ZUSGS

science for a changing world

Geohydrology and Numerical Simulation of Alternative
Pumping Distributions and the Effects of Drought on the
Ground-Water Flow System of Tinian, Commonwealth of
the Northern Mariana Islands

U.S. Department of the Interior
U.S. Geological Survey

Water-Resources Investigations Report 02-4077

CCCCCC

40 45
[T

ol [ LA P e A A A

Prepared in cooperation with the

COMMONWEALTH UTILITIES CORPORATION, COMMONWEALTH OF THE
NORTHERN MARIANA ISLANDS



Geohydrology and Numerical Simulation of Alternative
Pumping Distributions and the Effects of Drought on the
Ground-Water Flow System of Tinian, Commonwealth of the
Northern Mariana Islands

By Stephen B. Gingerich

U.S. GEOLOGICAL SURVEY
Water-Resources Investigations Report 02-4077

Prepared in cooperation with the

COMMONWEALTH UTILITIES CORPORATION, COMMONWEALTH OF THE
NORTHERN MARIANA ISLANDS

Honolulu, Hawaii
2002



U.S. DEPARTMENT OF THE INTERIOR
GALE A. NORTON, Secretary

U.S. GEOLOGICAL SURVEY
Charles G. Groat, Director

The use of firm, trade, and brand names in this report is for identification purposes
only and does not constitute endorsement by the U.S. Geological Survey.

For additional information write to: Copies of this report can be purchased
from:

District Chief U.S. Geological Survey

U.S. Geological Survey Branch of Information Services

677 Ala Moana Blvd., Suite 415 Box 25286

Honolulu, HI 96813 Denver, CO 80225-0286



CONTENTS

Abstract .......

Hydrogeology. . .
Geology .

Hydraulic CondUCLIVILY . .. ..ot e e e e e e

Faults . ..
Water Budget . . .

PrECiPItatiON . . . .o

Runoff. ..

EVapotranspiration . . . . ... oottt e e e e

Pan Evaporation and Potential Evapotranspiration . ............o ot

SOOIl CharaCteriStiCS. . . .ot e
Water-Budget ResUITS. . . . ..o
Ground-Water FIOW System . ... o
GroUNO-Water Data . . . ..ottt e e e e e e e e e e e e e e e e e
WhArawals . . .o

el L BVEIS. . ot e
Temporal Varialion. ... ...

Spatial DistribULioN . . . . ...

Chloride ConCentration . ... ...ttt e e e e e
Vertical Distribution . ... ... .

Temporal Variationin Pumped Water .. ...

Development of Steady-State Ground-Water FlowModel . ......... ... i
MOl Grid . .o

W PrOPEItiES. . . oot
Estimation of Hydraulic Characteristics and Model-Calculated Water Levels. ...................

Model Response to Changesin Hydraulic Characteristics. . ...t
Simulations of Alternative Pumping Distributions and the Effectsof Drought. .. .................

Model Representation of Alternative Pumping Distributions. ... ........ ... ... .. ......

Effectsof Drought. . . ... ...

Model Limitations . . . ...t

DataNeeds. . ...

Summary and CONCIUSIONS. . . . .. oot e e e e e e e e e e

References Cited

Contents

O©C OO OO NNNNDNE

iii



FIGURES

1-2. Mapsshowing:

1. Location map and physiographicareasof Tinian. . ............ccoiiiiiiininenenn.n. 3

2. Generalizedland use, Tinian. . .. ... 4

3. Graph showing monthly rainfall at airport, 1988-98, Tinian ... ..., 5

4-5. Maps showing:

4. Generalized surficial geology and geologic sections, Tinian.................. ..., 6

5. Generalized soil distribution, Tinian. ... .......... . e 12

6. Schematic diagramsof afreshwater lens. . ... i e 14

7. Map showing locations of selected wellsand raingages, Tinian . ............ .. ... ... 15

8-10. Graphs showing:

8. Ground-water withdrawal and chloride concentration at Municipal well, Tinian . ........... 17

9. Selected ground-water levels and ocean level, Tinian, December 1-15,1992. . ............. 17

10. Ground-water levelsand ocean level, Tinian, 199099 . . .. ... ... i 18

11. Map showing configuration of the water-table, July 4, 1997, Tinian . ........................ 20
12. Schematic showing thickness of freshwater lens and upper transition zone, Tinian,

March5-6and May 23, 1007 . . ... .ttt e e 21

13-15. Maps showing:
13. Finite-difference model grid, head-dependent discharge cells, and withdrawal cellsfor Tinian

ground-water flow model ... ... .. 23
14. Finite-difference model grid and base of top layer for Tinian ground-water flow model . . . ... 24
15. Finite-difference model grid and hydraulic conductivity zones for Tinian ground-water

flOW MOdEL. . .. 26

16. Graph showing measured and model-cal culated water levels for base-case scenario, Tinian, for a

coastal leakance of 10 feet per day per foot, a horizontal hydraulic conductivity of 10,500 feet

per day for the highly permeable limestone zone, a horizontal hydraulic conductivity of 800 feet

per day for the less-permeable limestone zone, and a horizontal hydraulic conductivity of 0.2 feet

per day for thevolcanic-rock zone . ... 30
17. Map showing average measured and model-calculated water levels for base-case scenario, Tinian . 31
18. Schematic showing position of model-simulated interface for base case compared

with observed thickness of freshwater lens, Tinian, March 5-6 and May 23,1997........... 32
19. Graphs showing measured and model-cal culated water levels for steady-state pumping

conditions, Tinian, for various values of coastal |eakance, limestone hydraulic

conductivity, and volcanic rock horizontal hydraulic conductivity. ....................... 34
20. Map showing drawdown in model-calculated water levels and change in coastal discharge

from natural conditions (no pumping) to base-case scenario, Tinian .. .................... 35
21. Schematic showing position of model-calculated interface for base case compared

WIth VaINOUS SCENAIOS . . o v vttt et e e e e et 36

22-23. Maps showing:
22. Changein model-calculated water levels and coastal discharge from base-case scenario

to 2001-pumping conditions, Tinian. . ...ttt e e 37
23. Changein model-calculated water levels and coastal discharge from base-case scenario
to maximum-pumping conditions, Tinian. . ..............co i, 38

iv  Geohydrology and Numerical Simulation of Alternative Pumping Distributions and the Effects of Drought, Tinian, CNMI



24.

25.

26.

27.

TABLES
1
2
3
4
5
6

. Summary of aquifer-test data, Tinian, CNM|
. Monthly and annual evaporation data, Guam
. Average soil characteristics, Tinian
. Description of pumped well sites and reported pumping rates, Tinian
. Observed and model -cal culated water levels used in the steady-state smulations, Tinian

. Final hydraulic-conductivity values used in the ground-water flow model, Tinian

Graph showing model-cal culated position of freshwater/saltwater interface beneath the

municipa well for 2001-pumping conditions during 1-year drought, Tinian. .......

Schematic showing position of model-cal culated interface for 2001 pumping scenario

compared with drought scenario for various values of porosity ..................

Graph showing model-cal culated position of freshwater/saltwater interface beneath the

municipa well for maximum pumping conditions during 1-year drought, Tinian. . . .

Schematic showing position of model-cal culated interface for maximum pumping

scenario compared with drought scenario for various values of porosity ..........

Contents

v



vi Geohydrology and Numerical Simulation of Alternative Pumping Distributions and the Effects of Drought, Tinian, CNMI



Geohydrology and Numerical Simulation of Alternative
Pumping Distributions and the Effects of Drought on the
Ground-Water Flow System of Tinian, Commonwealth of the

Northern Mariana Islands

By Stephen B. Gingerich

Abstract

Ground water in afreshwater lensisthe main
source of freshwater on Tinian, Commonweal th of
the Northern Marianalslands. Four major geologic
units make up the island with high-permeability
limestone units overlying low-permeability volca-
nic rocks. Estimates of limestone hydraulic con-
ductivity range from 21 to 23,000 feet per day.

Estimates of water-budget components for
Tinian are 82 inches per year of rainfall, about 6
inches per year of runoff, 46 inches per year of
evapotranspiration, and 30 inches per year of
recharge. From 1990-97, ground-water withdrawal
fromthe Municipal well, themajor source of water,
averaged about 780 gallons per minute.

A two-dimensional, steady-state, ground-
water flow model using the computer code SHARP
was developed for Tinian, to enhance the under-
standing of (1) the distribution of aquifer hydraulic
properties, (2) the conceptua framework of the
ground-water flow system, and (3) the effects of
various pumping distributions and drought on
water levelsand the freshwater/saltwater transition
zone. For modeling purposes, Tinian was divided
into three horizontal hydraulic-conductivity zones:
(1) highly permeable limestone, (2) less-perme-
able, clay-rich limestone, and (3) low-permeability
volcanic rocks.

The following horizontal hydraulic conductiv-
itieswere estimated: (1) 10,500 feet per day for the

highly permeable limestone, (2) 800 feet per day
for the less-permeable clay-rich limestone, and (3)
0.2 foot per day for the volcanic rocks.

To estimate the hydrol ogic effects of different
pumping distributions on the aquifer, three differ-
ent steady-state pumping scenarioswere simul ated,
(1) ascenario with no ground-water pumping, (2) a
2001-pumping scenario, and (3) a maximum-
pumping scenario.

The results of the no-pumping scenario
showed that the freshwater/saltwater interface
beneath the Municipal well would be about 7 feet
deeper and ground-water discharge to the coast
would be higher along both the east and west coasts
of the island when compared with 1990-97 pump-
ing conditions. For the maximum pumping sce-
nario, the model-cal culated freshwater/saltwater
interfaceisabout 7 feet shallower than the position
calculated in the base-case scenario.

To estimate the hydrol ogic effects of drought
on the freshwater lens, the 2001- and maximum-
pumping scenarios were simulated using three
combinations of aguifer porosity values covering a
range of possible limestone properties. In all sce-
narios, recharge was reduced to 10 percent of aver-
age estimated recharge and the transient response
was simulated for 1 year. These ssimulations dem-
onstrated that the ground-water resource is ade-
quate to withstand a drought similar to that
experienced in 1998 using existing infrastructure.



