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APPENDIX A-1

Simpl o] . ¢ t) “nvben-H ] i ncip]

Throughout most of northern Guam, fresh ground water floats
on salt water in approximate bucyant equilibrium, which in combina-
rion with the effects of the dynamics of flow of the fresh water
results in a body of fresh water with parakolic surfaces at both
the fresh water -- air interface and the fresh water -- 35&a water
interface. This body of fresh water is called a Ghyben-Herzberg
lens, or a "“basal” lens if it is unconfined. Not any of the ground
water in the limestone aguifers of northern Guam 1s “confined,” that
is, under artesian pressure,

The buoyancy relationship between fresh and salt waters
gives a surprisingly good estimate of the thickness of a Shyben-
Herzberg lens. The common rule of thumb that 40 feet of fresh water
lies below sea level for every foot above sea level 1s derived by
computing the hydrostatic balance as follows:

{1) gfh + gfz = gJsZ

(2} =zlgs - gf) = gfh
{ gt h

{3 z = |
Lgs - gf

Water Table

F

elevation of fresh water table above sea level
V Sea Level

N
1

depth of fresh water below sea level

g g = specific gravity of fresh water

Water gg = specific gravity of sea water

Fig. 1-1
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If the ncrmal specific gravity of fresh water (gg = 1.000)

and of sea water {gg = 1.025) 1s used in the above, then:

The above derivation assumes the existent ¢f a sharp bound-
ary between the fresh and salt waters. The boundary, however, is
diffuse because of hydrodynamic dispersion induced by movements of
the interface which result from tidal changes, seasonal differences
in recharge rates, and withdrawals of fresh water by mechanical means.
The diffuse zone of brackish water between the fresh and salt waters
is called the “transition zone.” Its thickness depends upon the
dynamics of flow in the fresh water portion of the lens; if the
fresh ground water wvelocity is high, the transition zone will be
narrow. The salt water underlying the lens is generally treated as
being static, although it responds to tidal changes and to changes
in elevation of the transition zone,

Hydrodynamic dispersion results in a vertical distribution
of salt concentrations which follows the symmetry of the error func-
tion curve. The concentrations in the transition zone thus change
symmetrically from sea water to fresh water such that the mean con-
centration in the zone is equal to one half that of sea water. Under
this condition, hydrostatic balance shows that the 40:1 Ghyben-
Herzberg ratio actually applies to the middle of the transition
zone rather than to a sharp interface at the bottom of a fresh watex

lens, derived as follows:
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Fresh Water Table

- ] - Sea Level

z ¢ = Depth helow sea level of fresh water

—— — ¢+ -~ — — —Top of transition zone
= Thickness of transition zone

+
9s - 9¢_ specific gravity

— i — o ——

Bottom of transition =zone
Salt Water

Fig. 1-2

ge t* gf
(5} ggh + ggzf + 5 zt = gsl{zf + zt)

o5 + Qf)
gs 7 2 j ggh

{6y zf = 2 _
E= = Gf - 9gs 9f -~ ds

If gg = 1.025, gf§ = 1.000
then:
(7} zg = 40h - 0,5z¢+

and:
(B 40h = zf + 0.5zt

which is the middle of the transition zone,
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APPENDIX A~2

The Shape of the Ghvben-Herzberg Lens

The derivation of the thickness of the Ghyben-Herzberg
lens based on hydrostatics tells nothing about the shape of the
lens. The lenticular shape, in which the upper and lower faces
are approximately parabolic, is caused by the flow of fresh
groundwater toward the coast along a hydraulic gradient. An
approximate expressicn for the shape of the lens may be derived
by using Darcy’s law for flow in porous media in combination
with a continuity eguation. Figure 2-1 gives the coordinate
system for the deriwvation in the case of an unconfined lens.
Assumptions are that the agquifer is homogenecus and isotropic,

and that the fresh water flows along horizontal stream lines

above a sharp interface separating the fresh from the underlying

salt water.

Sea Water Table

Level

Fig. 2-1
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In figure 2-1, h is elevation of the fresh water table above
sea level; x is distance inland from the discharge line along the
coast; q is specific flux; w is the specific rate of vertical infil- rration

considered uniform; and B is the Ghyben-Herzberg constant,
gf
ds-9f

in which gf is the density of fresh water and gs the density

r

of sea water. For normal densities, B = 40.
Continuity reguires that:
{1} g = g1 + wix] - z)

For the coordinate system depicted above, Darcy’'s law is;

EE
{2} g = k(B + L}h dx

in which k is hydraulic conductiwvity. This equation is simplified to:

dh

(3) g =41k h

Equating (1} and (3}:

dh

(4} ql+w(xl—x)=4lkhdx

which in integrable form with apprcximate limits becomes:

X X X h
{53) g1 I dx + wx] j dx - w j ®xdx = 41k j hdh
0 0 0 )

and on solution:

wx<  4lkh?

{6) F1x f owxix - 5 = >

Expressed as hix}, eq. (6) may be written:

5 2% Wi
{7} h< = i1k ql + wx] - -

If there were no vertical recharge, as in the confined aauifer

case, then,
41xh?

(8) g1 = x
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which, since continuity requires that g3 = q, becomes the familiar

expression:
41kh?
2x

(8) g =

Equaticn (92) is a very useful expressiocn, even though it
ignores vertical recharge., If recharge were temporarily sporadic and
spatially random, egquation (9) would probably be a good approxima-
tion to flow in the lens.

Equation {7}, because it includes continuous vertical re-
charge, yields somewhat higher heads and flatter piezometric sur-—
face than equation (9), which may explain the relatively low gradients
found in the broad inland area north of Dededo. Comparison of heads
derived from equations {(7) and (9) for the approximate conditions
which pertain to northern Guam are tabulated below.

The approximate conditions are:

h1 = 5 ft; %1 = 10,000 ft; k = 2000 ft/d

w = .0096 ft/d (42 inches/yr, or 2 mgd/miZ/d)
Using these wvalues in equation (9) yields a specific flux wvalue of
g = 102.5 ££3/d, the daily discharge per lineal foot of coastline.

A solution for gj in eguation {7) gives a value of 54.5 ft3/d. ‘Thus

the following heads are computed for comparable distances inland:

¥ hleg.7) hi{eq, 9}

10000 ft 5.00 ft 5.00 ft
8000 4.68 4.47
6000 4.22 3.87
4000 3.58 3.16
2000 2.62 2.24
1000 1.89 1.58
100 0.6l 0.50
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APPENDIX A-3

Fluctuation of the piezometric surface of an aguifer in open
connection with the sea is related to tidal actioen in the sea by the

simplified expression:

—x s
1} h/hg = e -
(1} /hg xp toT
in which:
h = maximum amplitude of the tide in the aguifer, ft.

hs = maximum amplitude of the.tide in the sea, ft.

¥ = distance inland from the sea coast, ft.
s = storage coefficient,or specific yield

T = transmissivity, ft2/d

ts = pericd of tidal cycle (approx. 0.5 days)

Egquation {1} 1s strictly applicable to confined aquifers of constant
thickness but is a good approximation of an unconfined lens in which
“he range of tidal fluctuation is much smaller than lens thickness,
as in northern Guam.

The sea around Guam has a semi-annual mean tidal range of
1.4 ft. and a mean diurnal range of 2.3 ft. The datum is5 mean lower

low water, and pertinent tidal indices are (Tracey, et al, 1964}:

MHHW {mean higher high water} ... 2.3 ft.
MHW (mean higher water) .. 2.2 fE.
MWL (mean water level) ... 1.4 ft.
MLW (mean lower water) La. 0,6 £,
MLLW {mean lower low water) .. 0.0 fr.
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A few measurements of tidal fluctuations in wells
penetrating to the basal lens have been repcorted. These
measurements in conjunction with tide tables and certain
assumptions can be used in equation (1) to estimate the
regicnal transmissivities of the limestone aquifers., Figure
3-1 illustrates the position ¢f the lens in northern Guam
for which calculations can be made. Note that the depth
of the water mass in the limestone aguifer includes both the
fresh water lens and the salt water lying between the lens

and the impermeable basement.

