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ABSTRACT

The vadose zone of the Northern Guam
Lens Aquifer (Lens) is uplifted, eogenetic-lime-
stone that has undergone significant secondary
alteration due to dissolution and precipitation of
calcium carbonate and fracturing. The complex
water flow processes occurring within the vadose
zone are unique to uplifted, eogenetic-limestone
islands. Over the past thirty years the Water Envi-
ronmental Research Institute (WERI) has under-
taken several studies attempting to quantify the
impact of the vadose zone on the temporal and
spatial distribution of recharge to the Lens. This
research is summarized and related to recently
completed field investigations and on-going mod-
eling studies. Data collected during the summer,
fall, and winter of 2004-2005 and recharge rates
estimated from time series analysis performed on
these data is presented. Transfer function mod-
els based upon the log-normal distribution and
gamma distribution are developed and compared.
These time series models show that: 1) mean trav-
el times from the ground surface to the water table
are less than two days; 2) the maximum rate of re-
charge occurs less that one day after a rain storm;
and 3) more than 90 percent of recharge from a
storm arrives at the water table within one month.
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These modeling results combined with the results
of field investigations and previously conducted
research illustrate the unique and complex flow
processes occurring within the vadose zone of the
Lens and other similar uplifted eogenetic-lime-
stone islands.

INTRODUCTION

The Northern Guam Lens Aquifer (Lens)
is the most important source of fresh water for
the residents of and visitors to Guam. Currently
fresh water production rates range from 130,000
m? day' (Benny Cruz, personal communication,
2006) to 170,000 m? day' (Contractor and Jenson,
2000 and Jocson et al. 2002). This accounts for
approximately 80 percent of the total water de-
mand (Contractor and Jenson, 2000 and Jocson et
al. 2002). Proposed development by the United
States Navy (USN) and United States Air Force
(USAF) is expected to place additional demand
upon the Lens in the near future. The Lens is a
fragile resource that is vulnerable to both salt wa-
ter contamination from over-exploitation and con-
tamination from surface-applied chemicals and
disposal of human and animal waste. Recently
the United States Environmental Protection Agen-
cy required the Government of Guam, the USN,
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and the USAF to determine the extent to which  fects the quantity and temporal distribution of re-
the Lens is affected by surface contaminants. The  charging water from the soil surface to the lens.

plans for future development and current investi- Guam is the largest and most southern
gations have focused attention on the vadose zone  of the Mariana Islands, located at latitude 13°28’
of the lens; specifically, how the vadose zone af- N, longitude 144°45’ E (Figure 1). Guam is ap-
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Figure 1. General geology map of Guam, illustrating the relative positions of limestone (north, and
south eastern coast) and volcanic rock (the interior south). Additionally, the general location of the
Pago-Adulop fault is shown. The map inclusion illustrates the location of Guam within the tropical
north western-Pacific.
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proximately 48 km long and ranges from 18.5 to
6.4 km wide, with a total area of 550 km? (Figure
1). Because of its position in the tropical-west
Pacific, Guam receives on average approximately
two meters of precipitation annually. The major-
ity of this precipitation arrives during the wet sea-
son (July — December). The island is divided into
two physiographic provinces of almost equal size
(Ward et al., 1965; Mink, 1976; and Mink and
Vacher, 1997). The Pago-Adulop Fault separates
the southern volcanic highland from the northern
limestone plateau (Mink, 1976; Mink and Vacher,
1997). Northern Guam is composed of an undu-
lating limestone plateau (Ward et al., 1965; Mink,
1976, and Mink and Vacher, 1997). This region is
characterized by very permeable eogenetic, karst
limestone (Mylorie et al., 2001), which includes
reef facies ranging from argillaceous lagoonal
sediments to massive and compact fore reef as-
semblages (Mink and Vacher, 1997). The lime-
stones of Northern Guam have been classified as
belonging to the late-Miocene Barrigada Lime-
stone, the Plio-Pleistocene Mariana Limestone,
and the Holocene Merizo Limestone (Mink and
Vacher, 1997; Mylroie et al., 2001).
Hydrogeologically, the most important
geological formations are the Barrigada Lime-
stone and the Mariana Limestone (Mink and Vach-
er, 1997). Both of these have undergone signifi-
cant fresh water diagenesis that reduces porosity
while increasing permeability (Mink and Vacher,
199731-kibl Mylroie et al., 2001). The process
of diagenesis introduces significant vertical and
horizontal heterogeneity (Mink and Vacher, 1997;
Mylroie et al., 2001) that greatly increases the
complexity of flow pathways for both vadose
water and ground water. It has been assumed
that water flowing through the vadose zone and
groundwater of Guam is subject to discrete flow
and diffuse flow (Mylroie et al., 1999). Result-
ing heterogeneity has largely been ignored when
studying the flow processes that take place on a
basin scale. Generally flow at this scale has been
treated using Darcian flow models (Contractor,
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1981; Contractor and Srivastava, 1990; Jocson et
al., 2002; and Contractor and Jenson, 2000). The
Darcian flow theory may not hold at relatively
small scales (Jocson et al., 2002).