INTRODUCTION

Ontheidland of Tinian, Commonwealth of the
Northern Mariana Islands (CNMI), fresh ground water
is obtained from shallow wells that tap the surface of a
relatively thin freshwater lens found in an aquifer com-
posed mainly of coralline limestone. During 1998, a
severe drought affected the western Pacific and asa
result, Tinian received less than half of its average
annual rainfall. The water supply on Tinian provided
water without disruption throughout the drought, but as
demandsincreasein thefuture, it becomesincreasingly
likely that supplies could be affected by drought, mainly
by theincrease of salinity of the pumped water. Because
of the drought, the Federal Emergency Management
Agency (FEMA) provided assistance and funds to help
mitigate the problem. To better understand the ground-
water resources of theisland and the potential effects of
drought on theisland’ s water supply, the U.S. Geologi-
cal Survey (USGS) entered into a cooperative study
with the Commonwealth Utilities Corporation (CUC)
of the CNMI with funding provided by FEMA. The
study objective isto provide information to help water
managers be prepared for the next drought and its
effects on the island’ s water supply.

Purpose and Scope

The purpose of thisreport isto describe (1) the
geologic and hydrologic setting of Tinian, (2) the
numerical ground-water flow model developed, (3) the
results of the model simulations that assess the hydro-
logic effects of drought on the freshwater lens, and (4)
data needs. No new data were collected for this report;
only existing data were used to develop the conceptual
framework of the ground-water flow system. A numer-
ical ground-water flow model of Tinian was used to
refine the conceptual framework and to estimate the
effectsof different withdrawal scenariosand drought on
ground-water levels, the freshwater/satwater interface,
and coastal discharge.

Description of Study Site

Physical Setting

Tinian, which liesin the western Pacific Ocean at
latitude 15°N and longitude 145°E (fig. 1), isthe second
largest island (39.2 mi?) in the CNMI. Theisland of
Tinian isabout 12 mi long and as much as 6 mi wide.

The surface landforms can be divided into five major
physiographic areas (Doan and others, 1960) (fig. 1).

The southeastern ridge is the southernmost and
highest part of the island and consists of northern and
southern ridges, separated by a gap near the midpoint.
Steep slopes and cliffs that are as much as 500 ft high
form the southeast boundary of the ridge. The highest
point on Tinian is Mt. Kastiyu on the southern ridge, at
614 ft dtitude. To the northwest, the median or Marpo
Valley, alow, broad depression that separates the south-
eastern ridge from the central plateau, reaches an alti-
tude of about 150 ft. The land surface intersects the
water table at a depression in the valley, forming the
Marpo Marsh, awetland with a small area of shallow
surface water. The central plateau extends northward
and constitutes all of central and some of the northern
part of Tinian. The central plateau is broad and gently
sloping with principal relief along its boundaries with
the median valley and northern lowland. The north-
central highland rises within the northern part of the
centra plateau, midway between the eastern and west-
ern coasts. The highest point of the north-central high-
land, 545 ft dtitude, is exceeded in height only on the
southeastern ridge. The northern lowland generally is
flat and about 100 ft in altitude except at Hagoi Lake
where the dltitude is near sealevel. Hagoi Lakeisa
fresh to brackish water body surrounded by a marsh.
The area of surface water may extend to one-half mile
inlength during the wet season, and decreaseto amarsh
with little surface water during the dry season.

Land Use

The population of Tinian, 2,631 peoplein 1995
(Bureau of Census, 1996), residesaround rural San Jose
Village located in the median valley and parts of the
adjacent central plateau and southeastern ridge (Bald-
win, 1995) (fig. 2). Most public and residential land-use
activitiestake placeinthisarea. Public land includesthe
airport, harbor, schools, cemetery, agricultural coopera-
tives, Marpo Marsh, parks and beaches, and some
unused grassland and secondary forest. Residential and
commercial land includes a casino resort, small busi-
nesses, farming, grazing, and housing.

About 75 percent of theisland isgrassland and sec-
ondary forest supporting minor land-use activities.
About 30 percent of the grassland is reserved exclu-
sively for military usein the northern part of theisland,
except for aU.S. Information Agency radio station
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operating in the southwestern part of thisarea. About 45
percent of the remaining grassland and secondary for-
est, mostly on the central plateau and southeastern
ridge, is used for scattered grazing of cattle and horses.

Climate

Seasonal differencesin rainfall define distinct wet
and dry seasons on Tinian (fig. 3). The months of July
through October (the wet season) receive about 61 per-
cent (49in.) of the annual rainfall; February through
May (the dry season) receive 12 percent (10 in.) of the
rainfall; and November, December, January, and June
(transitional months) receive 27 percent (22 in.) of the
rainfall. From 1988 to 1998, the total annual rainfall
ranged from alow of 43in. in 1998 to a high of 97 in.
in 1994. The lowest amount of monthly rainfall
recorded for the period of record was 0.13 in. during
March 1995. The highest daily rainfall amount recorded
for the period of record was 12.9 in. on August 6, 1993
during tropical storm Steve. Rainfall from tropical
storms and typhoons make up a significant percentage
of the total annual rainfall and alack of storms can sig-
nificantly contribute to drought conditions.

HYDROGEOLOGY

Four major geologic units make up theisland (fig.
4). They are the Tinian Pyroclastic Rocks, the Tag-
pochau Limestone, the Mariana Limestone, and uncon-
solidated sediments consisting of beach deposits,
aluvium, and colluvium. Hydraulic conductivity of the
island’ s aquifers depends on the rock type constituting
the aquifers.

Geology

The Tinian Pyroclastic Rocks, of late Eocene age,
is the oldest exposed geologic unit and probably under-
lies all other exposed rock units (Doan and others,
1960). Thisunit isexposed inthe north-central highland
and southeastern ridge and covers about 2 percent of the
surface of theisland. The thickness of the unit is
unknown because the position of the base is undeter-
mined. The Tinian Pyroclastic Rocks consists of fineto
coarse-grained consolidated ash and angular fragments
of volcanic origin. Outcrops usualy are highly weath-
ered and altered to clay.

The Tagpochau Limestoneis of early Miocene age
(Doan and others, 1960) and is exposed on about 15 per-
cent of the surface on Tinian, principally in the north-
central highland and the southern part of the southeast-
ern ridge. The unit thickens from O to at least 600 ft
thick in all directions away from the surface exposures
of the Tinian Pyroclastic Rocks in the north-central
highland and southeastern ridge. The Tagpochau Lime-
stoneis composed of fineto coarse-grained, partially
recrystallized broken limestone fragments, and about 5
percent reworked volcanic fragmentsand clays. Surface
exposures are highly weathered.

The Mariana Limestoneis of Plioceneto Pleis-
tocene age and is the most extensive unit areally and
volumetrically above sealevel covering about 80 per-
cent of the surface, and forming nearly all of the north-
ernlowlands, the central plateau, and the median valley.
The Mariana Limestone thickens from 0 to at |east 450
ft thick in all directions away from the surface expo-
sures of the Tinian Pyroclastic Rocks and the

Hydrogeology 5
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Table 1. Summary of aquifer-test data, Tinian, CNMI

[ft, feet; ft3/day, cubic feet per day; ft/day, feet per day; QTm, Mariana Limestone; Tt, Tagpochau Limestone; Ttp, Tinian Pyroclastic Rocks; well
loss was not subtracted from steady-state drawdown; well locations shown on fig. 7]

Steady-state Open or screened

i i Radius of Pumpin i
Pumped-well S(::::,l:fg D:)lfr ?::tm well, r,, ratel,) Qg drawdown, interval of corl;fiyliicl;?\l/liltl; K  Geologic unit
name test (days) () ( t3/day) pumped well, L (ft/day)
(ft) (ft)
MO7 6/1/95 3 0.25 4,428 6.73 20 25 QTm, Tt
M09 4/25/95 3 0.25 24,642 0.17 16 6,700 QTm, Tt
Ml11 4/19/95 3 0.25 23,872 1.95 15 590 QTm, Tt
M16 5/25/95 2 0.33 18,481 1.07 18 680 QTm, Tt
M19 11/1/00 2 0.25 5,775 7.01 16 38 Tt
M21 10/31/00 3 0.25 9,433 0.19 18 2,100 QTm, Tt
THO1 10/28/96 1 0.50 31,765 0.18 12 8,500 QTm, Tt
THO3 6/9/97 2 0.33 20,214 0.14 23 4,700 QTm, Tt
THO04 5/3/94 2 0.33 20,791 0.60 19 1,300 QTm, Tt
THOS5 2/14/96 2 0.33 17,711 0.55 19 1,200 QTm, Tt
THO06 3/8/95 3 0.66 10,973 0.02 13 23,000 QTm, Tt
THO7 2/1/95 2 0.66 9,626 21 21 QTm, Tt
TH10 11/4/00 5 0.33 13,091 0.19 17 2,800 QTm, Tt
THI11 9/4/97 2 0.25 12,128 4.17 18 122 QTm, Tt
TH12 11/6/00 5 0.33 13,861 0.09 14 7,400 QTm, Tt
TH22 6/2/97 3 0.33 21,176 0.11 17 8,000 Ttp
TH24 6/30/97 1 0.33 578* 10 6"

? values are estimates because well went dry after 4 minutes of pumping

Tagpochau Limestone. The Mariana Limestone is com-
posed of fine to coarse-grained fragmented limestone,
commonly coralliferous, with some fossil and algal
remains, and lesser amounts of clay particles (Doan and
others, 1960). Small voids and caverns are common in
surface exposures. The Mariana Limestone differsfrom
the Tagpochau Limestoneinitshigher coral content and
lesser degree of recrystallization.

Thebeach deposits, aluvium, and colluvium are of
Pleistocene to Holocene age. These deposits cover less
than 1 percent of the surface of Tinian, and may be as
much as 15 ft thick. The deposits are composed of
poorly consolidated sediments, mostly cal careous sand
and gravel deposited by waves, but also clays and silt
deposited inland beside Hagoi Lake and Marpo Marsh,
and loose soil and rock material deposited at the base of
slopes, especialy in the north-central highlands.

