocline, Northern Guam Lens Aquifer.

INTRODUCTION

A greater knowledge and understanding of the Northern
Guam Lens Aquifer (NGLA) is required to further develop
Guam's groundwater resources and allow for support of a
growing population and tourist industry. One poorly under-
stood aspect of the NGLA is freshwater discharge through
dissolution-widened fractures and caves that open to the sea
along the northwest coast of the island (Figure 1). These
fractures usually occur along rocky shorelines, where no
beach deposits have accumulated (JENSON et al,, 1997; MyL-

01039 received 22 April 2001; aceepled in revision 25 July 2002,

ROTE et al, 2001). They range in size from enlarged joints
less than a centimeter wide to large vertical fractures s
eral meters wide and have been mapped in detail aloag
Guam’s northwest coast from Tumon Bay north to Doubie
Reef (Jocson, 1998; Taporost, 2000). Despite the knowi-
edge of the existence of these coastal fractures, accurate es-
timates of the freshwater discharge from the fractures are
difficult to ascertain. The reason for this difficulty is that
(1) freshwater flow cannot be distinguished from salt water
in the fracture due to incoming surf and tide; (2) the hoce-
tions are remote and conditions are harsh, thus precludong
the use of traditional large or fragile instruments to -
sure discharge; and (3) standard instruments and tedw
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Figure 3. Cross Section of No Can Fracture with sampling locations marked.
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Table 1. Descriptive statistics of No Can Fracture woter temperatures May 14-18, 1999, Angust 11-September 8, 1999, and June 3-18, 2000.

Mean Water Standard Coefficient, Maximum Minimum
Data Logger Temperature Deviation of Variation Temperature Temperature
May 14-18, 1999
Entrance: -
Top 27.2 1.39 0.051 29.5 25.2
Entrance:
Bottom 28.8 0.27 0.009 29.9 28.3
Middle 26.9 1.39 0.052 29.1 25.2
Rear 26.0 1.19 0.046 28.7 25.2
Aungust 11-September 8, 1999
Vertical Profile 1
1 265 0.98 0.037 315 252
2 26.4 1.04 0.039 29.5 25.2
3 26.8 1.08 0.040 29.5 25.2
4 27.3 0.96 0.035 29.5 25.6
5 28.2 0.68 0.024 29.5 26.3
Vertical Profile 2
1 26.3 0.97 0.037 291 25.2
2 26.5 1.04 0.039 29.1 25.2
3 18.7 1.08 0.040 30.3 25.2
4 274 0.90 0.033 29,5 26.0
5 28.0 0.74 0.026 299 26.0
Rear
1 25.7 0.92 0.036 291 25.2
June 3-18, 2000
1 26.4 0.144 0.005 27.1 26.3
2 26.2 0.245 0.009 26.7 259
3 26.4 0.254 0.010 27.5 25.9
4 26.4 0.788 0.030 28.7 2586
5 26.5 0.956 0.036 29.1 25.6
6 26.7 1.081 0.040 29.1 25.2
7 26.9 1.148 0.043 29.1 25.2
8 27.3 1.086 0.040 29.1 25.6
9 27.7 0.859 .031 29.1 26.3
10 28.0 0.688 0.025 29.1 26.3
11 28.2 0.557 0.020 29.5 26.7

low density freshwater sits on top of any ocean water coming
into the fracture by waves and tides. Based upon these initial
observations, we believed that a higher resolution vertical
profile of temperature sensors could be used to identify the
halocline. In particular, the low temperatures identify por-
tions of the water column dominated by freshwater, while
high temperature variability identifies areas of ocean water
and freshwater mixing.

Results from OP2 further supported our interpretation of
data from OP1. The data at each of the observation locations
display semi-diurnal variation in the water temperature that
corresponds to high and low tides (Figures 5, 6, & 7). In ad-
dition, there is evidence of warmer seawater during high
tides later in the day or afternnon. Also, colder mean water
temperatures and greater temperature variability occurred
near the water surface at the rear of the cave, and close to
the position of the suspected halocline within the water col-
umn in the fracture (Table 1).