Ground Surface

Tidal Fluctuation
Tidal Fluctuation

Y SL |}
]

Limestone

Fig. 3-1 W
7
M

Volcanics {Impermeable)

Table 3-1 summarizes the computations based upon the

least ambiguous data available from records and in reports. A

value of 0.1 was assumed for S, and the average thickness, ¥,

of the saturated aquifer was approximated by employing a slope of
3 degrees in a seaward direction for the volcanic basement from

its known or reascnably estimated position inland. Obviously the

configuration of the basement is largely conjectural, but its

actual depth is not likely to wvary from the assumed depth by a

factor of more than two.
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Takle 3-1

Cata source Well ho~/h S/T T v k=T/v Remarks
Stearns {13837) 9 11,0 6x10°8  1.7x10% 1300 1308 Let hp=2.2
Stearns (1937) 6 8.5 7.3x10-2 13.7x10% 1400 9800 Let hg=2.2
Huxel {(1973) D-13 10.0 5xlo™% 20x10% 1000 20000 Use actual

sea tide
record
Huxel {1973) AG-2 13.3 7.4x10~9 13.6x10% 1200 11333 Use actual
sea tide
record
HJuxei (1973) 107 8.0 5.6x10°8 1.8x106 1300 1385 Use actual
sea tide
record
USGS (1974) ACEORP 9.1 2.6x10-8% 1.2x10% 1200 1000 Let hg=2.2
Ward, et al (1965) 82 7.3 4.9%x10°8 2.3.x100 1200 1717 Let hg=2.2

The computed transmissivities and hydraulic conductivities vary
widely, the highest transmissivity being about 17 times more than the
icwest., The very high transmissivities may indeed reflect unusual
conditions of permeability, which may help to explain the anomalously
high c¢hloride water pumped in some inland wells, such as D-13, However,
the lower transmissivities computed for wells 9, 107, and 82 and for
the ACECORF tunnel more nearly reflect the expected regional permeabil-
ities as deduced from hydroleogic budget studies.

Evidently the factors affecting tidal responses in the aguifer
are insufficiently understood te allow refined extrapclations of
aguifer parameters from eguation {1l}. The collection of adaitional
and more precise data, however, will eventually allow more : -ohis-

ticated analyses of tidal responses.

1686



APPXNDIX A-4

D f an unconfin —Herzber it n
recharge

The following analysis deals with a free floating Ghyben-
Herzberg lens to which all recharge has ceased and from which the
only discharge is natural leakage at the ccastline. The analysis
will show that under natural conditions the decay ¢of a Ghyben-Herzberg
lens takes place very slowly. Figure 4-1 shows the coordinate system
and the geometry of the lens under consideration. The model is ap-

plicable to northern Guam.

Sea Level L e v —— —_—
v ————— — — ho (£=0) ] n(e)
\\ — qo
-
NG Bhy = 40 ho
Fig. 4-1

Two fundamental equaticons of flow may be used tec express the
discharge of a free basal lens, Drainage from a lens which receives

nce recharge may be be expressed as:

41khe?
1 = —
(1} a0 ox
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in which qO(ftBKd} is discharge per unit width of ccastline at
~he start of the decay, k{ft/d) is hydraulic conductivity, and
hs (£t} i3 the head at a distance x({ft) from the cocastline.

The decay egquatiocn for drainage from a porcus medium
into which there is no recharge may be written:
(2) q - qee °F
where q 13 discharge at any time, t, after the initial

flow, 9o, and b is the decay constant. From this equation the
initial veolume of water, Voyw, 10 the porous medium may be determined
ad:
{3} Vaw = dofb
By restricting the model to a one foot wide strip along the x axis,
the flows and volumes become specific wvalues per unit coastline.

The decay constant, b, is unknown, but Vaw can be found
by determining the wvolume of the lens above and below sea level,
after which b can be computed if g is known. Substituting

equation {1} into eguation (3):

20,5 khg?
(4 Vow = bx
from which:
20.5 khgp?
. _ el e
(53 b Vowx

The volume included within the parabolic surfaces of the

Ghyben-Herzlherg lens may.be computed from the relationzhip:

Zgyls2
= e 1/2
tG) h [4lk] ®

The specific volume, Vzg, above sea level is:

2g3y1/2

X
24) 1/2
{7}y Vas [4lk) jax dx



where Vg 1s the total volume ¢f the pore space and the solid matrix
of the aguifer. Equation (7) becomes:
2q 11/2 2 15
(8) Vas = |51 [3} e
and the specific volume, V]g, below sea level is:

(9) Vls = 40Vas

Thus at the start ¢f the decay the total volume between the

parabolic surfaces of the lens is:

(4l) (3] 41% X

{10} VOS bl
ar:
(ll) VOS = 2733 hoXo

Boundary conditions for the normal maximum head in the middle

of the island are:
ho= 5.5 ft; xeo = 12,000 ft; qo = 103 ft3/d

from which Vos is computed as 1,803,780 ££3, However, the voiume of

water, Vow, contained in Vgpg is:

{12} Vgow = nVgs

in which n is porosity, estimated at €¢.1, yielding Vgow= 180,378 ££3.

Equation (5) can now be solved to give the decay constant, b = .00057.
To determine the loss of head over a given time, eguations

{(11) and (12) may be used to yield:

{13} AVy = 27.33 nx(hpg - h1)

in which AVy is the change in water volume resulting from the natural

decay of the lens from time tg= 0 to a given time, t1. From the decay

equation ¢f flow in porous media

ap - 91 g0 {1 - e7Ptly
(14) AV = — - C
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Equating egquations (13) and (l4}:
g (1 - e"Btl)

fiay 27,33 nxihg - hi) =

b
and solving for hi:
gg (1 - e~btly
L) AL = 00 T 757733 nbx
qp {1 - e btl)
‘r which the gquantity 5733 nbx iz the loss in head which occurs
fyaom t = O to t] under cornditions of natural leakage and no rechazrae.

The significance of eaquation (16} can best be illustrated by
example. 1£, for instance, t] = 180 days, the head loss after this
period of time would be 0.54 ft, and the head 12900 ft. inland wcu.d
be 4.96 ft. rather than 5.5 ft. The specific flow would decrease
from Gq = 103 ft3/d to 84 ft3fd, illustrating the tendency of the
lens Lo preserve itself. If t)] were 365 days, the head loss would
amecuns o 1.03 ft, leaving a residual head of 4.47 ft. at the middle
2f the island,.

The eqguaticns of flow for a Ghyben-Herzberg lens during
natural decay show that the outflow from the lens decreases greatly
for a small change in head, and thus even extended periocds of
drought would not endanger a lens the size of that in northern Guam,
The foregoing analysis does not take into account 2e effects
of Araft on the condition of the lens during pericds of no recharge.
The present rate of groundwater withdrawal in northern Guam is about
15 mgd, egquivalent to approximately 10 ft3/d per ft. cf shoreline, or
orie tenth of the natural leakage when the head is 5.5 ft. in the middle
of the island. Constant draft without recharge would, of course, cause

the head to fall more rapidly than would natural leakage alone.
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A constant draft term may be included in the flow equations
by changing equation (2) to read:
(17) gq = qpe™Pt + D

in which D is a constant draft. Equaticon {(14) would then change to

qo -~ 91 gqp (1 - e~btly

- + D(tg - t1} = b + Drl

(18) AVy =

Equation {16} would then become:

qg (1 - e~bt1) Dtq
13) h1 = hg - -
(19) b1 0 27.33 nxb 27.33 nx
Dtq
The term __ .. _ is the loss of head caused by constant draft.
27.33 nx

If constant draft were equivalent to 10 fr3/d per foot of
coastline after 180 days without recharge the loss in head due to

draft alone would be 0.06 ft., and after a year it would be 0.12 ft,
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AFPPENDIX A-5

Ground water in the wvolcapic rocks of southegn Guam as determined

from stream flow measurementd

“he voleanic rock formations of southern Guam make very poor
aguifers because of their low hydraulic conductivities but neverthe-
less they carry appreciable volumes of ground water. Only one well
in the wvolecanic rock, that at Guam 0il Refinery producing 100 gpm,
cur be said to be an ecenomic success. Unfortunately a good log for
ehis wall is rot available and the nature of the subsurface in the
vicinity is therefore unknown. Other volcanic rock wells show very
low hydraulic conductivities, practically always less than 1 Z£/d.
Fven so, the RCA well at Pulantat is being used, regardless of the
f3cr trat at 20 gpm drawdown is greater than 300 feet, because cf
“he importance of a water supply to the communications station.