Hydraulic Conductivity

Hydraulic conductivity isaquantitative measure of
the capacity of arock to transmit water. The porous and

well-washed character of coral reefs, and the high sus-
ceptibility of limestone to solution weathering favor
high hydraulic conductivities in the limestone units. In
contrast, hydraulic conductivities of the pyroclastic
rocks tend to be low due to poor sorting and the high
susceptibility of some volcanic mineralsto chemical
weathering and ateration to clays.

Estimates of hydraulic conductivity were made
from single-well aguifer tests done on Tinian by the
USGS (table 1). The method presented by Harr (1962)
and Polubarinova-K ochina (1962) can be used to obtain
estimates of the conductivity of athick, unconfined
aquifer that is penetrated only partially by a pumped
well assuming drawdown in the well is at a*“ steady-
state” condition. Drawdown in a pumping well and the
surrounding aquifer system will proceed until the well
discharge is balanced by recharge captured by the cone
of depression in the aquifer system, at which time the
systemisin equilibrium or at “ steady-state” . Asthe sys-
tem approaches steady state, measurable incremental
drawdown in the pumping well commonly becomes
impractical to measure after a period of sustained

8 Geohydrology and Numerical Simulation of Alternative Pumping Distributions and the Effects of Drought, Tinian, CNMI



pumping, especially in an aquifer of high hydraulic con-
ductivity. The amount of maximum drawdown in this
situation can be considered “ steady-state” for this anal-
ysis. Well-construction and aquifer-test information are
used in the following equation to estimate aquifer
hydraulic conductivity:

K = ﬁ?s ln(l.G#) (1)

where:

K = hydraulic conductivity [L/T]

Q = withdrawal rate [L¥/T],

n = the number pi, 3.1415927,

L = length of open interval of pumped well [L],
S = steady-state drawdown in pumped well [L],

and

ry = radius of pumped well [L].

Pumping rates for the tests ranged from 3 gal/min
(578 ft3/day) to 165 gal/min (31,765 ft°/day) and test
lengths ranged from 1 to 5 days. The estimates of
hydraulic conductivity in limestone on Tinian ranged
from 21 to 23,000 ft/d. Thelowest valuesareinterpreted
to be from limestone having ahigher percentage of allu-
via clay weathered from nearby volcanic rock. One
estimate of hydraulic conductivity from the Tinian
Pyroclastic Rocks was 6 ft/d for awell that went dry 4
minutes after the beginning of thetest. Thisestimateis
an upper bound on the hydraulic conductivity of the
Tinian Pyroclastic Rocks because the well was not able
to reach a steady-state condition before becoming dry.
Estimates of hydraulic conductivity from the Mariana
Limestone forming the Kagman Peninsula on Saipan
range from 290 to 2,500 ft/d (Hoffmann and others,
1998).

Faults

Normal faults transect the island throughout, dis-
placing rock units relative to one another, generally by
lessthan 100 ft. Theregional strike of thefaultsisnorth-
south, approximately parallel to the trend axis of the
MarianaArc. Faultsin limestone exposed at the surface
commonly show weathered gaps along the fault, rang-
ing from afew inches to several feet in width; thus,
faults in limestone may represent narrow zones of rela-
tively higher permeability than surrounding rock. The
Tinian Pyroclastic Rocksand Tagpochau Limestone are

dissected by faults concealed by the Mariana Lime-
stone.

WATER BUDGET

Fresh ground water on Tinian is derived from pre-
cipitation, mainly rain. Therain either (1) runs off, (2)
evaporates or is transpired by vegetation, or (3)
recharges the ground-water system. Recharge for Tin-
ian was estimated for this study using a variant of a
water-budget accounting procedure (Thornthwaite and
Mather, 1955). Daily runoff (R;) was subtracted from
daily rainfall (P;), and this volume was added to the
beginning soil-moisture storage for the current day
(S.1) to determine an interim soil-moisture storage (XX):

Xi=P-R+3,4 2

where:

X; = interim soil-moisture storage for current day
[L],

P; =rainfall for current day [L],

R; = runoff for current day [L],

S.-1=endingsoil-moisturestoragefrom previousday
(i-1), equal to the beginning avail able soil-
moisture storage for current day (i) [L], and
i = subscript designating current day number.

All water volumes are expressed as an equival ent depth
of water over an area by dividing by thetotal area. Soil-
moisture storage, expressed as a water depth, isthe
product of the plant root depth (D) and the difference
between the begi nning volumetri ¢ soil-moisture content
within the root zone for the current day (6;_,) and the
volumetric wilting-point moisture content (6,y):

S.1=D x (8.1 = 0Byp) €)

where:
D = plant root depth [L],

0;_1= ending volumetric soil-moisture content from
previous day (i-1), equal to the beginning
volumetric soil-moisture content withinthe
root zone for current day (i) [L¥/L3], and

B\p = volumetric wilting-point moisture content
[L3/L3).

The maximum soil-moisture storage capacity (S,

isthe product of the plant root depth (D) and the avail-
ablewater capacity (¢), whichisthe difference between

Water Budget 9



the volumetric field-capacity moisture content (6¢.) and
the volumetric wilting-point moisture content (6,,).

Sm=Dx¢ (4)

o= efc - ewp
where:
Sy = maximum soil-moisture storage capacity [L],
¢ = available water capacity [L%/L?], and
0. = volumetric fiel d-capacity moisture content
[L3/L3).

In the accounting procedure, evapotranspiration
(E;) issubtracted from the interim soil-moisture storage
(%), and any soil moisture (§) remaining greater than
the soil-moisture storage capacity (S, isassumed to be
ground-water recharge (Q;). Evapotranspiration was
determined as a function of soil moisture and potential
evapotranspiration using the average of two models,
Veihmeyer and Hendrickson (1955) and Thornthwaite
and Mather (1955). Veihmeyer and Hendrickson (1955)
suggested that evapotranspiration (E;) occurs at the
potential evapotranspiration rate (PE;) as soil moisture
is reduced from field capacity to the wilting point, but
that the evapotranspiration rate decreases sharply (step-
wise model) as soil moisture approaches the wilting
point:

Ei = PEl for Xi > PEl 5)
where:
E; =depth of water |ost toevapotranspirationduring

the current day [L], and
PE; = potential evapotranspiration for current day

[L].

Thornthwaite and Mather (1955) suggested that the
evapotranspiration rate decreases linearly as soil mois-
tureis reduced from field capacity to the wilting point
which leads to:

Ei = PE{t + Si{1 - exp[-PE(1 - 1;)/Syl}

for Xi> S, ti< 1; (6)
E =PE for X;> S, > 1,
Ei = Xi{{1—-exp[-PEj/S,]} for Xi < S,

ti = (Xi — Sy)/ PE;

where:
t; = time during which soil-moisture storageis
above S, [T].

Ground-water recharge (Q;) and soil-moisture storage at
the end of current day (S) are determined as:

Q=X —-E-Sy (7

S; =8, forX;,—E;>S,,;

Sl:‘X'l_El fOI'Ale'—Ei < Sm

where:
Q; = ground-water recharge on current day [L], and
§ = soil-moisture storage at the end of current day

[L].

Precipitation

Precipitation, mainly in the form of rainfall, has
averaged about 81 in/yr at the airport weather station
during 1988 to 1994 and 1996 when complete records
of daily rainfall are available (National Climatic Data
Center, 2000). Because the highest point on Tinian is
only 624 ft above sealevel, orographic effects on rain-
fall appear to be small. The U.S. Geological Survey
measured rainfall at four sites on Tinian during 1993 to
1996 and the measured amounts ranged from 72 to 82
in/yr across the island. Most of the difference between
gages can be attributed to localized storms, and would
be expected to average out given alonger period of
record. For the water-budget calculation, daily rainfall
values at the airport during October 13, 1987 to August
31, 1997 were used. Where daily rainfall values were
missing (7 percent of the data), estimates were made
using daily datafrom nearby USGS raingages. Average
annual rainfall for the water budget using this datais
about 82 in/yr.

Runoff

No perennia streamsflow on Tinian and there are
no records of streamflow or runoff. Runoff is expected
after intenserainfall (Baldwin, 1995) but amounts have
not been quantified. Rough estimates of runoff from the
limestone areas of Saipan range from 6 to 12 percent of
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Table 2. Monthly and annual pan-evaporation data, Guam

[all values arein inches; 1956 to May 1958 at Fena Reservoir, Aug. 1958 to Dec. 1982 at Weather Service Station; Source: National Climatic Data Center]

Jan. Feb. Mar Apr. May June July

Aug. Sep. Oct. Nov. Dec. Ann.

5.98 6.14 7.54 7.99 8.03 7.02 6.11

5.56 5.22 5.45 5.65 5.96 76.65

rainfall (Cox and Evans, 1956; Belt, Collins & Associ-
ates, 1983). For the water-budget calculation, runoff
was assumed to average 7.5 percent of rainfall regard-
less of the intensity or amount of rain recorded.

Evapotranspiration

Evapotranspiration is the quantity of water evapo-
rated from soil and water surfaces and from plant tran-
spiration, whichisthe vaporization of water through the
plant’s stomata (Brutsaert, 1982). Evapotranspiration
estimates can best be made using several methods
including the use of field measurements made using
evaporimeters or lysimeters, or by using various cli-
matic data and crop information. For Tinian, these data
are not available, so evapotranspiration was estimated
using pan-evaporation data from Guam and Tinian soil
data.

Pan Evaporation and Potential Evapotranspiration

In water-budget studies on tropical islands where
evapotranspiration data are lacking, potential evapo-
transpiration is commonly assumed equal to evapora-
tion on the basi s of experimentsdoneon Hawaii (Ekern,
1966). No records of evaporation have been published
for Tinian. The nearest siteswhere pan-evaporation data
were collected are on Guam, about 100 mi south of Tin-
ian (table 2). Because these dataare monthly values, for
thewater-budget calculation, each value was divided by
the number of days in the month to determine an aver-
age daily value of pan evaporation (hence, potential
evapotranspiration assuming the two values are equal).
The use of Guam potential evaporation datafor Tinian
isnot ideal but is reasonabl e assuming that evaporation
onthetwoidslandsissimilar. Nullet (1987), in astudy of
potential evapotranspiration (PE) on atoll islands, esti-
mated that PE near Tinian and Guam decreases to the
north at arate of about 4 in/yr per 10 degrees of latitude.
This equates to a decrease from Guam to Tinian of
about 0.6 in/yr. This differenceis considered small so
the Guam evaporation datawere used without modifica-
tion.