Early empirical (Mink, 1976) and ana-
lytical (Mink, 1976; Mink and Lau, 1977; Ayers,
1981) studies of the Lens addressed neither the
temporal distribution of precipitation nor the ef-
fect of the vadose zone upon recharge rates. The
sustainable yield research conducted by Mink
(1976), Mink and Lau (1977), and Ayers (1981)
focused on estimating the average annual re-
charge and the rate at which the recharge water
flowed out of the Lens at the coast. These studies
are considered to provide a relatively conservative
estimate of sustainable yield (Mink, 1991; Jenson
and Contractor, 2000; Jocson et al., 2002) and are
still used by the Guam Water Authority to man-
age the groundwater resources of northern Guam.
BCG (1992) developed a quasi-analytical model
to account for the distinct seasonal pattern of pre-
cipitation on Guam. This allowed a significant
upward adjustment to the estimates of sustainable
yield.

Early numerical modeling of the lens fo-
cused primarily on appropriate conceptual and
mathematical model development (Contractor,
1981a; Contractor, 1981b; Contractor and Srivas-
tava, 1990). Two more recent numerical investi-
gations of the Lens have focused significant at-
tention on the vadose zone and its impact on the
temporal distribution of recharge (Contractor and
Jenson, 2000 and Jocson et al., 2002). Jocson et
al (2002) developed a model that assumed that all
of the recharge that falls as precipitation in one
month arrives at the phreatic surface during that
month. Their simulations indicated that although
some recharge arrived at the lens soon after pre-
cipitation, a significant volume travels through the
lens at a much slower rate. This observation lead
Contractor and Jenson (2000) to develop a vadose
zone model that simulated fast, conduit flow and
slow, diffuse flow pathways. Their model allowed
Contractor and Jenson (2002) to model recharge
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under different recharge and vadose zone mois-
ture conditions. Based upon a monthly time step,
they concluded that approximately one-third of
recharge follows the fast, conduit flow pathway
and the balance travels through the slow, diffuse
flow pathway. Both of these modeling studies
(Contractor and Jenson, 2000 and Jocson et al.,
2002) assumed that there are distinct rapid and
diffuse flow modes.

Two more recent studies by Lander et al.
(2001) and Wuerch et al. (2007) shed new light
on the timing of recharge. Lander et al. (2001)
analyzed the correlation between monthly total
precipitation and water table elevation. He deter-
mined that, for one well located in the argillaceous
member of the Mariana Limestone, water table el-
evation lags behind precipitation by approximate-
ly six months. In the more permeable portions of
the Barrigada Limestone and Mariana Limestone
the lag was between one and two months. Obser-
vations of precipitation and water table elevation
at higher temporal resolution show that there is
a very rapid response to rainfall. Wuerch et al.
(2007) reported that the maximum water table
elevation occurred approximately one day after
precipitation. Additionally, it has been observed
that after heavy precipitation it takes only approx-
imately one month for the water table to return
to its original position (Jocson et al., 2002 and
Wauerch et al., 2007).

Because of the complex heterogeneity,
variety of transport mechanisms, and complex
physics of the vadose zone of the Lens, traditional
numeric and analytic models may not provide a
practical means of assessing recharge mechanism
or timing. Relatively recently empirical tech-
niques termed as transfer functions are based on
time-series analysis and have been used to assess
the flow process occurring in karst vadose zones
and aquifers (Padilla and Pulido-Bosch, 1995;
Angelini, 1997; Massei et al., 2006; Jukic and
Denic-Jukic, 2006). Herein we introduce transfer
function models for two wells located in the Lens.
These models are used to investigate the timing
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of recharge to the Lens based upon individual
recharge events; specifically they determine the
time at which the maximum recharge rate occurs,
the time when half of the recharge has reached the
lens, and the time when 95 percent of recharge has
reached the lens.