Rain thar infiltrates the wveolcanics eventually seeps Lo
s-ream chanrels and then flows to the sea. The infiltrate remalns
in the ground fcr a long period of time, following tortuous flow
paths through poorly permeable tuffaceous shales and sandstones and
somewhat more permeable agglomerates to discharge points in stream
channels. Water tables are high, in some areas lying within a Zew
seer of the surface. At Pulantat for instance, the water table is
“ass than 20 feet below the surface, even though ground elevation is
about 360 feet.

The exponential flow decay equation may he used to evaluate

ground water seepage to stream channels. A channel 1s treated as a
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line sink into which uniform seepage per unit length takes place,
according to:
(1) 0 = goe~at
in which, using convenient units, ¢ is flow in mgd at time t in days;
Qo (mgd) is flow at t = 0; and a is the recession constant.

Seepage flow must not be confused with total runcff; most
of the flow in the volcanic streams of the south is direct runoff
of rain over the ground surface. Seepage flow can be estimated by
analyzing the daily records of flow over the dry season, starting
about December 1 and ending in June, and establishing the decay re-
lationship. It is a matter of some judgement to extract from the
daily records flows that do not reflect direct surface runof£;
ordinarily if the minimum daily flows from one month to the next
decrease monotonically, a decay curve can be constructed.

In the analysis, maximum subsurface storage, and therefore
maximum seepage, is assumed to occur at the start of December and
to decay over a period of 180 days. Table B-6 (Appendix B) gives
the initial flow from storage, Qp, and the flow 6 months later, Qg,
of the major streams in southern Guam for the period 1953 thzrough
1960 (data for 1959 is missing because it wasn’t available when.the
analysis was made). From this data, the recession constant, a, the
subsurface volume tributary to the stream channel, and the subsurface
volume which drains to the stream over the period of 180 days can be
computed. These parameters in some measure define the characteristics
of ground water occurrence in the volcanic rocks.

Table B-7 {(Appendix B} gives a summary of the runoff char-

acteristics of the major streams of southern Guam, emphasizing the
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ground water contribution. Streams are listed by type of rock for-
ration which they drain. The Ugum, Inarajan and Tinaga (formerly
called Pauliluc by the USGS} rivers chiefly drain the Bolanos
pyroclastic member of the Umatac formation; this member consists of
tuffareous shale, sandstone and agglomerate. The Umatac River chiefly
drains the Facpi volcanic member of the Umatac formaticn, ceonsisting
of pillow basalts overlain by tuffacecus shale and sandstone with
lenses of limestone. The Ylig and Fago Rivers drain the Alutom
volcanic formation, which is predominantly formed of tuffaceous shale
and sandstone. The recession constant, a, of the streams reflects
the subsurface geology of the drainage basins in that it is directly
progorticonal to hydraulic conductivity and aquifer thickness, and
inversely preporticnal to effective porosity.

The data in table B-7 cglearly show that ground water storage
in the Bolanos member is far greater per unit drainage area than 1o
either the Facpi member of the same formation or in the Alutom for-
mation The Ugum drainage basin has especially large ground water
storage, The low unit storage for the Tinaga River basin probably
results from pirating of subsurface water within its geographic
boundaries by the more deeply incised Ugum and Inarajan Rivers.
The Ugum may also pirate some of the subsurface flow of the upper
drainage region of the Inarajan River. With respect to ground water
the basins of the three rivers should be treated as a single regiocnal
unit, the subsurface drainage from which comes nearly exclusively
from a Bolanos member.

Calculations suggest that the total velume of ground water

available for drainage to the three Bolanos basins is 152 mgfmi2 at
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the start of the dry season, of which 118 mg/mi2 actually drains to
the streams during the 6 months period. On the other hand, the
Alutom formation of the Ylig and Pago basins carries considerably
smaller ground water storage per unit drainage area, only about 60 -
65 mg/miz, less than half that in the Bolanos member. Also the re-
cession constants for the Ylig and Pago Rivers are nearly twice as
great as those for Bolanos streams, reflecting rapid drainage. Still
another significant difference between Bolanos and Alutom streams is
the ratio of runcff te rainfall, which is about .57 for the Bolanos
and .65 for the Alutom, denoting higher total yields from the latter
formation.

Because hydrologic conductivities of the volcanic formations
are very low, in the normal case producing wells would have to be
very deep to provide even small quantities of water. It is improbable
that the economics of deep wells equipped with small capacity pumps
would justify widespread development of ground water from the vol-
canics for some time. Local reguirements, however, might Jjustify
the expense. In locations where volcanic rocks encase limestone
lenses, such as at Malolo and Talofofo, immediate exploitation of
the limestone aguifers would be appropriate,.

Table B-7 also provides important information with respect to
surface water exploitation. As an example, for the Ugum River the
total ground water seepage over the 180 day dry period is 1109 g,
which averages tec 6.16 mgd. This does not include the direct surface
runoff component of the rainfall. In effect, the volcanic rocks are

porous media reservoirs whose slow seepage rates could be exploited
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in designing surface reservoirs. ¥For this purpose, the Ugum River
basin has the best characteristics, while the Ylig and Pago basins
have the poorest. The Ugum River would require a smaller surface res-
ervoir per unit flow than the Ylig or Pago Rivers because substan-
tially more of its total flow consists of ground water seepage. For
the Ugum River, of the total average flow of 1% mgd, 6.16 mgd {32.4%)}
consists of ground water, while of the total average flow of 16,8 mgd

for the Page River, 1.91 mgd {1i.4%) consists of ground water.
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APPENDIX A-6

WASTE WATER DISPOSAL BY MEANS OF INJECTION WELLS

BYDRAULICS OF INJECTICON WELLS

The hydraulics and flow from an effluent well are extremely
complicated and defy straightforward analysis, particularly if the
boundary conditions are ill-defined. A simple flow model can be
evaluated, however, from which the results may provide insight into
more complex cases. In the simple model, the aquifer is homogeneous
and isotropic, with a definite bottom and discharge boundary. The
injection well is assumed to fully penetrate the aquifer, to be un-
cased, and to receive a constant, continuous effluent flow. In a
Ghyben-Herzberg system, the injection well may be designed to discharge
the effluent either into the basal lens or the saline water beneath it.

Iniection Well in Basal Lens

The lens is assumed to contain fresh water and to have a
static bottom coincident with the theoretical interface between fresh
and salt waters. The densities of effluent and groundwater are con-
sidered identical. Initially, the effluent mixes with the water in
the agquifer and becomes highly diluted, but with time the aguifer
water is gradually displaced until at steady state the effluent,
having totally displaced the ambient water along its path, travels
as a slug toward the coast with dilution caused by dispersion occurring
only at the margins of the slug. Dispersion, which includes molec-
ular diffusion, is a relatively short-range phenomenon, dwarfed in
significance by the slug movement., Eventually, the slug of effluent

reaches the coast over a width determined by the aquifer parameters
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and the flow field of the aguifer under initial conditiens. Dilution
af the effluent with sea water depends in large measure on the width
of the slug where it emerges at the ceoast and the seaward extent of
the discharge front. The steady state case is more relevant than the
vransiernt condition in evaluating the effects the effluent may c<ause
irn beth the aquifer and at the shore because 1t expresses the expect-
akle leong-term environmental status.

As effluent pours inte the injection well, it accumulaftes until
its potential is sufficient te force flow into the agquifer against the
prevailing aguifer potential field. The effluent will travel radially
entil its wveleecity is equal to the wvelocity of natural flow in the
aquifer. When the velocity of the effluent equals the velocity of
the environmental water, the effluent will no longer move against the
natural gradienz, but will follow a path parallel to the flow lines
of the aquifer water. Directly up the gradient from the injection
well a null point will occur, the distance to which is the mirimum
radius traveled by the slug. The fiow line from the null paoint wili
sutline an envelope which will move with the natural gradient, its
widsh expanding to a wvalue equivalent to the circumference of the
null circle, as will be shown later (see fig. 6-1).