Soil Characteristics

Soils of Tinian have been mapped (fig. 5) and their
characteristics tabulated by the Soil Conservation Ser-
vice (Young, 1989). The root depth was assumed to be
the average of the values reported for the effective root-
ing depth (table 3). For soils that the rooting depth was
reported as “ greater than” some depth, the actual value
used was 1.5 times that reported depth. The available
water capacity used was the average of the range
reported (table 11 in Y oung, 1989). The area-weighted
average availabl e soil-moisture storage capacity was
estimated to be 2.3in. (19.25in. x 0.121 in/in). A rea
sonabl e range of soil-moisture storage capacity values
is0.4to 3.0 in. For aminimum estimate all soil is
assumed to be rock outcrop with aminimum root depth
and available water capacity (5in. x 0.08 in/in) and for
amaximum estimate, all soil is assumed to be Chinen
clay loam with a maximum root depth and available
water capacity (20 in. x 0.15in/in).

Water-Budget Results

The average annual recharge for the entire island
was estimated to be about 30 in/yr using the bookkeep-
ing method on daily rainfall data during 1987 to 1997.
The linear evapotranspiration model of Thornthwaite
and Mather (1955) provided a recharge estimate of 32
in/yr and the step model of Veihmeyer and Hendrickson
(1955) provided an estimate of 27 in/yr. The averaged
estimate of annual evapotranspiration was about 46
infyr (43 in/yr for the linear method and 48 in/yr for the
step method). Runoff was estimated to be about 6 in/yr.

A reasonable range of recharge estimates can be
made by calculating the daily water budget using esti-
mates of the extremes of runoff (6 and 12 percent) and
soil-moisture storage capacity (0.4 and 3.0in.). Maxi-
mum recharge, when runoff and soil-moisture storage
capacity areat aminimum, was calculated to be 41 in/yr

Water Budget 11
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Figure 5. Generalized soil distribution, Tinian (modified from Young, 1989).
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Table 3. Average soil characteristics, Tinian

[in, inches; in/in, inch per inch of soil; average root depth is the average of the range of rooting depths and available water capacity isthe average

of the range described in Young, 1989]

Area-weighted

Area Average Area-weighted Available water available water
Soil name (relative to  root depth  average root depth capacity .
entire island) (in) (in) (in/in) ca,p a.c ity
(in/in)
Banaderu clay loam 0.020 14.8 0.30 0.137 0.003
Chacha clay 0.001 88.6 0.09 0.125 1.25 x 10
Chinen clay loam; Chinen rock outcrop 0.687 14.8 10.17 0.125 0.086
complex; Chinen-Urban land com-
plex; Dandan-Chinen complex;
Dandan-Chinen-Pits complex,
5 to 15 percent slopes
Chinen very gravelly sandy loam, 0.009 14.8 0.13 0.093 0.001
0 to 5 percent slopes
Chinen very gravelly sandy loam, 0.043 25.6 1.10 0.097 0.004
5 to 15 percent slopes
Dandan-Chinen-Pits complex, 0.015 29.5 0.44 0.125 0.002
0 to 5 percent slopes
Dandan-Saipan clays, 0 to 5 percent 0.029 29.5 0.86 0.120 0.003
slopes
Dandan-Saipan clays, 5 to 15 percent 0.021 59.1 1.24 0.120 0.003
slopes; Saipan clay
Kagman clay 0.025 88.6 2.22 0.127 0.003
Laolao clay 0.012 29.5 0.35 0.137 0.002
Mesei variant muck 0.001 88.6 0.09 0.108 1.08 x 10
Rock outcrop-Takpochao complex; 0.125 6.9 0.86 0.105 0.013
Takpochao
Saipan very gravelly sandy loam 0.001 70.9 0.07 0.113 1.13 x 10
Shioya 0.015 88.6 1.33 0.068 0.001
SUM TOTAL 1.00 -- 19.25 -- 0.121

for the linear evapotranspiration model. Minimum
recharge, when runoff and soil-moisture storage capac-
ity are maximized, was estimated to be 23 in/yr for the
step evapotranspiration model.

GROUND-WATER FLOW SYSTEM

Ground water is recharged by rainfall infiltration
over most of theisland. Water that recharges the
ground-water system flows from zones of higher to
lower hydraulic head, as measured by water levelsin
wells. Water-level dataindicatethat ground water flows
radially from the north-central highland and the south-
eastern ridge and flows generally oceanward. Most of
the fresh ground water that is not withdrawn from wells
discharges naturally from the aquifer at subaerial and
submarine coastal springs. A small amount of ground

water may be lost to evaporation and transpiration at
Marpo Marsh and Hagoi Lake.

Fresh ground water forms alens-shaped freshwater
body called afreshwater lens, floating on denser sea-
water within theaquifer. The Ghyben-Herzberg relation
commonly isused to rel ate the thickness of afreshwater
lensin an ocean-island aquifer to the density difference
between freshwater and saltwater under hydrostatic
conditions. Assuming a specific gravity difference of
0.025, atheoretical interface between freshwater and
saltwater will be at a depth below sealevel that is 40
times the height of the water table above sea level
(Todd, 1980). Instead of a sharp freshwater/saltwater
interface, however, freshwater is separated from salt-
water by atransition zone in which salinity gradesfrom
freshwater to saltwater (fig. 6). In many field studies,
the theoretical Ghyben-Herzberg interface depth has
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Figure 6. Diagrams of freshwater lens. (A), Schematic diagram of salinity structure and
ground-water flow pattern, vertical dimension greatly exaggerated, (B), Tinian freshwater
lens, no vertical exaggeration. Line of section shown in figure 1.

been found to correspond to the depth of about a
50-percent mix of freshwater and saltwater. Under equi-
librium flow conditions in permeable aquifer systems,
the Ghyben-Herzberg relation may provide areasonable
estimate of freshwater depth if the transition zoneis
comparatively thin.

Freshwater-lens thickness is affected by aquifer
permeability and rechargerates. A reductioninrecharge
rateor anincreasein permeability will reducethe height
of the water table, which will cause the freshwater lens
to be thinner. In the most permeable limestone, the

water table is no more than afew feet above sea level,
and the slope of the water tableis nearly flat.

On Tinian, the freshwater-lens system isin lime-
stone and vol canic rocks but the most important sources
of ground water are from the freshwater parts of this
system in the limestone rocks. Water levelsin well
TH19 (fig. 7) indicate that the freshwater lensisin low-
permesability volcanic rocks and a vertically extensive
freshwater-lens system extends from below sealevel to
awater tablethat istens of feet or more above sealevel.
Where the low-permeability volcanic rocks cause
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significant vertical hydraulic-head gradients, the Ghy-
ben-Herzberg principle does not accurately predict the
depth where the brackish water in the transition zone
has a salinity about 50 percent of seawater. Although
reliable water levels and the depth to saltwater have not
been measured in wells in these rocks, where flow is
downward, the freshwater lensislikely thinner than
predicted by the Ghyben-Herzberg principle.

Salinity inafreshwater lensisgradational, froman
upper freshwater core through the underlying transition
zone to saltwater. On small islands, mixing in the tran-
sition zone results mainly from tidal fluctuations super-
imposed on the gravity-driven flow of freshwater
toward the shore. In areas near the coast where mixing
isthorough, a freshwater lens may not form and brack-
ish water may exist even at the water table. Under con-
ditions of steady recharge, no pumping, and no ocean-
level effects, the steady-state lens would have afixed
size. Inredlity, rainfall is episodic and seasonal, and
lensvolume fluctuates naturally with time. Tidal fluctu-
ations, time-varying recharge, and episodic pumping all
combine to create a thicker transition zone than would
be present without these influences (Underwood and
others, 1992).

GROUND-WATER DATA

Available information about the ground water on
Tinian includes ground-water withdrawal, ground-
water level, and chloride-concentration data. Thisinfor-
mation has been described in Gingerich and Y eatts
(2000).

Withdrawals

The Municipal well (fig. 7), a 300-ft long horizon-
tal trench, supplied all the municipal water for Tinian
from 1945 until 1999 when two additional vertical wells
(THO4 and THO6) were added to the supply system.
From 199097, ground-water withdrawal from the
Municipal well averaged about 780 gal/min and fluctu-
ated by about 10 percent throughout ayear (fig. 8).
Fluctuationsin withdrawal arerelated to changesin sys-
tem conditions or design, pump efficiencies, and water
demand. Pumps are generally operated at maximum
capacity 24 hours per day, except when one or more
pumps are turned off for maintenance or during periods
of lower demand in the wet season. In early 1999, wells

THO4 and THO6 were put into operation. Well THO6 is
capable of producing about 60 gal/min and well THO4
can produce about 50 gal/min. These wellsare used dur-
ing peak demand hours to maintain pressurein the dis-
tribution system (Greg Castro, CUC Deputy Director,
oral commun., 1999).

A shallow, 30-ft diameter well (well Ag30) was
used seasonally to supply irrigation water to coopera-
tivefarms, and was usually operated for about 10 hours
on alternate days of the dry season. When in use, with-
drawal from theirrigation well was estimated to be
about 500 gal/min. Use of thiswell stopped in the mid-
1990's. Two other wellsthat have beenin use are wells
M25 and M26. These wells were rehabilitated in 1987
by a private corporation and are each pumped at about
25 gal/min for ranch uses.

In 2000—2001, a new 400-ft long infiltration gal-
lery was constructed near the Municipal well (fig. 7).
Thisnew infiltration gallery will replace the Municipal
well, which will then be used as a backup source. The
new infiltration gallery will supply about 875 gal/min
(Greg Castro, CUC Deputy Director, oral commun.,
2001). Four vertical wells (M19, M21, TH10, and
TH12) are also expected to be used in the future.

Water Levels

Changesin ground-water level on anisland can
reflect changes in recharge or withdrawal from the
ground-water system as well as natural changesin
ocean level over hourly to yearly time scales. Ground-
water flow ratesand directionsaredifficult to determine
and are usually inferred from the spatial distribution of
water-levels measured at nearly the same time.