DATA AND MODELS
Data Description

Meteorological, water table elevation, and
salt-fresh water interface data were collected dur-
ing the summer, fall, and winter of 2004-2005 at
four wells located in the Lens. Detailed site de-
scription and instrumentation information can be
found in Wuerch et al. (2007). Precipitation, wa-
ter table elevation, and specific conductivity were
measured hourly at wells EX-6, EX-7, EX-10,
and GHURA from May 24, 2004 until February
28, 2005. Specific conductivity profiles were col-
lected at approximately six-week intervals. Other
meteorological data was collected daily by the
United States Weather Service at Tiyan, Guam.
This investigation will focus on only wells EX-7
and GHURA.

Model Description

One way to assess the degree to which one
observed time series may be used to predict anoth-
er observed times series is the sample cross-corre-
lation function (Padilla, and Pulido-Bosch, 1995;
Shumway and Stoffer, 2000). For two time series
X, (X,,X,,Xs;...,X ) and Y, (¥,,¥5Ys5---»Y,)> Where x,
causes y, and X, y and 0, o, are the means and
variance of the two time series, respectively, the
sample cross-correlation function (r,,) is:

Cxy (k)

o202

Thty = Ty (k) =
(1
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where
1 - _ —
ny (k) = n ?={‘(xr - x)()’r - y) 2

Equation 2 defines the sample cross—covariance.
This relationship can be expressed in the frequen-
cy domain as multiplication of the Fourier trans-
form of the two time series:

Coy (F) =X() - Y(F)

where * represents the complex conjugate. Equa-
tion 3 can be rewritten in the time domain as:

3)

0
Coy(B) = [_ x@+y@)dr (g
A relationship similar to equation 3 is the frequen-
cy domain transfer function:

Y(f)=5()-X(f)

where S(f) is the travel-time probability density
function or impulse response function, which de-
scribes how the input time series is mapped into
the output time series. This is the convolution of
the input series, x,, with the system function S(z)
that results in the output series y,. The relation-
ship can be written as:

Yo = [, x(D)S(t — 1)dt

©)

(6)

When the system function S(t) is causal
(Cxy(t) = 0, t < 0) the limits of integration may
be changed to 0 to 0. Equation 6 is the definition
of a transfer function where the input signal x is
mapped into the output signal y, through S(t) the
system function (White et al., 1998). This type
of model is also termed as the lagged regression
model. It assumes that the input signal and the
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system function are stationary and independent
(Shumway and Stoffer, 2000).

Herein the system function is chosen to be
either a two parameter log-normal function or a
two parameter gamma function. These functions
have been selected because: 1) they are causal; 2)
their shapes are flexible and therefore represent
a large variety of recharge distributions; and 3)
their moments can be used to describe temporal
recharge characteristics. The two distributions
differ in that the two parameter gamma function is
less positively skewed and does not have as heavy
tails, as compared to log-normal function (Mor-
gan and Henrion, 1990).

It is not feasible to directly measure the
amount and timing of water recharging the Lens
over a unit area. In order to assess the tempo-
ral distribution of water recharging the lens, the
surrogate parameters, water table elevation above
sea level, and the depth to the salt-fresh water in-
terface were observed. These data are, however,
confounded by the net discharge as described by
the water balance equation:

d(h+i
G

o =R-D+c¢

(M

where n is porosity [-], 4 is the height of the water
table above sea level [m], i [m] is the depth to the
salt-fresh water interface [m], t is time [day], R
is recharge rate per unit area [m day'], D is net
discharge rate per unit area [m day'], and € is the
lumped measurement and model error. In order
to estimate the depth of the salt-fresh water inter-
face between observations a fourth order polyno-
mial was fit to the data. The recharge rate per unit
area will be determined using equation 6 where
effective precipitation is the input time series. Ef-
fective precipitation is defined as the fraction of
total precipitation that leaves the soil layer after
accounting for soil water storage and evapotrans-
piration. A tipping bucket model similar to that
used by Bailey et al. (2008) is used to calculate
effective recharge. In order to avoid assumptions
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about the validity of Darcy’s Law, a power law:

— ghb
D =ah @)

is used to estimate net discharge. Where a [day']
and b [-] are parameters Equation 8 ensures that
net discharge is zero when the water table is at
sea level and that, when the parameter b is greater
than zero, the net discharge increases as the water
table elevation increases.

The parameters of the system functions
were determined using an iterative bisection pro-
cess that minimize the total lumped error term.
Two calibration and validation periods were used
to develop transfer function models. The calibra-
tion periods were June 15, 2004 - July 15, 2004
and October 1, 2004 - October 30, 2004. The
validation periods were July 16, 2004 - August
14, 2004 and November 1, 2004 - November 30,
2004. This allowed for the development of linear
transfer functions during the relatively wet sum-
mer and relatively dry fall.