The null radius and the time to reach it can be derived from
assumptions of continucus injection into the idezl agquifer medel and
symmetrical cylindrical flow away from the well. At a constant rate of
injection, Q, the volume V, of effluent that flows into the aquifer is:

(1) V - Ot = nft br
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where £t is time, n is porosity, b is thickness ¢f the fresh water
aquifer, and r is radius measured from the well. As the cylindrical

volume of effluent expands from the well, its wvelccity, Ue is:
dr

{2y Ue 25

From Eguation 1:

Q 1/2
(3) x = [ } £l/2

nnTbh
and thus:
dr o T1/2 arl/2 1 o /2 L/
4 4t " |lnn b dt 2 |n®mb t
The natural aquifer particle velocity, Ua, is expressed by:
k db
5 s
(5) Ua = n dx

in which k i1s hydraulic conductivity and x is length measured in the

direction of flow. By equating Uz and Ue:

db o Ji/z
(6) (k/ny —— = 1/2 { ] £=1/2

dx nnh
7y tl/2 = 172 [ z }1/2 e
n b db
&l
and:
ng n
(8) t =1/4 [EEJ ___agig
-5
db
in which the term [k E;] is the Darcy (bulk} velocity.

From Equations 8 and 3 the steady state maximum radius of

the slug directly upstream of the well is computable as:
1

- ”[z:b][kdb]

dx
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When r is reached, the particles at r form the outer flowline
of the slug which moves along with the natural flowfield. Total flow

over any width of the aquifer is expressed as:
db
(10} o = X b L a;
in which L 1s the width of a section. When the effluent potential
becomes indistinguishable from the natural aguifer potential and
ging¢e the effluent input is constant and continuous, from Equaticns 3
and 1J the following relationship is derived:
i1y L =2 mn x
“hies the final steady state width of the slug as it moves toward the
coast may be related to the nuil radius. For some discance ¢n either
side cf the slug dilution caused by dispersion will accur, but the
vaolume of affluert in this kband will be insignificant compared to the
orimary slceg. Figure 6-1 illustrates the flow relationships descoribed
oy the ancve analyses.
icebovaa - 2]
The effluent slug moves rtoward the sea cecast initially at a
higher welocity than the ambient aguifer velocity and finaily in
velocity equilibrium with the agquifer environment, The time fcor the
slug t2 reach the coast depends upon the distance inland of the well,
the rate of injecticn, and the particle wvelocity of the ambient water
in the agquifer. By solving Eguation 8, the time before the slug
velocity equals the ambient welocity is obtained, and by Eguation 9

the distance traveled is cazlcoulated., The remaining time of flow to

the coast is determined from the standard Darcy relationship.
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For instance, 1n the limestone lens fitting the ideal model,
that is, having a regional hydraulie¢ conductivity of 2000 ft/day
uniformly distributed, a porosity of 0.1, a thickness of 100 feet
based on an average head of 2.5 feet, and a gradient of 5 £t/10000 ft,
and receiving a constant rate of effluent input of 0.75 mgd (525 gpm),
the time to reach the null radius would be 8 days, and if the sea
coast were located 5000 ft. inland, the first coastal discharge of
effluent would take place approximately 1.3 years later.

With regard to the guality of ccoastal waters, the ultimate
success of an effluent well is measured by the degree of dilution
which occurs where a slug emerges as seepage at the discharge
boundary of the aquifer. If the groundwater flows in the form of a
basal lens, as is the case along most of the coast of northern Guam,
it discharges as springs at the coast and for some distance seaward
as submarine seepage. Dilution with sea water depends upon the
cross~sectional area through which the slug seeps. The area of dis-
charge in the ideal model is the product of the lateral extent of
the slug and the width of the seepage band. However, the real sit-
uation at the coast may differ markedly from the model in view of
the structure of the limestones that make up the aquifers. In par-
ticular, large point scurces of discharge, exemplified best by caverns,
may in many areas predominate over uniformly distributed seepage.

Under ideal conditions, where no caprock occurs seepage from
the basal lens will be uniformly distributed across a strip whose

seaward width depends on flow from the lens, hydraulic conductivity
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of the aguifer, and the density difference between fresh and sea

water. The relaticonship {(Cooper, gt al., 1964} is:

q
2 ak

{12) x =

where % is the width of the seepage strip, g is5 the fresh water flow
per unit length of shore line, and a is the difference in density be-
tween the sea water and fresh water divided by the density of fresh
water, and k is hydraulic conductivity (see Figure 6-2). The narrower
the seepage strip, whose extreme minimum would be a line or point as
in Figure 6-3, the less dilution that would occur in the immediate
vicinity of effluent discharge.

As an example, for an aguifer with a hydraulic conductivity of
2000 ft/day, a gradient of .0005 and a depth of 100 feet, the flow per
unit length of shore line would be 100 tt3/day (748 gpd} and the sea-
ward length of the see¢epage strip would be just 1 foot. If the width
of the effluent siug were 1000 feet, the maximum attained at steady
state, the cross-sectional area of seepage would be 1000 square feet,
and thus the seepage rate into the ocean would be 100 ft3/day/ft2, or
.52 gpm/ft?. Dilution of this seepage with sea water would depend on
pceancgraphic conditions owver the seepage zone.

Equatieons 10 and 12 can be manipulated to give a simple
algorithm in which seepage rate per unit area is related cnly to
hydraulic conductivity and is not restricted to the steady state
formation of the effluent slug. In Equation 12 the value of a is
equivalent to /L where Q refers to Equaticn 10, Alsc, Sseepaw - rare

per unit are Q/A = Q/L¥X, and therefore:

{(q}
2 ak

{13} Q/A = Q/(L)
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and

(14} OQ/A = 2 ak

The seepage rate per unit area for the preceding example could have
been obtained from Egquation 16 as follows:

Q/A = (2)(.025) (2000} = 100 ft3/day/ft2 = .52 gpm/ft2
Neither L nor X need be known; their values are implicitly included
in Eguation 14.

The above discussion describes a model aquifer, which is at
best a first approximation to the limestone aquifers of Guam, Devia-
tions from the ideal work to either enhance dilution of the effluent
slug or force it to concentrate along limited flow paths. For instance,
the layering in limestones may cause a widening of the seepage zone at
the coast, while such structural aberrations as scolution caves would
serve as conduits to point discharges. A reduction in permeability
would enlarge the area of the seepage zone; an increase would narrow
it. On a regional basis the model approximates the overall behavior
of effluent flow and discharge, but where a local condition, such as
a beach is concerned, the geoclogical and hydrological details of
the area would have to be carefully appraised to determine, particu-
larly, whether point discharge or normal seepage would more likely
cCccur,

EfE £ In1 . fel] p . Well

Among the critical constraints on the location of injection
wells is the effect the effluent may have on groundwater that is
either being or could reasonably he developed., Most of the northern

portion of Guam contains fresh groundwater which has become the
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principal source of domestic supply. The groundwater is developed
chiefly by means of drilled wells.

If an injection well were located within the radius of draw-
down influence of a pumping well, the effluent would eventually travel
to the pumping well and mix with aquifer water during operation. If
the distance af travel were great, the effluent would probably have
lost its contaminating characteristics. However. injecticn wells
should not be sited where the effluent would move down the gradient,
whether natural or induced, to wells producing water for domestic
uses. On Guam such interference could be avoided by considered
pianning.

An approximation of distance te the groundwater divide from
a pumping well can be made by evaluating the steady state pumping

regime. The Thiem eguation for steady state may be expressed as:
Tk {bo? ~ byw?)
Q

{15) lnirs/rw) =

where r. is radius from the well to the groundwater diwvide; ry is
the well radius; bes is depth of saturated aguifer before pumping
and depth at rg; by is depth of the saturated zone at the pumping
well; (oo - by) is drawdown:; and Q 1is 2 constant pumping rate. For

2 well in the limestone of northern Guam, let the following apply:

Ty =1 ft

bgo = 100 ft (based on head of 2.5 ft}

o = 300 gpm = 57754 ft3/d

k = 120 ft/d (lecal hydraulic conductivity)
{be - bw) = 5 ft {(typical aquifer drawdown at a well}
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From the above, solution of equation 15 gives ro = 580 ft.

Thus, if a well were pumping at 300 gpm while another were
injecting at the same rate. it would be prudent to locate them at
least 2ry apart (1160 ft) to prevent flow of effluent to the pumping
well.

In3 : , 2al ]

A technique which at first glance would would appear to eliminate
the problem of polluting the fresh water zone would be the injection
of the effluent into the salt water underlying the Ghyben-Herzberg
lens. However, because the effluent would be lighter than salt water,
it would tend to rise toward the fresh water zone, and unless the
mixing length were great, slugs of effluent would reach the transi-
tion zone. In addition, the potential of the effluent would exceed
that of the salt water, whose head is close to sea level, thus driving
the effluent away from the well, some of it toward the fresh water
lens.