Temporal Variation

The most obvious changes in water level occur in
response to the ocean tide (fig. 9). The daily ground-
water level response to the ocean tideis attenuated as it
travel s through the aquifer, decreasing with increasing
distance from the ocean. The daily water-level changes
inthe Ushi well, 2,790 ft from the coast, averaged about
0.5 ft and the Municipal well, 4,080 ft from the coast,
had daily water-level changes that averaged about 0.15
ft. Well M21, at 4,690 ft from the coast, had daily
fluctuations that averaged about 0.01 ft. Three other
wells (M02, M29, and THO7) that were monitored con-
tinuously by the USGS showed no daily tidal
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Figure 10. Ground-water levels and ocean level, Tinian, 1990-99.

fluctuations; thesewellsare 7,660 ft, 9,630 ft, and 9,430
ft from the coast, respectively.

In addition to the daily fluctuation in water level
caused by the ocean tides, water levelsin wellsalso
vary over longer timesin response to non-periodic
changesin ocean level and to rainfall (fig. 10). During
the entire period that thetide gage (fig. 9) wasoperating
(1990-97), the ocean-level record with the tidal fluctu-
ationsremoved ranged from-0.7 ft to 1.2 ft altitude. The
water-level recordswith the tidal fluctuations removed
from the Ushi and Municipal wells show variationsthat
correspond closely to the ocean-level record. Although
the tide gage was discontinued in 1997, it is apparent
that wells M02, M21, M29, and THO7 also respond to
the ocean level because the water-level records from
thesewellsaresimilar to the Municipal well water-level
record which isthe expected responseto low-frequency
variationsin ocean level.

The difficulty in determining the effects of
recharge and withdrawal onwater levelsisillustratedin
figure 10. For example, the decline in water level of
nearly 0.7 ft in the Ushi well during January to March
1997 may be due mainly to the decline in ocean level
and cannot be conclusively attributed to adeclinein
recharge during the annual dry season. With the excep-
tion of the water-level record from well M02, all of the
variations in water level in the monitored wells appear
to be directly in response to variations in ocean level
with slight additional variation because of heavy rain-
fall. The effects of changesin recharge or withdrawal
cannot be readily evaluated using these water-level
records. The water-level rise of nearly 1 ft in well M02
during the end of December 1997 does not correlate
with any of the other concurrent water-level records.
The cause of thisincreaseis unknown but may be from
recharge after an episode of heavy rainfall combined
with the effects on ground-water flow caused by nearby
low-permeability volcanic rocks.
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Spatial Distribution

Thewater table definesthe top surface of the fresh-
water lens. Water-table contours for July 4, 1997 (fig.
11) show two mounds in areas where |ow-permeability
pyroclastic rocks are above sealevel and alocalized
zone of water-table depression near the Municipal well,
which was withdrawing water at the time of the mea-
surements. Details of thedatacollection and preparation
of thismap are described in Gingerich and Y eztts
(2000). Over most of the island, the water tableisrela-
tively flat and water levelsarelessthan 2 ft above mean
sealevel.

Water-level measurements made on other dates
help constrain where water-level contours are drawn.
The highest measured water level in the limestone was
3.42 ft above mean sea level on December 7, 1997 in
well M02, which is directly west of the north-central
highland. The highest measured water level on the
island was in the pyroclastic rocks on the southeastern
ridge where water level was about 90 ft above mean sea
level on May 29, 1997 inwell TH19. The water tableis
expected to be similarly high in the pyroclastic rocks of
the north-central highland but no wells are available
there to provide water-level data.

The water-table shape can be used to infer direc-
tions and rates of ground-water flow aswell asthe
movement of contaminants dissolved in the flowing
ground water. In an isotropic aquifer, fresh ground
water will flow from areas of higher water level to areas
of lower water level, in directions roughly perpendicu-
lar to the water-table contours (fig. 11). The water-table
contoursindicatethat ground water movesradially from
the north-central highland and the southeastern ridge
and flows generally oceanward or toward production
wells.

The water-table map reflects pumping conditions
in the aquifer because withdrawal from the Municipal
well had been steady during the preceding months (fig.
8). Drawdown from pumping diverts some of the ocean-
ward ground-water flow to wells. To what degree the
water-tabl e configuration representsthe long-term aver-
age configuration is not known. A long-term average
configuration could be determined by operating contin-
uous water-level recorders at numerous wells and aver-
aging the data over the desired time, such as a year,
assuming ground-water withdrawals are constant.

Chloride Concentration

Chloride concentration isgenerally used asan indi-
cator of saltwater intrusion into the ground-water sys-
tem. In general, chloride concentrations are expected to
increase with depth in the aquifer and proximity to the
ocean but exceptions can exist because of local-scale
heterogeneitiesin the aquifer. In athin freshwater lens,
the chloride concentration of water pumped from awell
may increase with increasing pumping rate.

Vertical Distribution

Thethickness of the potabl e part (lessthan or equal
to 250 mg/L) of the freshwater lens beneath the median
valley (fig. 1, A-A") isshown in avertical section (fig.
12). Details of the preparation of the vertical sections
are described in Gingerich and Y eatts (2000). The sec-
tion showsthat the freshwater lensisthickest in the cen-
ter of theisland near well THO4 and thins toward the
east and west coasts. The maximum thickness attained
by the freshwater in this section is about 40 ft. The
freshwater lensis slightly thinner in the east than in the
west, which indicates saltwater may be upconing in the
east because of ground-water withdrawal at the Muni-
cipal well and evapotranspiration at the Marpo Marsh.

Changes in the freshwater-lens thickness are gen-
erally seasonal. The lens thickens after the wet season
and thins after the dry season. After an average wet sea-
son (1993), the midpoint of the transition zone was
about 3 to 5 ft deeper than the previous position indicat-
ing that the freshwater lens had become slightly thicker
(Gingerich and Y eatts, 2000). During thefollowing dry
season, which was wetter than average, the freshwater-
lens thickness decreased only dlightly (1 to 2 ft) in
responseto adecreasein recharge. After adry season of
more typical rainfall, the lens would be expected to
shrink to a greater extent.

Temporal Variation in Pumped Water

The chloride concentration at the Municipal well
did not change significantly during 1992-97, averaging
about 180 mg/L, and ranging from 160 to 220 mg/L.
Chloride concentration wasusually slightly lower inthe
wet season as compared to the dry season. The average
chloride concentration is about 100 mg/L higher than
initially measured during non-pumping conditions after
construction in 1945 (Lawlor, 1946), and 100 mg/L
higher than at other wellsin the median valley. Monitor
wells THO8, THO09, and THO3 are near the Municipal
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well and show similar chloride concentrations, near 180
mg/L, indicating that the chloride concentration at these
wells may be elevated as aresult of pumping at the
Municipal well.

DEVELOPMENT OF STEADY-STATE
GROUND-WATER FLOW MODEL

A two-layer (areal), ground-water flow model
using the computer code SHARP (Essaid, 1990) was
developed to simulate steady-state ground-water flow
on Tinian. The SHARP code uses afinite-difference
approach to simulate flow in aground-water system
containing both freshwater and saltwater and treats
freshwater and saltwater asimmiscibl e fluids separated
by asharp interface. In redlity, adiffuse transition zone
exists between the freshwater and underlying saltwater.
In this study, it is assumed that the position of the sur-
face defined by ground water with 50-percent seawater
salinity isapproximated by the sharp-interface position.
The SHARP code simulates vertically averaged fresh-
water heads and vertically averaged saltwater headsin
the aquifer and assumes that flow within each model
layer is entirely horizontal.

Themodel accountsfor spatialy varying hydraulic
characteristics of the geologic materials and ground-
water withdrawals. The hydraulic characteristics were
estimated from available data and modified by varying
them in the model to obtain acceptable agreement
between measured and model-calculated water levels.

Model Grid

Thefinite-difference grid used consists of two lay-
ers, each having 4,450 cells arranged in a rectangular
array with 89 rows and 50 columns (fig. 13). The north-
west grid corner is at longitude 145°32'42"W and lati-
tude 15°08'02"N and thelong side of thegrid isoriented
north south. The active part of the grid extends at least
3,700 ft offshore to include the entire zone where fresh
ground water discharges to the ocean. Grid spacing
acrosstheislandisuniform with each cell having square
sides 820 ft long. Offshore cells near the grid perimeter,
where freshwater flow is not expected, were larger.

Boundary Conditions

Two typesof boundary conditionswere usedinthe
model, specified flow (which includes no flow) and
head-dependent discharge. The outer rows and columns
of the grid and the aquifer bottom are treated as no-flow
boundaries. The aquifer bottom was assumed to be
5,000 ft below sealevel onshore and offshore. In each
cell, the base of thetop layer was set equal to (1) thetop
of thevolcanic rockswherethetop of the volcanic rocks
were below sealevel or (2) sealevel wherethevolcanic
rocks were above sealevel (fig. 14). All cellsinthetop
layer representing offshore areas were modeled using a
head-dependent discharge boundary condition. All cells
in the top layer not simulated as a head-dependent dis-
chargeboundary represented agquifer material sthat were
simulated under unconfined conditions in the model.

Freshwater flow (Q) out of the model at head-
dependent discharge cellsis assumed to be linearly
related to the difference between the head in the aquifer
(h) and the head overlying the aquifer (hy) at the dis-
charge site according to the equation:

Q= (K'/B)A(h-ho) (8)

where:

Q = rate of discharge from amodel cell [L¥/T],

K’ = vertical hydraulicconductivity of theconfining
unit overlying the aquifer [L/T],

B’ = thickness of the confining unit overlying the
aquifer [L],

A = area of the model cell [L?],

h = head in the aquifer [L], and

ho = head above the aquifer, measured relative to

mean sealevel [L].

The confining-unit vertical hydraulic conductivity
divided by the confining-unit thickness is termed the
coastal leakance in this report. Although alow-
permeability coastal confining unit does not exist
around Tinian, the limestone itself impedes ground-
water discharge to the ocean. Thus, the confining-unit
vertical hydraulic conductivity is represented by the
limestone vertical hydraulic conductivity and the
confining-unit thickness is represented by the aquifer
thickness through which vertical discharge occurs. No
attempt was made to estimate separate val ues for the
aguifer thickness through which vertica discharge
occurs and the vertical hydraulic conductivity; instead
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Figure 13. Finite-difference model grid, head-dependent discharge cells, and withdrawal cells for Tinian
ground-water flow model.
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Figure 14. Finite-difference model grid and base of top layer for Tinian ground-water flow model.
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the coastal |eakance was assumed to be 10 day ™t
throughout the grid. This high value of |eakance was
used so that ground water in the model could freely dis-
charge to the ocean as controlled by the horizontal
hydraulic conductivity of the aquifer and heads would
not build artificialy in responseto aleakance controlled
by the vertical hydraulic conductivity of the aquifer.