RESULTS AND DISSCUSSION

Qualitatively, the most obvious feature of
the graphs of water table elevation and effective
precipitation (Figure 2) is the relatively frequent
occurrence of very intense precipitation during
the summer followed by a relatively dry fall and
winter. This pattern is characteristic of years fol-
lowing El Nifio years (Lander et al., 2001). These
years also are characterized by a relative abun-
dance of tropical depressions in the general area
of Guam. During the 2004 — 2005 study period
Wauerch et al. (2008) reported 11 tropical depres-
sions that passed within 350 km of Guam. The
most significant in regards to precipitation was
Typhoon Tingting that passed north of Guam dur-
ing late June, and resulted in approximately 0.30
m of rain. Three tropical depressions passed near
Guam during a 10 day period during mid-August.
The three August storms and Typhoon Tingting
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resulted in a rapid rise in water table elevation
that was soon followed by a rapid decrease in wa-
ter table elevation. In both cases the water table
returned to approximately the same pre-storm el-
evation within one month following the end of the
storm. During the relatively drier fall of 2004 a
similar pattern is observed, only at a much smaller
scale.

For the summer and fall at wells EX-7
and GHURA, transfer function models were de-
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Figure 2. Water table elevation (m) above mean
sea level (amsl) for wells a) EX-7 and b) GHURA.
Vertical bars are daily precipitation (m). Dots in-
dicate the passage of a tropical cyclone with in
350 km of Guam.
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Table 1. Parameters of the transfer function models for wells EX-7 and GHU-
RA during the summer and fall of 2004

Well Season Distribution | Mode | Mean | 90%Percentile
[day] | [day] [day]
Log-Normal | 0.47 2.1 4.6
Summet, 2004 1 mma 063 | 1.1 2.1
EX-1 Fall. 2004 Log-Normal | 042 | 2.8 6.3
b Gamma 050 | 2.5 55
Log-Normal | 0.44 32 7.2
Summer, 2004 | - mma 081 | 2.1 42
GHURA
Log-Normal | 0.81 5.0 11
Fall, 2004 Gamma 10 | 50 11

veloped using both the log-normal and gamma
distribution. During each period that model was
divided into a calibration and validation period.
In both seasons, for both distributions, and at both
wells the sum-of-squared errors were small as
compared to the value of recharge and discharge.
The sum-of-squared errors were also similar for
both the calibration and validation periods at both
wells. These two observations taken together in-
dicate that the recharge transfer models can pro-
vide reasonable estimates of recharge. When the
summer transfer functions were applied to the
fall precipitation data, the sum-of —squared errors
increased. The increase in sum-of-squared error
was also observed when the fall transfer functions
were applied to the summer data.

From the shape of the transfer functions
(Figure 3), there is a slight reduction in the aver-
age speed at which recharge moves through the
vadose in the dryer fall as compared with the wet-
ter summer. Additionally, the length of time that it
takes 50 and 90 percent of the effective precipita-
tion (Table 1) to reach the lens in increased. The

137

observations of precipitation and water table el-
evation data indicate that, during the wet season,
precipitation results in a relatively rapid onset of
recharge with the majority of recharge arriving
at the Lens relatively quickly (Figure 2). These
qualitative observations are supported by the
quantitative results of the transfer function model-
ing (Figure 3, Table 1). Both the log-normal and
gamma function models for the two periods have
maximum rates of recharge occurring in less than
one day, with the exception of the gamma distribu-
tion at the GHURA well for the fall which has half
of the effective precipitation reaching the Lens in
less than five days (Table 1). These models also
result in 90 percent of all effective precipitation
reaching the Lens in less than two weeks. The
results of these models stand in contrast to previ-
ous studies of the timing of Lens recharge. This is
most likely due to the increased temporal resolu-
tion of this study.
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CONCLUSIONS

The results of this study illustrate that the
vadose zone of the Lens transmits the bulk of re-
charging water very quickly. For both the sum-
mer and fall, recharge rates reached a maximum
within 48 hours and half of all recharging water
reaches the Lens within one week. These results
also indicate that a continuous uni-modal travel
time probability density function adequately maps
effective precipitation into recharge. This is in
contrast to previous modeling efforts that have as-
sumed distinct rapid and diffuse recharge modes.
The difference between parameters for the sum-
mer and fall transfer function indicate that one lin-
ear transfer function model is inadequate to model
all recharge rates under different vadose zone
moisture conditions. More advanced non-linear
transfer functions or wavelet transforms may
provide a means to estimate recharge rates under
different precipitation and vadose zone moisture
conditions.
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