An injection well cased throughout the fresh water zone and
open only in salt water would require an initial gravity head to over-
come bucoyancy effects before effluent would move away from the well.
The balance equation is expressed as follows ({see figure 6-4}:

(16} gsd = grihe + d)
where gg = density of salt water = 1.025

1.000

2

gfg = density of effluent

d = depth below sea level to bottom cf casing

he = head of effluent column above sea level
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In terms aof effluent head,

{gs - gf!}
(17) he =~ d
= gy

If the head of the basal lens is h, the extra head, h’, required for
injection is,
{18} h' = he - h

As an example, if an injection well penetrating a basal lens
with a head of & feet were cased to its bottom in salt water at a
depth 400 feet below sea level, the reguired gravity effluent head
for injection would be 10 feet, or an excess of 5 feet over the natural
regional head. Actually, for total injection head the gravity effluent
nead would have to be added to the well hydraulic head. For instance,
in the above example if the specific capacity of a well were 30 gpm/ft,
the total injection head needed to force .75 mgd (521 gpm} into the
formation would be 27.4 feet, This relationship is especially im-
portant in locations where surface elevation does not greatly exceed
+he free water table surface: obviously for an artesian condition it
would be impractical to attempt injection by gravity.

The salt water below the fresh water lens is static or nearly
so and has a very small gradient, Effluent injected into it would
establish a gradient as a result of gravity and the density difference
between the two waters. The eventual flow path of the effluent would
ke upward toward the transition zone and the open sea. Under steady
state conditions a slug stream would probably form, wnich upon reaching
the lower portion of the lens would move toward the discharge z e as
the coast unless its potential were greater than that of the brai=iskh
water of the transition zone, in which case it would mix with th

nrackish wacer.
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APPENDIX A-7

In the water budget study the volume of ground water moving

in the hydrologic cycle was computed on a regional basis, which re-
quired a rather large value of hydraulic conductivity to acccount for
the total flow in the lens. Ground water flow in an unconfined basal

lens on a regional scale is described by:

dh

(1) q=k(B+1) h

in which g 1s specific flux, B is the Ghyben-Herzberg constant, k is

hydranlic conductivity, h is head, x is distance aleng the flow path,

dh

and a; 15 the gradient of the flow path. In the water budget analysis,

dh
g was estimated, h and a; were measured, leaving k to be obtained by

solving equation (1), The hydraulic conductivity determined in this
fashion averaged about 2000 ft/d, a value applicable only on a re-
gional scale in which leocal variations in the characteristics of the
agquifer rock mass are subsumed in the average value,

Actually, the limestone aquifers of Guam are very heteroge-
neocus and anisotropic, particularly where lagoonal deposition took
place. BAs a result, on the scale of a single well the aquifer param-
eters, especially hydraulic conductivity, differ significantly from
regional averages. Table B-10 (Appendix B}, which summarizes infor-
mation on wells constructed or reconstructed since 1964, lists trans-

missivities for wells on which analyzable pump tests were conducted,
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and also inferred hydraulic conductivities based on two assumptions,
the first that the depth of penetration of the well is equivalent tao
depth of flow in the aquifer, and the second that depth of flow reach-
ing the well extends 25% beyond the depth of penetration,

Unfortunately, in northern Guam time-drawdown data is avail-
arle only for pumping walls, and thus the drawdown includes a compo-
nent due t¢ turbulence at the well face, which is wvery difficult to
evaluate., WN. Sheahan (1968) used stev~drawdown analysis and J. Minx
zsad drawdown and recovery techniques to cbtain transmissivities and
nydraulic conductivities in northern Guam. At Maiolo, Talofofe, and

1ig, where wells penetrate small limestone aquifers in a predomi-

nately wvolcanic terrain, controlled tests with cbservation wells were
conducted, giving fairly reliable walues of hydraulic conductivity.

Hydraulic conductivities of limestone aguifers are determined
py the variety and arrangement of the compenents laid down during
sedimentation, structures subsequently formed, and chemical react:ions,
including solution, deposition and recrystallization. In particular,
the quantity of clay mixed with lagoonal detritus profoundly diminishes
local hydraulic conductivity while sclution channels greatly increase
ir. In northern Guam the limestones range from highly argillaceous
near the Adelup-Pago demarcation of the island to nearly pure in the
Dededo and surrounding areas. For purposes of anpalysis it is con-
venient to arbitrarily classify the limestones as very argillaceous,
argillaceus, and clean.

Table 7-1 below summarizes local transmissivities and hydraulic

conductivities for limestones, assuming a flow depth equivalent to well
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depth plus 25%, and for volcanic rocks, in which flow depth is assumed

equal to well depth.

Table 7-1
Hydraulic
Transmissivity, T Conductivity, k
Well Rock type gpd/fr? fr/d

2-12 Very arg. ls. 19000 10
A-L Arg., 1ls. 30000-105000 56-66
D series Clean 1s. 24000-173000 64-441
Maloclo Arg. 1ls. 10400~21000 69-75
Talofofo Arg. ls. 14000-21000 46-78
Ylig Arg. ls. 14000-20000 12-18
Pulantat (RCA} Volc .013-.036
Malolo Volc. .034
Guam ©0il Refinery Volc. 2.61

From this data and field judgement of well behavior, mean

local hydraulic conductivities assigned to limestcone types are as

follows:
Type k{ft/dy
Clean limestane 190
Transitional limestone 120

most probable case}
Argillaceous limestone 52
Very argillaceous limestone 26
These wvalues are obviously approximations but are reasonable for

analysis.
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Drawdown which cccurs during the pumping of a well consists
0f one component reflecting aguifer loss of head due te laminar flow,
and another resulting from turbulent flow as water enters the well.
In T“he limestone agquifers of northern Guam, for a pumping rate of
203 gpm the steady state aquifer loss, sz, ranges from 1 ft. (clean
5.0 te B ft. {(very arg. ls.), and can ke assumed cto average 2 f+.
in the probable case.,

Well lass drawdown, sy, 1s caused by the transiting from
laminar flow in thee aqguifer to turbulent flow near the well, In
—he early stages of pumping the specific capacity of a well chiefly
refliects sw. AL a pumping rate of Z00 gpm the median early time
specific capacity of a clean limestone well is 40 gpm/ft (s = & ft)
and for an argillacecus limestone well. it is & gpm/fr {ay = 40 ft).
The specific capacity is net constant for different flow rates, as
it would e were flow strictly laminar. Well-leoss drawdown varies
as flow rate raised to an exponent between 1 and 2, conveniently
estimated as:

(2) sw = a @l-3

where a is a constant which may be calculated by assigning sy = 5 £t
at o = 200 gpm, to give:

(3} sy = .0018 Q1.5

so that, for instance at Q = 400 gpm, sy, = 14.4 ft rather than the
10 £+t applicable for laminar flow, and at 500 gpm 5S¢ = 20 ft rather
than 12.5 ft,

Assigning average values for s and sy, 1if 1imits are set
on well design such that the pump lay 10 ft abowve the bottom of the

well and would always be covered by at least 3 ft of water, the
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minimum permissible penetration depth, 1, into the saturated zone
would be:

(4) 1 =a Ql-3 + 55 + 10 + 5 = 0018 Q1.5 + 17

Thus for a pumping ratic of 200 gpm the required minimum depth of
penetration would he 22 ft to guarantee yield,

Equation (4) sets a lower limit on the depth ©f penetration
for a well to satisfactorily produce a continuous rate of pumpage.
Howewver, in a basal lens the depth of the well is alsoc constrained.
by the thickness of the fresh water zone and the phenomenon of up-
coming of the salt water below the lens under pumping stress. The
threat of up-coming seriously limits the depth to which a well may
be driven and the rate at which water may be pumped.

Schmorak and Mercadeo (1968) have provided an analysis of up-
coming which is generally applicable to Guam. Figure 7-1 below

illustrates the simple model for the analysis:
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- - - - X. Sea Level

Static Water Level

b
1 >4d
¥ Fresh Water
d gg = 1.000
Interface at ¢ .-~z —
aen f~-..] 2cr = md
r L= T el Initial Fresh-Sea
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S5alt Water
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Imp, Volcanics

Fig., 7-1
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The theory is based on an abrupt interface but 1is applicable
to a lens with a narrow transition zone. In figure 7-1, Zcp is the
oritical rise, the occurrence of which results in salt water being
sucked into the well. The thecoretical value for m is about 0.5,
bur tank mcdel studies have shown that a wvalue of 0.25 more nearly

reflects actual conditions. The constants gs and gf are densities

2f 5ait and fresh waters, respectively, and their effect may be com-
d9s — 9f

zinred in another gonstant, b = gf = .025, for —he normal fresh

water-sea water asscciation.