The head (h) overlying the aguifer offshore was
assigned a value corresponding to the freshwater-
equivalent head of the saltwater column overlying the
ocean floor within the cell. The freshwater-equivalent
head, measured relative to mean sealevel, was com-
puted from the equation:

ho = -2/40 9
where Z is the ocean-floor atitude.

Flow between lower and upper layers of the model
isafunction of the differencein head between thelayers
and the value of leakance between the layers. Thisflow
can also be represented by equation 8 assuming the
|eakance and head-difference termsrepresent valuesfor
leakance and head difference between the lower and
upper layer. Thus, the confining-unit vertical hydraulic
conductivity is represented by the vertical hydraulic
conductivity of the limestone or volcanic rocks and the
confining-unit thickness is represented by the aquifer
thickness over which vertical flow occurs.

Because the saturated thickness of each cell
changes with the water-table elevation and depth to the
interface between saltwater and freshwater as the
SHARP code iterates to a solution, so too should thick-
ness and leakance values. The original version of
SHARP (Essaid, 1990) doesnot recal cul ate these values
so amodified version of the SHARP code (Izuka and
Gingerich, 1998), which automatically recalculates lea-
kance as thickness changes, was used to create the Tin-
ian model.

Hydraulic Conductivity Zones

Tinian was divided into three horizontal hydraulic-
conductivity zones (fig. 15): (1) highly permeable lime-
stone (hydraulic conductivity = 10,500 ft/d), (2) less-
permeable limestone (hydraulic conductivity = 800
ft/d), and (3) low-permeability volcanic rocks (hydrau-
lic conductivity = 0.2 ft/d). The less-permeable lime-

stone zone was simulated to adequately represent the
area of higher water levels (wellsM02, M19, M35, and
M39) to the southwest of the north-central highland.
Thelack of tidal responsein water levelsfromwell M02
and the relatively low permeability estimated from the
aquifer test at well M 19 support this zonation.

Recharge

The recharge value used in the model was 30 in/yr,
an average of thetwo water-budget accounting methods
(see Water Budget section). Recharge was distributed
uniformly across the island to produce an equivalent
recharge of 54.9 Mgal/d.

Ground-Water Withdrawals

Ground-water withdrawal was represented using
pumping cellsin the ground-water model. Six pumping
cells, four that represent wells, were used for the steady-
state model, which matches conditions during 1990-97
(table 4, pumping scenario A, the base-case scenario).
Evaporation from the water table at Hagoi Lake and
Marpo Marsh is also represented with pumping cells.
Annual evaporation was estimated by multiplying the
mapped area of the water body by the annual pan-
evaporation rate (76.65 in/yr on Guam [1956-82]) and
multiplying theresultsby 0.7, the pan-evaporation coef-
ficient typically assumed to convert pan evaporation to
lake evaporation (see, for example, Dunneand Leopold,
1978; Lindley and others, 1982). Total simulated
ground-water withdrawal from wells was 854 gal/min
or about 2 percent of the total estimated recharge to the
island.

Water Properties

The specific weights for freshwater and saltwater
were assumed to be 62.41 1b/ft> and 63.97 Ib/ft3, respec-
tively (Essaid, 1990). Hydraulic conductivity is depen-
dent on fluid viscosity, which in turn is a function of
temperature, and to alesser extent pressure and salinity.
The freshwater and saltwater dynamic viscosities used
in the model were 2.09 x 10°° Ib-¢/ft? and 2.24 x 10°°
Ib-s/ft? (Weast and others, 1989), respectively, for an
assumed temperature of 20°C.
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Figure 15. Finite-difference model grid and hydraulic-conductivity zones for Tinian ground-water flow model.
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Table 4. Description of pumped well sites and reported pumping rates, Tinian

[gal/min, gallons per minute; pumpage from water bodies represents pumpage equivalent to evaporative loss; pumping scenarios are: A, average
pumping distribution from 1990-97 (base-case scenario); B, no pumping; C, 2001 pumping distribution; D, maximum pumping distribution]

Altitude of top of

Altitude of bottom of

Model cell Steady-state pumping Pumping scenario in

Wellsite name open interval open interval (row, column) rate' whi.ch well was
(feet) (feet) (gal/min) simulated

Municipal well 9 -2 60, 36 780 A,D
New municipal well 5 2 61,36 875 C,D
Ag30 1 -5 61,36 26 A,D
M19 5 -14 43,17 50 D

M21 5 -17 48,17 50 D

M25 5 -88 40, 29 25 A,D
M26 5 -30 54,28 23 A,D
THO4 51 -18 64,31 50 C,D
THO6 8 -12 58,28 50 C,D
THI10 154 -16 55,37 50 D

THI12 136 -12 49, 35 50 D

Hagoi Lake? 1 0 20, 24 29 All
Marpo Marsh? 1 0 61,37 86 All

devaporation simulated using a withdrawal well

Estimation of Hydraulic Characteristics and Model-
Calculated Water Levels

Valuesof horizontal hydraulic conductivity for the
numerical model were varied until simulated water lev-
els at specified monitoring points matched measured
water levels. Recharge, ground-water withdrawal, and
coastal leakance were held constant. Because the model
simulated steady-state conditions with constant
recharge and withdrawal, average measured water lev-
els can be used as targets for the model simulations.

M easurements made at different times cannot alwaysbe
compared directly because water levels on Tinian vary
with the ocean level. To provide comparable water-
level measurements, values were adjusted up or down
using the Municipal well record asanindex record. The
Municipal well water-level record was recorded contin-
uously during November 1990 to April 1999 and isthe
longest water-level timeseriesavailable (fig. 10). Water
levelsfrom each well were adjusted using the following
procedure:

1) Determine the period over which water-level
measurements were made in the well.

2) Average the water levels over that same period
in the Municipal well.

3) Determine the difference between that water
level and the average Municipal well water
level over the entire period.

4) Subtract the difference from the average water
level of the well in question to determine the
adjusted water level.

For example, during the period over which well
M21 wasmonitored (September 30, 1990 to February 1,
1996), the Municipa well water level averaged 1.06 ft
above the sealevel datum, or 0.03 ft above the average
of 1.03 ft during the entire period of record (table 5).
The adjustment of 0.03 ft was subtracted from the aver-
age water level in M 21, 1.65 ft, to obtain an adjusted
water level of 1.62 ft above the sealevel datum. Water-
level records from wells M02 and M 29 needed signifi-
cant but opposite adjustments even though the period of
monitoring was about the same. One explanation for
thismay be because both wells are near the central high-
lands where lower permeability limestone is expected.
Because the rocks in this area have less permeability,
changesin water levels may beincreasingly affected by
recharge and less so by changesin ocean level than
water levelsin wells penetrating the highly permeable
limestone.
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Table 5. Observed and model-calculated water levels used in the steady-state simulations, Tinian
[All water-level measurements are intermittent unless otherwise noted]

Difference in

Average Municipal well .
measured Period when water level during Adjusted Model-calculated
Well water level Number of water level water level
name (feet above measurements measurements were meas.urement (feet above mean (feet above mean
mean sea collected pe.r iod mfd sea level) sea level)
level) entire period
(feet)

Mo02? 2.89 15,700 9/25/97-4/16/99 0.24 2.65 2.62
MO5 0.69 3 7/31/97-10/1/97 -0.24 0.93 1.07
MO7 1.46 25 7/6/95-10/1/97 0.08 1.38 1.51
MO8 1.02 3 8/22/97-10/3/97 -0.29 1.31 1.41
M09 1.40 31 5/4/95-10/2/97 0.00 1.40 1.36
M10 0.58 8 3/31/97-12/29/97 -0.26 0.84 0.75
Ml1 1.63 34 4/13/95-12/29/97 0.00 1.63 1.43
M15 1.02 6 5/29/97-12/29/97 -0.28 1.30 1.19
M16 1.28 32 5/4/95-12/29/97 0.02 1.26 1.36
M19 1.87 5 6/5/97-12/30/97 -0.28 2.15 2.18
M21? 1.65 45,443 9/30/90-2/1/96 0.03 1.62 1.65
M22 1.12 5 7/4/97-12/30/97 -0.26 1.38 1.36
M25 1.36 28 11/1/94-9/5/97 0.00 1.36 1.27
M26 1.75 20 11/1/94-9/5/97 -0.02 1.77 1.39
M29? 1.40 14,524 7/30/97-4/16/99 -0.24 1.64 1.53
M33 1.30 4 8/22/97-12/30/97 -0.28 1.58 1.45
M35 2.16 4 7/31/97-12/30/97 -0.26 242 2.58
M39 1.74 7 5/15/97-12/30/97 -0.28 2.02 2.11
Municipal 1.03 67,952 11/22/90-4/16/99 0.00 1.03 1.03
HagN 1.20 39 5/17/93-7/4/97 0.07 1.27 0.90
HagS 1.24 38 5/17/93-7/4/97 0.07 1.31 0.97
THO1 1.12 4 9/17/96-12/29/97 0.01 1.11 1.29
THO02 0.64 5 4/30/97-9/5/97 -0.28 0.92 0.86
THO04 1.32 48 1/10/94-12/29/97 0.02 1.30 1.19
THO06 1.30 27 7/6/95-7/31/97 0.08 1.22 1.30
THO7? 1.28 9,233 9/17/97-4/16/99 -0.01 1.29 1.36
THO09 1.27 114 2/9/93-12/30/97 0.02 1.25 1.07
TH10 1.12 18 10/10/96-12/29/97 -0.15 1.27 1.29
TH12 1.13 10 1/8/97-12/29/97 -0.24 1.37 1.33
TH22 1.06 17 10/31/96-12/29/97 -0.19 1.25 1.05
Ushi? 0.81 53,296 10/1/90-7/28/97 0.03 0.78 0.72

dcontinuous-recorder data

Development of Steady-State Ground-Water Flow Model 29



3 T T
—— LINE OF EQUAL MEASURED AND MODEL-CALCULATED
WATER LEVEL

Zz
) Q O
-
S A1)
LIJ >
L
o« 2 | .
o<
= W
<

=z
= <
e o

=
E L e ©
3%
Oom O o)
<—('|<f 1 oO B
o
W
(m]
o
=

0 \ \
0 1 2 3

MEASURED WATER LEVEL, IN FEET ABOVE MEAN SEA LEVEL
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Table 6. Final hydraulic-conductivity values used in the ground-
water flow model, Tinian

Hydraulic conductivity

Model zone (feet per day)
Highly permeable limestone 10,500
Less-permeable limestone 800
Low-permeability volcanic rocks 0.2

Model-calcul ated water levelsin layer 1, which
represent the water-table atitude, were compared with
these adjusted water level s to determine the best combi-
nation of hydraulic-conductivity valuesin the model
(fig. 15). Thefinal hydraulic-conductivity values used
in the model arelisted in table 6. The model-cal culated
water levels are in good agreement with the adjusted
measured water levels (fig. 16). The average of the dif-
ferences, average-absolute value of the differences, and
root-mean-square of the differences between measured
and model-cal culated water levelswere 0.01, 0.11, and
0.30ft, respectively. The model-cal culated water levels
(fig. 17) show good agreement with the hand-contoured
water-table map (fig. 11).