Another avenue for the determination of the depth of the
halocline is by the frequency at which a sensor recorded a
temperature below the observed maximum groundwater tem-
perature known for Guam (26°C as discussed earlier). During
OP2, the frequency with which a sensor recorded water tem-
peratures below 26°C decreased from the water surface to the
floor of the fracture and increased from the entrance of the

fracture to the rear (Table 2). These data further support the
conceptual model of ocean water predominantly at the floor
of the fracture, freshwater predominant at the rear of the
fracture, and mixing of ecean water and freshwater occurring
above the halocline in the middle and front of the fracture.
Based upon the data collected during OP2 we estimated
that the halocline was located between the third (1.2m) and
fourth (1.8m) temperature sensors down from the top of the
vertical profile, at a depth of 1.2 meters below the water sur-
face at low and high tide (taking into consideration a 0.5m
tidal range) (Figure 8}. At that position in the water column
the mean water temperature increased to approximately
L.4°C above mean ground water temperature, and water tem-
perature variability decreased {Table 1). The observations
from the upper three data loggers of vertical profile 1 were
comhined into one sample representing water above the hal-
ocline and the bottom two data loggers of vertical profile 1
were combined into a second sample representing water be-
low the halocline. A Case Four analysis of means was com-
pleted using those two combined samples to test the null hy-
pothesis that there is no statistically significant difference in
the mean water temperature above and below the halocline.
The null hypothesis was rejected with 99% confidence for ver-
tical profile 1 (£ = 71.6, tyq 11600 = 2.6). The same combina-
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Figure 5. Water Temperatures for No Can Fracture Vertical Profile 1,
Every 30 Minutes, During the Observation Period August 11-September
8, 1999. The dashed line represents average groundwater temperature of
26 Degrees Celsius.

tion procedure and test was applied to vertical profile 2 with
the similar results (t = 70.1, t,q, 15600 = 2.6).

The summed duration of recorded water temperatures be-
low 26°C decreases (from 37% to 4%) between loggers 3 and
4 in both vertical profiles. Assuming that without halocline
development, a fully mixed fracture would have equal ex-
pected frequency of water below 26°C at all depths, a x? test
indicates, with 99% confidence, that there is a significant dif-
ference in the frequency of recorded water temperature below
26°C by depth (x* = 3112, x4, , = 13.3). Therefore, the fre-
quency of recorded water temperature above or below 26°C
also supports the existence of a halocline at a 1.2 to 1.8m
depth on the vertical profile (or 1.2 depth from the water
surface during high and low tide respectively).

Water temperature obgervations from OP3 were similar to
those of OP2, including a semi-diurnal variation in the water
temperature data that corresponds to lugh and low tides (Fig-
ure 9). However, during OP3 there was no clear evidence that
warmer ocean water was associated with high tides later in
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Figure 6. Water Temperatures for Ne Can Fracture Vertical Profile 2.
Every 30 Minutes, During the Observation Period August 11-September
8, 1999. The dashed line represents average groundwater temperature of
26 Degrees Celsius.
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Figure 7. Water Temperatures for Rear of No Can Fracture, Every X
Minutes, During the Observation Period August 11-September 8, 1998
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Table 2. Percent frequency of water temperature less than or equal to 26
aexeres Celsius in No Can Fracture August 11-September 8, 1999.

the day or afternoon (as there had been in the two previous

observation periods (OP1, OP2)). During OP3, the mean wa-

ter temperatures increased and water temperature variabil-

ity decreased with depth as it did during OP1 and OP2 (Table

Data Vertical Vertical
Lewger Profile 1 Profile 2 Rear
: 48.2% 56.5% 81.0%

2 51.1% 48.7%

3 36.7% 38.9%

4 4.8% 1.5%

3 0.0% 0.4%

2). The frequency with which water temperatures below 26°C

were recorded by a sensor also decreased from the water sur-
face to the floor of the fracture during OP3. The data from
(OP3 also indicate that the halocline was located at 1.8m

depth on the vertical profile, or approximately 1.2m below

the water surface at high tide, and 1.8m depth at low tide
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Figure 8 Estimation of Halocline Depth Relative to Temperature Sensors Based Upon Frequency of Observations Below 26 Degrees Celsius. Values
Represent Percent Freguency of Observations Below 26 Degrees Celsius.
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