Az the steady state, the interface rise is expressed as:
0 1
21 bkyd 2 (k24172
1 + ( ] -

Zir}

o

d] |kx

in which kg, kz are horizontal and vertical hydraulic conductivitias

respectively, ard ¢ 1s pumping rate. If only a wvertical line directly
mhelow the well is considered, r = 0, and:
Q
(G 2{d) =
(o) 1= 2x bka

where x i3 horizontal conductivity.
The critical rise is:
{7} Zer = md
and therefore at steady state the theoretically allowable pumpage
before salt water would be drawn into the well would be:
{8) OMmax < 2® md2bk
FPor a Ghyben-Herzberqg lens with a transition zone, figure 7-1.

may be modified as follows:
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The Ghyben-Herzberg constant applies to the depth below sea level to
the middle of the transition zone. Let f be the half-width of the
transition zone so that ZCcr is measured from the top margin of the
upper half of the transition zone, then:
(9) 4 =40 h - £ - 1
If the transition zone 1s narrow, as it is toward the center of the
island, a wvalue of 16 ft for £ is reasonable, soc that:
{10y d = 40 h - 15 - 1
which in combination with equation (8) gives (Q} (1,h} as:
(11) Omax < 2% m (40 h - 15 - 1)2 bk

Equation (11) yields unrealistically large values of @ for
small 1 because it does not take into consideration sz, sw, and the
prescribed pump setting constraints. Equation {4) gives the minimum
1 for a well at a selected pumping rate and is therefcre a constraint
on equation (11). If the minimum 1 as determined by equation (4} is

denoted lmin, and 1 of eguation (11} as 1, then for, lmin > 1, the
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the computed ¢ cannot be produced. The constraint equation is
not absclute, obviously, because it is based on assumed average
aguifer characteristics.

Taple 7-2 lists the thecoretical maximum pump capacities
computed from eguation (11} for given 1 and h in clean to argillaceous
limestones, Head is restricted te wvaliues of = 2, 3, 4 ft because
arngder optimal development maximum head in the lens will ke 4 £<
or less, and when h = 1 only a small quantity of fresh water
sould be pumped. In the table the pumoage rates considered
trehtainable onder the cocnstraint egquation {4 lie akbove the
darkened lines. The rates shown are theoretical maximums which
undoubtedly exaggerate the practicably obtainable rates.
Nevertheless, the table serves as a general gquide tec allewarble
purping rates, Dut each well must be individually evaluated
befcre selecting a pump size,

The data of table 7-2 as well as the constraint egquation
are graphed in Figure F-3. From table 7-2 and figure 7-31 the
thecretical maximuam pump rate, ¢, at h = 4 ft., is seen to be
4285 gpm for clean limestone, 325 gpm for the most probable
limestore, ard 140 gpm for argillacecus limestone. The theoretical
maximum rates suggest that the present standard pump size of
200 gpm is a practical average. However, on re-evaluaticon some
wells may be able to accommodate larger pumps, perhaps as high
as 300 gpm, but no changes should be made except after the most

careful evaluation.
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661

TABLE 7-2

Matrix of Quax (h,l} = 2= md2bk over interval 2< h < 4 for k = 190, 120, and 52 ft/day. Values

of Ompx lying above heavy line unfeasible under constraint lypy = .0018 Ql-3 + 17. Quax in gpm.
Clean ls. k=180 ft/day Probable 1ls. k=120 ft/d Arg. ls. k=52 ft/d

1. Nbh o 2 = 4 2 3 4 2 3 A
i0 115 350 708 75 225 450 30 55 190
20 78 280 605 50 l 175 380 20 15 l 165
3 48 218 512 30 135 325 10 60 140
40 30 160 425 20 100 270 5 45 115
50 9 115 350 75 220 30 895
60 8 275 50 175 20 15
10 48 218 30 135 10 60
80 30 170 15 105 5 45
90 10 125 10 15 30
100 78 50 20
110 50 30 10
120 25 15 5
130 10

140

150

160

170

180

130
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APPENDIX A-8

Derivation of sustainable vields from a _Ghyvben-Herzberg lens for

selected equilibrium heads

In a basal water aquifer a plot of head against draft usually
appears to give a rough linear correlation, but actually in porous
media the head-draft relationship must take into consideration leak-
age from the aquifer at any given head, and leakage is not a linear
function of head. The relationship between head and draft, therefore,
also is non-linear. 1In Appendix A-2 specific discharge (leakage} was
shown to vary as the square of the head, and in the analysis which
follows it will be shown that draft can also be related to the square
of the head, thus permitting the determination of equilibrium heads
for given steady drafts and known initial conditions.

The groundwater hydrologic balance for northern Guam may be
expressed as:

(1} I + A8 =D + L

in which I is input {(recharge) to the groundwater lens, AS is change
in storage, D is draft, and L is leakage to the sea. For periods of
equilibrium, AS = 0, and the relationship becomes:

(2) I =D+ 1L

Equations (7) and (8) of Appendix A-2 give leakage as a
function of head for the cases of steady infiltration and no infil-
tration, respectively. For generality, equation (7) of Appendix A-2
(steady infiltration) may be used in deriving the relationship be-

tween head and draft. This equation is:

2% W
(3) h2 = x| e e -
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If the entire lens from distance x] to the coast is treated
as a unit, the leakage, L, under non-development conditions would be:

{4} L = g + wWx]

also:
41 k h?  wx
{5} (g + wxy} ='—_E;__'+ Er = L
41 k h? wx
or (6} L = BEVEERAEY
41k WX
By holding x constant so that Tx - 1 and S = ca. from

equation (2} :
(7) T =D + c1hé + ¢
When I = (,
(8} I = clhoz + o7
and substituting (8) into (7},
(9) ©c1h? = I - D - ¢y = ¢c1hg? + ¢z = D - ¢p =c1hg? - D
which can be expressed as:
{10) h2 = hg? - D/ey
This equation can be made linear by letting hZ = H and hg? = Hp

sc that:

{11) H = Hy - D/c]
which gives a straight line on normal rectilinear graph paper

with H, as the intercept and {(-1/c3) as the slope.
From equation (11), the sustainable yield {(draft) of half of
the total lens, assuming egual and symmetric drainage to the «ast and

west margins of the island, can be computed for a selected equ:z.ibrium
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head if the initial head, he, which prevailed before the start of
development, were known, as well as the constant, c¢] = 41 k/2x. For
northern Guam the initial free basal head could be ceonsidered to be
5.5 ft. at a distance 12000 ft. from the coast, and ¢1 could be cal-
culated by assigning a value to k.

For instance, if k = 2000 ft/d, and hg = 5 5 ft. at x = 12000 ft,
and these values held true for all of northern Guam north of Chaot-
Ordot, the natural infiltration (recharge) could be computed as
D=1 =103.4 £ft3/d per lineal foot of coast by letting H = 0. If the
lens drained equally to the west and east, apportioning the northern
coast equally to the east and west coasts, the shore line length mul-
tiplied by the specific recharge would yield the total recharge
{approx. 210,000 ft x 100 ft3/d = 21,000,000 £ft3/d = 157 mgd), a value
which is of the same magnitude as those calculated by other means.

The linear form of equation {(11) can be exploited to provide
a simple and informative method of determining equilibrium heads for
given steady drafts. When H = Ho, D = 0, and when D = 1, H = 0,
therefore by plotting He as the intercept on the H axis and I as the
intercept on the D axis and Joining the points by a straight line,
equilibrium values for D and H can be read from the resulting graph.
In this case the slope need not be known explicitly.

Figure 8-1 illustrates the use of the graphical method.