The model-calculated position of the freshwater/
saltwater interface can be compared with measured data
during 1997 to illustrate how well the model represents
the freshwater-lens system (fig. 18). In general, the
depth to the position of the surface defined by ground
water with a 50-percent seawater salinity (about 9,500
mg/L chloride concentration) measured in 1997 was
deeper than the model prediction for average condi-
tions. One explanation for thisdiscrepancy could bethat
the model-calcul ated water levelsin the areawhere the
measured transition-zone data were collected are
dlightly lower than measured water levelsin the area.
No attempt was made to match water levelsat each well
individually; instead the model simulates the overall
shape of the water table and gives equal weight to
water-level measurements made throughout the island.
It was determined that this matching criteriawould be
more appropriate than applying more weight to the
water-level measurements near where transition-zone
measurements were made.
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Model Response to Changes in Hydraulic
Characteristics

Three sets of simulations were used to determine
model sensitivity to changesin hydraulic conductivity
of the limestone, vol canic rocks, and coastal |eakance.
Inthefirst set of simulations, hydraulic conductivity of
the limestone was changed by 25 percent above and
below the values used in the base-case scenario (table
6). In the second set of simulations, coastal |eakance
was increased to 100 day™* and decreased to 0.1 day ™.
In the third set of simulations, the hydraulic conductiv-
ity of thevolcanic rockswasincreased from 0.2to 2 and
20 ft/d. Results of these changes are shown as scatter
plotsin which model-cal culated water levelsare plotted
against measured water levels (fig. 19). Also shown for
referencein each scatter plotisthelineonwhich all data
would lieif the model-calculated water levels were
exactly equal to the measured values. Comparison of
results shown in figure 19 indicates that model-calcu-
lated water levels are sensitive to changesin limestone
hydraulic conductivity of 25 percent but not affected
significantly by changesin coastal |eakance or volcanic
rock hydraulic conductivity of an order of magnitude.

Although the sensitivity of the base-case model to
changes in the estimates of annual recharge was not
evaluated, these changes would have essentially the
same effect as varying the limestone hydraulic conduc-
tivity. A 25-percent increasein thelimestone horizontal
hydraulic conductivity throughout the island will have
essentially the same effect on water levels asa 25-
percent decrease in recharge to the island. Similarly, a
decreasein limestone horizontal hydraulic conductivity
has essentially the same effect asanincreasein
recharge.

Simulations of Alternative Pumping Distributions
and the Effects of Drought

Model Representation of Alternative Pumping
Distributions

By setting all pumping at wellsto zero (evapora
tive loss from the water bodiesis till simulated), the
steady-state model can be used to simulate the ground-
water system under natural conditions (scenario B).
Under these conditions, the greatest change in water
level isaround the Municipal well and coastal discharge

is greater along the east and west shores of theisland
(fig. 20). Relative to the base-case scenario, the model-
calculated position of the freshwater/saltwater interface
isamaximum of about 7 ft deeper at the Municipal well
when thereis no pumping (fig. 21). A 7-ft increasein
depth of the freshwater/saltwater interfaceisabout a17-
percent increase in lens thickness relative to the lens
thickness cal cul ated using the 1990-97 pumping condi-
tions.

In 200001, the pumping distribution is different
than the distribution used in the base-case scenario. In
2001, the New Municipal well replaced the old Munic-
ipal well and the only other wells in use may be wells
THO4 and THO6 (Greg Castro, CUC Deputy Director,
oral commun., 2001). Total ground-water withdrawal
fromwellsunder these pumping conditions (scenario C)
IS 972 gal/min (table 4). The model indicates that, rela-
tiveto the base-case scenario, changing to this pumping
distribution has minor effects on the water-level distri-
bution and coastal ground-water discharge (fig. 22) and
to the position of the freshwater/satwater interface (fig.
21). The model-calculated position of the fresh-
water/saltwater interface beneath theinfiltration gallery
differsby only about 1 ft relative to the profile from the
base-case scenario A.

The maximum pumping distribution shows the
effects of pumping all wellsthat historically have been
used for production. This distribution (scenario D) rep-
resents the maximum withdrawal probable from the
aquifer using existing or currently proposed infrastruc-
ture. Total ground-water withdrawal from wells under
these pumping conditionsis 2,029 gal/min (table 4).
With this pumping distribution, model -cal cul ated water
levels show a maximum drawdown of about 0.2 ft from
the 1990-1997 pumping conditions near the Municipal
wells (fig. 23). Ground-water discharge to the coast is
reduced most near the middle of both the east and west
coasts of the island. The model-cal culated position of
thefreshwater/saltwater interfaceisabout 7 ft shallower
beneath the Municipal well area. A 7-ft rise of thefresh-
water/saltwater interface is about a 17-percent decrease
inlensthicknessrelativeto thelensthickness cal culated
using the 1990-97 pumping conditions.

Effects of Drought

The ground-water flow model developed for this
study iscurrently the best availabletool for qualitatively
demonstrating the potential hydrologic effects of
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Figure 19. Measured and model-calculated water levels for steady-state pumping conditions, Tinian,
for various values of coastal leakance, limestone hydraulic conductivity, and volcanic rock horizontal
hydraulic conductivity.
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conditions (no pumping) to base-case scenario, Tinian.
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Figure 22. Change in model-calculated water levels and coastal discharge from base-case scenario
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decreased recharge due to drought on the freshwater-
lensthickness. The 1998 drought, which affected Tinian
and Saipan, produced a significant decreasein recharge
to the freshwater lens. A complete rainfall record from
the Tinian airport is not available although data from
nearby Saipan can be used to estimate the amount of
recharge available from a drought similar in magnitude
to the 1998 drought. In 1998, rainfall at Isley Field on
Saipan was 35.6 in., 48 percent of the long-term (1954—
99) yearly average. The daily water-budget method
(described abovein the Water Budget section) using the
1998 Isley Field daily rainfall record and the soil-mois-
ture, runoff, and potential evapotranspiration datadis-
cussed above for Tinian provided arecharge estimate of
3.1in. for 1998 on Tinian (about 10 percent of average
recharge). Therefore, for Tinian drought simulations,
model recharge was reduced to 10 percent of the aver-
age conditions and simulationswere allowed to proceed
for 1 year from the steady-state average conditions.
Two pumping scenarioswere simulated, 2001 pumping
conditions and maximum pumping conditions.

Because the best-fit model is a steady-state model,
no attempt was made to match transient model resultsto
observed data. Therefore, best-fit values of aquifer stor-
age properties were not determined through trial-and-
error simulation. Aquifer storage properties control the
magnitude and rate at which fluid-pressure changes and
thus changesin water level s propagate through the aqui-
fer. Higher amounts of aquifer storage cause smaller
and slower changes to the freshwater lens and |ower
amounts cause larger and faster changes. In SHARP,
two parameters (porosity and specific storage) are used
to define the aquifer storage properties. In the model,
porosity istreated as an effective porosity and it affects
storage as the water table and the freshwater/saltwater
interface move up and down. Karst limestone porosity
typically ranges from 5 to 50 percent (Freeze and
Cherry, 1979, table 2.4). Specific storage is the param-
eter inthe model that affectsthe storage associated with
the compression or expansion of the aquifer and the
water it contains. Specific storage of fractured rock
ranges from 1x10° to 1x10° ft* (Streltsova, 1977).
Because the value of porosity isthree or more orders of
magnitude greater than values of specific storage, the
effects of varying specific storage in the model are
insignificant when compared to the effects of varying
porosity, and only the effects of varying porosity were

addressed using a series of simulations to bracket the
possible range of porosity values for the aquifer. Spe-
cific storage was held constant at avalue of 1x10°ft 2,

For 2001 pumping conditions, the rise of the
model-cal culated freshwater/saltwater interface after 1
year of drought conditionsranged from 3.5 ft to 24 ft for
the highest and lowest values, respectively, of porosity
(fig. 24). Becausethe model simulatesasharp interface,
it cannot predict the salinity distribution within the aqui-
fer nor isit capable of predicting the quality of water
pumped from a given well. To illustrate how the fresh-
water thickness above the transition zone might vary in
different scenarios, the measured thickness of the upper
transition zone between the potable limit (250 mg/L
chloride concentration) and 50-percent seawater con-
centration (9,500 mg/L chloride concentration) was
determined from figure 12 and superimposed on the
position of the freshwater/saltwater interface cal culated
by the model (fig. 25). Although this technique over-
simplifiesthe effects of pumping on the transition zone,
overestimates the true amount of freshwater above the
transition zone, and underestimates the potential for
saltwater to reach the well, it is still useful to evaluate
the potential for saline intrusion into pumped wells.