Demand, D, is plotted as the abscissa, and H, the sguare of the head,
as the ordinate. Values for D refer to the symmetrical half-lens

and must be doubled to obtain values for the whole lens. In figure 8-1,

straight lines connect various assumed values of recharge (I = D, H = 0
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on the D axis with initial values of the square of the head on the H
axis. Table 8-1 summarizes values of I as determined from hydrologic
budget computations and which are used in the plot (see section on
the Hydrologic Budget). These values range from 38 mgd to 101 mgd

for the half-lens (76 mgd to 202 mgd for the whole lens),

Table 8-1
Hydrolegic

Budget Minimum I Minimum I Probable I FProbable I
—Location ~ _ Areas (2% rupnoff) (no runoffl (5% rupoff) (no runcffl
Highwav 4 to 2,3,4 38 mgd 45 mgd 73 mgd 80 mgd
Anderson Alr
Force Base
Highway 4 o 2,3,4,5 52 mgd 62 mgd 101 mgd 110 mgd

the nerth ceoast

The hypethetical sustainable yields of the basal lens for
different equilibrium conditicns can be read directly from figure B-1.
First, an optimal equlibrium head, to which the original head at a
given location will be allowed to decay, must be selected. The lower
the selected equilibrium head relative to the initial head, the greater
will be the sustainable yield because at low heads leakage is greatly
decreased. However, too low an eguilibrium head will endanger the
production of fresh water because of induced sea water intrusion.

In figure 8-1 the sustainable vields may be determined for
cases where an initial head of 5 ft, the positicn of which is reason-
ably well established for the lens of nerthern Guam, is allower to de-
cay to any lower egquilibrium head. A first, probably consorvat! =,

choice of optimality would be to allow the 5 ft initial he. : contusur
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to decay to 4 ft under pumping development. The most probable hydro-
logic budget (assuming rainfall runocff of 5%) assigns a half-lens
recharge of 73 mgd to combined areas 2, 3, 4, providing the sustain-
able yield of the half-lens for this choice of optimality as 26 mgd
(52 mgd for the whole lens), equivalent to 36% of the recharge. For
all of northern Guam (areas 2, 3, 4. 5) the half-lens sustainable
yield would be 36 mgd (72 mgd for the whole lens). For the minimum
hydrologic budget (assuming rainfall runoff of 5%} the comparable
half-lens yield for areas 2, 3, 4 would be 14 mgd (28 mgd for the
whole lens) and for areas 2, 3, 3, 5 it would be 19 mgd (38 mgd for
the whole lens).

Table 8-2 summarizes in matrix form relevant information
deducible from figure 8-1. Matrix A gives sustainable yields under
different recharge values for areas 2 through 4 and areas 2 through
5 when an initial head of 5 ft is permitted to decay to equilibrium
heads, he, over a range of 4.5 ft to 2.5 ft. At the lowest equilibrium
head shown, he = 2.5 ft, the sustainable vield is more than double
that at the selected optimal head of 4 ft, but were the lens allowed
to contract to he = 2.5 ft a more serious constraint on production
would ensue, that of salt water intrusion. At the present state of
production technology the choice of an optimal equilibrium head is in
large part judgemental, based chiefly on experience in Guam and else-
where. Guam's water needs could be met for many years to come by
selecting as the optimality condition, he = 5 2 he = 4 ft,
Evaluation of optimality should, of course, be constantly assessed as

the development of ground water proceeds.
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Matrix B shows the reductions in heads which will occur at
given initial head contours ranging from the maximum initial head of
5.5 ft at the middle of the island to the down-gradient initial head
of 2 ft when the initial head of 5 ft is allowed to decay to lower

heads. For instance, if hg = 5 decays to he = 4, then:

hg = 5 5 —* he = 4.4 ft
he = 4.0 = he = 3.2 ft
hg = 3.0 > he = 2.4 ft
ho = 2.0 = he = 1.6 ft

Matrix ¢ indicates expected hypothetical reductions from
original heads under current development (7.5 mgd for the half-lens:;
15 mgd for the full lens) for different assumed recharge values.
Considering areas 2 through 4, for the minimum budget case loss in
head from the maximum head of 5.5 ft would be 0.6 ft, but only 0.3 ft
for the probable budget case: 1f all of northern Guam (areas 2 through
5) were considered, the comparable losses in head would be 0.4 and
0.2 ft. These relatively slight losses fall within the normal error
range of head-measurirg techniques used in Guam and explain why a
significant change in water levels cannot be detected in the basal
lens as a result of ground water development over the last decade or,
for that matter, since the first well was drilled im 1937. It is not
likely that significant regional head decays will be measurable until
~otal draft is substantially increased.

211 of the information contained in figure 8-1 and table B8-2
is derived from an idealization of the basal ground water lens oI

northern Guam. However, on a regional basis the information provides

206



a practical framework for successfully exploiting ground water re-

sources, but in detail each development point, such as a well, must

be analyzed with respect to local conditions of heterogeneity and

anisotropism in the aquifer before a production rate is specified.
Based on the most probable hydrologic budget, an average of

about 50 mgd can be safely withdrawn from the basal lens in areas

2 through 4 if the head of the 5 ft isopiestic contour is allowed to

decay to 4 ft.
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TABLE 8-Z
SUSTAINABLE YIELD, NORTHERN GUAM
Relaticonship among sustainable yield, head, and total recharge
for the half basal lens of northern Guam. Veolume rate values should
be doubled to give values for the full lens.
A. Sustainable yield, D, in mgd for total recharge, I, in mgd when
he = 5 ft. decays to a new equilibrium head, hg. Values of T

from the hydrologic budget.

Sector (2+3+4) Sector {2+3+4+5)

e he I=38 I=45 1I=73 1I=80 I=52 I=62 I=101 1I=110 D/I{%)}
5.0 4.5 7.2 B.5 14 15 10 12 20 21 19

S0 4.0 14 1o 26 28 158 22 36 44 36

5.0 3.5 19 23 37 41 27 3z 51 57 3l

5.0 3.0 24 29 47 51 33 40 65 71 G4

5.0 2.5 28 34 55 al 39 47 76 A4 75

B. Decay of initial heads, hg, to equilibrium heads, he, when hg = 5

is allowed to go to he.

ho  he  he  he  he  he
5,0 4.5 4.0 3.5 3.0 2.5
5.5 5.0 4.4 3.8 3.3 2.7
4.0 3.6 2.2 2.8 2.4 2.0
3.0 2.7 2.4 2.1 1.8 1.5
2.0 1.8 1.6 1.4 1.2 1.0

. Expected decav from hgy to he under present pumping yield, D, of
7.5 mgd for half lens (15 mgd for whole lens} for Qifferent as-
sumpticon of recharge, I.

Sector (243+4) Sector (2+3+4+5)

8 I=45 1=73 1=80 I=52 I=62 I=101 I=1."
.9 5.0 5.2 5.2 5.1 51 5.2 5.2

5 4.6 4.7 4.7 a6 4.7 4.8 3.8

6 3.7 3.7 3.8 3.9

i.6 3.8 3.8
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NORTHERN GUAM, HALF BASAL LENS,
SUSTAINABLE PUMPING YIELD, D, AS A FUNCTION
OF SELECTED EQUILIBRIUM HEADS, h, AND ASSUMED
DIFFERENT TOTAL RECHARGE VALUES BASED ON

H=H," D/c

H=h% Ho=hl; -1/c= Slope

40 b0 55

Example: If hg=5 is allowed to decay to equilibrium h=4

when total recharge is 73 mgd for half the lens,
then D=0 goes to D=26 mgd, or D=52 mgd for
the whoie lens.

ft2

H = hZ,

ﬂ

-10] 80 100
O, mgd (half lans)



APPENDIX A-9

Tval i low

hsan Spring is a typical example of high level perched water
irnn a small limestone aquifer lying on an impermeable volcanic base-
o207 whose elevation 1s above sea level., Rainfall infiltrates into
the limestone, accumulates in its lower section, and flows along the
limestone-volcanics contact *o discharge as a spring where the contacsc
is exposed. Before emplacement of the limestone the wvolcanic surface
wad been eroded, and flow concentratef in pre-existing channels in
~he voicanlc surface which lead to the spring. The ideal spring occcurs
where limestone was emplaced on an old stream valley to which all sube-
surface flow would drain. Asan Spring may represent such a situation
with Alifan limestone as the principal aquifer rock lying or the ARlitom

surface as illustrated helow.

Rain
BN ' :
! ] 1 1 ' 1
1 1 ' 1 1
! y v ¥ v 4
--_.._.._-—---——-ri 'i S— —— Surface
Alifan Ls.

Water Table

Alutom
Volcanics

' 1. 140 ft.}
{Impermeable) Spring (e 0 ft

Fig. 9-1
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In order for an exploitable perennial spring toc exist, sub-
stantial storage in the limestone aquifer must be available. Storage
will build up if the aquifer has a hydraulic conductivity sufficiently
low to retard rapid subsurface flow during periods when infiltration
is high. In addition to a relatively poor hydraulic conductivity,
egress for the water must ke restricted so that diffuse sheet flow
does not take place at the exposed margins of the limestone-volcanics
contact.