The simulation with the lowest value of porosity
indicates that the freshwater/saltwater interface would
have moved high enough to cause both the Municipal
well and well THO4 to produce poor-quality water.
Operational observations during 1998 indicate that
athough chloride concentrations did increase, they did
not exceed 250 mg/L in any of the wells (Greg Castro,
CUC Deputy Director, oral commun., 2001). Therefore,
the higher values of porosity (30 to 50 percent) seem
more likely to be representative of actual aquifer prop-
erties. Operational data show, and the simulations con-
firm, that the current (2001) pumping distribution likely
can be sustained during a year-long drought similar to
the drought experienced in 1998.

For maximum pumping conditions, the decreasein
the depth of the model-cal cul ated freshwater/saltwater
interface ranged from 4 ft to 33 ft for the highest and
lowest values, respectively, of porosity (figs. 26 and
27). Simulations using the more-realistic porosity val-
ues (30 to 50 percent) indicate the freshwater/saltwater
interface would only rise 5 to 8 ft after a1 year drought
similar to the 1998 drought. Therefore, it appears that
the freshwater lens could provide adequate freshwater
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Figure 24. Model-calculated position of freshwater/saltwater interface beneath the municipal well for 2001-

pumping conditions during 1-year drought, Tinian.

to the island during a drought similar to the 1998
drought even if pumping were at the maximum condi-
tions based on the existing distribution and depth of
wells. However, increasing pumping at any well or add-
ing additional wellstoo close together will increase the
likelihood of saltwater intrusion.

MODEL LIMITATIONS

The steady-state ground-water flow model of Tin-
ian developed for this study has several limitations.
Because the model isasharp interface model, it cannot
predict the salinity distribution within the aquifer nor is
it capable of predicting the quality of water pumped
from agiven well. Because of mixing effects, adiffuse
transition zone exists near the coast and brackish water
exists at the water table in some areas. The model
assumes that freshwater and saltwater do not mix. The
model simulatesthelocation of thefreshwater/saltwater

interface but cannot be used to simulate local upconing
near pumped wells.

The ground-water flow model cannot accurately
predict the local drawdown in or interface rise beneath
apumped well because of the discrete nature of the
finite-difference approach and the size of the model
cells. Simulated drawdown at agiven location in a
model cell is represented by the average drawdown for
the entire cell. Because the ground-water flow model
contains only two relatively thick layers, vertical head
gradients can be simulated only to low resolution and
model-calculated drawdown may underestimate actual
drawdown near partially penetrating wells. However, it
aso is possible that the model will overestimate draw-
down where local geologic conditions are not well rep-
resented in the model. The modé is, nevertheless, the
best currently available tool for predicting the possible
hydrologic effects of additional ground-water with-
drawals and reduction in recharge due to drought.
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No reliable measurements are available to deter-
mine the spatial water-level distribution in the volcanic
rocks. Thus, the distributions of model-cal cul ated water
levels and freshwater/saltwater interface altitudes are
unverified in places.

The model developed for this study is not unique.
Different distributions of hydraulic conductivity,
coastal leakance, and aquifer thickness could possibly
be used in amodel to produce equally acceptable
model-cal cul ated water levels. Model zones were cre-
ated to represent areas with less-permeable limestone.
Although this zonation fits aquifer-test data, it is proba-
ble that other zonations could produce similar accept-
able results. The model can be refined and a better
representation of the flow system can be obtained as
more data become available to constrain the model.

The recharge estimate devel oped in this study was
made using evaporation data from Guam, generalized
soil characteristics, and a rough estimate of runoff.

Thereis uncertainty associated with the recharge esti-
mates and the results of the ground-water flow model
are limited by this uncertainty.

DATA NEEDS

Additional data can improve the understanding of
the ground-water flow system on Tinian. As more data
become available, the ground-water flow model can be
refined and the accuracy of themodel predictionscan be
improved. Improved recharge estimates can lead to
enhanced confidence in ground-water flow model pre-
dictions. Monitoring of chloride concentration, ground-
water pumpage, and water levels are all necessary to
track changes in the freshwater lens, and address
whether the changes are related to pumping, recharge,
or sea-level changes.
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SUMMARY AND CONCLUSIONS

Theisland of Tinian, whichisabout 12 mi long and
as much as 6 mi wide can be divided into five major
physiographic areas: the southeastern ridge, the median
or Marpo valley, the central plateau, the north-central
highland, and the northern lowland. Two wetland areas,
Hagoi Lake in the northern lowland and Marpo Marsh
inthemedianvalley, are supplied perennially by ground
water.

Most public and residential land-use activitiestake
placein arural setting located in the median valley and
parts of the adjacent central plateau and southeastern
ridge, occupying about 25 percent of the island. About
75 percent of theidand is grassland and secondary for-
est supporting minor land-use activities.

Four major geologic units make up the island; the
Tinian Pyroclastic Rocks, the Tagpochau Limestone,
the Mariana Limestone, and unconsolidated sediments
consisting of beach deposits, aluvium, and colluvium.
The porous nature of coral reefs, and the high suscepti-
bility of limestone to solution weathering favor high
hydraulic conductivities in the limestone units. In con-
trast, hydraulic conductivities of the pyroclastic rocks
tend to be low due to poor sorting and the high suscep-
tibility of some volcanic mineralsto chemical weather-
ing and alteration to clays. Estimates of limestone
hydraulic conductivity from 17 aquifer testsrangefrom
21 to 23,000 ft/d.

Estimates of water-budget components for Tinian
are 82 in/yr of rainfall, about 6 in/yr of runoff, 46 in/yr
of evapotranspiration, and 30 in/yr of recharge. Rainfall
was measured and the other valueswere estimated using
adaily water-budget bookkeeping method.

Ground water is recharged by rainfall infiltration
over most of theisland. Water-level data indicate that
ground water flows generally oceanward radially from
the north-central highland and the southeastern ridge.
Most of the fresh ground water that is not withdrawn
from wells discharges naturally from the agquifer at sub-
aerial and submarine coastal springs. The freshwater-
lens system isin limestone and vol canic rocks but the
most important ground-water sources are from the
freshwater parts of this system in the limestone.

From 1990-97, ground-water withdrawal from the
Municipal well averaged about 780 gal/min. Changesin

ground-water level on anisland can reflect changesin
recharge or withdrawal from the ground-water system
aswell as natural changesin ocean level over hourly to
yearly time scales. The most obvious changes in water
level occur in response to the ocean tide. Measured
daily water-level fluctuationsin wells caused by ocean
tides are as much as 0.5 ft. In addition to the daily fluc-
tuation in water level caused by the ocean tides, water
levelsin wells also vary over longer timesin response
to non-periodic changesin ocean level and to rainfall.
Water-level records show variations of as much as 1 ft
that correspond closely to the ocean-level record.

Over most of theisland, the water tableisrela
tively flat and water levelsarelessthan 2 ft above mean
sealevel. The highest measured water level in the lime-
stone was 3.42 ft above mean sealevel in well M02,
whichisdirectly west of the north-central highland. The
highest measured water level on the island was in the
pyroclastic rocks on the southeastern ridge where the
water level was about 90 ft above mean sealevel.

Chloride-concentration dataindicate that the fresh-
water lensisthickest in the center of theisland near well
THO4 and thins toward the east and west coasts. The
maximum thickness attained by the freshwater in this
section is about 40 ft. The freshwater lensis slightly
thinner in the east than in the west, which indicates salt-
water may be upconing because of ground-water with-
drawa at the Municipal well and evapotranspiration at
the Marpo Marsh. The freshwater-lens thickness
changes seasonally. The lens thickens after the wet sea-
son and thins after the dry season.

A two-dimensional (areal), ground-water flow
model using the computer code SHARP (Essaid, 1990)
was developed to simulate steady-state ground-water
flow on Tinian. The finite-difference grid used in this
study covers the entire island of Tinian.

For modeling purposes, Tinian was divided into
three horizontal hydraulic-conductivity zones: (1)
highly permeable limestone, (2) |ess-permeable, clay-
rich limestone, and (3) low-permeability volcanic
rocks. The less-permeable limestone zone was used to
simulate the area of higher water level sto the southwest
of the north-central highland.

To estimate the hydraulic conductivities of the
model zones, average recharge, withdrawal s, and water-
level conditions were simulated. On the basis of
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availableinformation, an average recharge of 29.7 infyr
and average ground-water withdrawal of 854 gal/min
was used in the model to simulate 199097 conditions.
On the basis of modeling results, the following horizon-
tal hydraulic conductivities were estimated: (1) 10,500
ft/d for the highly permeable limestone, (2) 800 ft/d for
the less-permeable clay-rich limestone, and (3) 0.2 ft/d
for the volcanic rocks. The spatial distribution of
model-cal cul ated water levels for this base-case sce-
nario isin good agreement with the set of averaged
water-level measurements.

To estimate the hydrologic effects, relative to the
base-case scenario, of different pumping distributions
on the aguifer, three different steady-state pumping sce-
narios were simulated. To compare the difference
between predevel opment conditions and the base case,
a scenario with no ground-water withdrawal was simu-
lated. In the 2001-pumping scenario, the most realistic
current distribution (3 wells) and amount (972 gal/min)
of ground-water withdrawal was simulated. In the max-
imum-pumping scenario, al production wells (11
wells) pumping at the designed rate for each well (2,029
gal/min total) was simulated.

The results of the no-pumping scenario showed
that the freshwater/saltwater interface beneath the
Municipal well would be about 7 ft lower than the base-
case scenario and ground-water discharge to the coast
would be higher along both the east and west coasts of
the center of theisland. Modédl results from the 2001-
pumping scenario show little difference from the base-
case scenario. The model-cal culated atitude of the
freshwater/saltwater interface beneath the Municipal
well isabout 1 ft higher and the reduction of ground-
water discharge to the ocean is mainly along the west
coast. For the maximum pumping scenario, the model-
calculated freshwater/saltwater interface is about 7 ft
higher than the position calculated in the base-case sce-
nario.

To estimate the hydrol ogic effects of drought on
the freshwater lens, the 2001- and maximum-pumping
scenarios were simulated using three combinations of
aquifer porosity covering arange of possible limestone
properties. In al scenarios, recharge was reduced to 10
percent of average estimated rechargefor one simulated
year. The simulations show that the freshwater lens
could provide adeguate freshwater even under maxi-
mum pumping conditions during a drought similar to
the one experienced in 1998.
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