Most storage accumulation occurs during the wet months when
infiltration is greater than discharge. During the dry season, dis-
charge usually exceeds infiltration and decay of storage occurs. As
a general rule, storage 1s at its maximum at the end of the wet season,
from which it declines to a minimum at the end of the dry season.
Jnusual rainfall during the dry season will retard the decline and
cause a temporary increase in storage, but ordinarily storage and
flow decay monotonically towards the minimums.

Examination of flow records and climatologic data implies
that maximum storage occurs in the early part of December and the
minimum in June, giving a decay period of 6 months. These limits
conform to stream flow characteristics in southern Guam (Appendix A-5)
and to rainfall records.

Measurements of total daily flow at Asan Spring were taken
between 2/9/65 and 6/11/65 in an attempt to evaluate the parameters
of flow of the aquifer. The plot of these data illustrates how flow
declines when it consists of drainage from storage alone (figure 9-2).

For this periecd, total flow consisted of metered flow to the water
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main end metered overflow, as shown in figure 9-3.

Water Table

Concrete
T CLLLSRARIn Y
e, .};
s 44
. _;h Overflow
Limestcocne — ;

dnind,

-
5
w

Volcanics
{(imp.}

Fig. 9-3

Flew decay from porcous media, in the absence of recharge,
is expressed as:
(1) Q = Qpeat
In convenient units, Q@ = flow rate in mgd at any time, t, in days;
Gy = initial flow rate in mgd; and a 1s the recessicn constant, L/day.
A small recession constant reflects slow drainage and inferentially
low hydraulic conductivity and large storage. The recession constant
iz directly proportional teo hydraulic ceonductivity and depth of flow
ard inversely proporticonal to length of flow path and porosity.

Figure 9-2 shows the flow decay for Asan Spring during the
dry seascn of 1965, for which the equation is
(2) Q= 0.62 e -005 ¢
The theoretical flow at maximum stcorage {(Dec. 1, 18364) was 0.62 mgd, and

the minimum at the end of the dry seascon (June 1, 1965) was 0.25 mgd.
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Stearns (1937) estimated the low flow of Asan as 0.2 mgd; Kennedy
Engineers {1968) estimated the average flow as 0.5 mgd; and Austin,
Smith Asscc. (1968) gave values of 1.0 mgd for maximum flow, 0.1 mgd
for minimum flow, and 0.5 mgd as average flow.

From the parameters of equation (2), the total storage at
the start of the decay is computed as:
(3) Vo = Qp/a = 124 mg
However, not all storage was exhausted by June 1 since a substantial
flow was still taking place at the onset of the wet season. The loss
in volume of storage between December 1 and June 1 is calculated as:

Qo — 9
(4) v = 7T =74mg

from which average flow for the entire periocd of decay (180 days)
may be computed as 0.41 mgd. Alsec, the remaining storage on June 1
amounted to 50 mg.

During the wet season storage increases even though discharge
also increases because infiltration exceeds drainage. To return
storage to 124 mg by December 1, assuming the average flow during
storage buildup is equivalent to the average during decay, the average
daily infiltration would have to be 2 x 0.41 mgd = 0,82 mgd during
the wet season, equivalent on an annual basis to 0.41 mgd. The lime-~
stone area lying above the orifice ¢f Asan Spring covers approximately
0.45 miZ, of which, from surface geomorpholegy, perhaps 0.31 mi2 drains
to the spring. A rough calculaticon based on an infiltration rate of
2 mgd/miZ2 (see section on Hydrologic Budget) suggests that for 0.31 mi<
an average daily infiltration ({(annual basis) of 0.63 mgd would be ex-

pected.
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It is impossible to tell from the limited infeormation avail-
able on the geology and sub-surface drainage pattern of the Asan
area just how much of the limestone aquifer actually drains to the
spring, but it is evident that the total infiltration is less than
1 mgd and that -he average flow of 0.41 mgd derived from the flow
eguation is of the correct magnitude.

Recently the manner in which water is diverted from Asan

sprirg has been changed. The system now operates as follows:

Limestone

— MWater Table
™

_Overflow

i

g Concrete

Volcanics {(Impermeable)

rig. 9-4
The pumps run as long as depth to water is less than 5 ft. Owverflow
no longer occurs: all water is used.

The same analytical appreoach used above can be applied teo
cther high level springs if better data were collected. For the
Almagosa complex {Dobo and Chepak Springs) the USN reports a maxi-
mum flow to their system of 3.5 mgd and the USGS reports a maximum
overflow of 0.5 mgd, to give Qp = 4 mgd. The USN reperts a minimum

flow of 0.9 mgd, all ¢f which is used. The approximate decay egquation
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during the dry season is:

(5) Q= 4 e—.0083 t

and Vg 482 mg

For the dry season average flow of the complex would be 2.1 mgd.
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Q, mgd
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{Source:

Rainfall:
Data in inches.

1. Andersen Air Force Base:

Jan Feb Mar
Mean 5.03 4.36 3.74
N 20 20 20
Std., bev. 3.77 3.44 4.00
Median 3.95 3.81 2.29
Max. 17.28 12.37 14.66
Min. 1.64 0.66 0.30

2. Guam Naval Air Station:

Jan Feb Mar
Mean 4.81 2.96 2.717
N 16 16 16
Std. Dev. 3.04 2.05 2.09
Median 4.44 2.37 2.00
Max. 11.51 7.43 7.49
Min. 1.63 0.31 0.58

TABLE 1

RATNFALL RECORDS

R. C. Taylor,

1973,

An Atlas of Pacific Islands

Hawaii Institute of Geophysics, Data Report No. 25}

13°34°N 144°56°'E.

4
19
5
2
24
0

.12 5.13 4

21 21
.41 6.22 2
.83 2.73 4
.00 25.45% 8.
.38 1.10 1

13°29’N 144°48'E,
Apr May  June Jul Aug Sept

4
17
3
2
15

0.

.05 5.51 5

17 17
.79 4.91 2
.58 3.89 5
.28 16.01 11
51 0.91 1

Periocd 1952 - 1972
Apr May  June Jul

.86 9.66
21
.05 3.93
.99 9.15
13 15.78
.40 3.00

Period 1956 - 1972

.36 10,04
17
.61 3.95
.18  10.30
.66 18,03
.23 4,74

Aug  Sept
11.59 13.94
21 21
5.09 4,71
10.77 13.03
26.28 23.27
3.99 6.69

11.84
17
4.17
11.76
19,05
3.91

14,
17
3.
14
20.
8

08

65

.45

71

.56

Oct
13.71
21

7.94
11.53
37.09

4,05

11.22
17
4.13
10.10
18.19
5.32

Nov
g.02
20
3.12
7.37
13.85
3.11

8.26
17

14.50

Dec Iotal
3.70 82.8¢0
20 17
3.65 16.24
4,87 86.85
16.90 149.66
2.10 62.42
Dec Total
4.9%6 85.86
17 16

Z2.47 11.92
3,96 82.1¢6
8.43 116.39
1.88 64,85
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u.

Median

Sumay :

5.

5td. Dev.

Std, Dev,
Median

3
11.93 9.47 1
Q0

TABRLE 1

(Taguac}): 13°33'N 144°50'E.
May June Jul Aug

Mar ADr

Weather Bureau
Jan Feb
5.54 4,19
16 16 1

3.08 2.91
5.25% .68

1.59% .67

139247 N 144°38' 8.

Jan Feb
2,99 2.60
35 s 3
2,64 2.60
2.50 1.85

16.04 11.30 1

0.40 0.08

4,44 4.65 6.26 6.19
& 16 16 14

4.63 4.81 6.62 2.47
2.57 3,17 3.46 6.03
6.94 19.55 22.68 11.53
0.59 0.50 D.90  1.52

Period 1%0% - 1940
Mar ApT May June
Z2.88 1.93 4.0% 5,63

4 34 34 35
3.07 .64 3.58 2.54
1.81 .28 3.25 5.23

4.57
0.58

.63 18.85 13.35
.12 0.44 2.31

=T R S

11.25
16
4_27
11.80
20.00
4.74

13.58
36
5.66
13.92
27.83
5.68

13.41
16

4.74
12 .81
23.07
3.87

14.96
36
5.52
14.73
26,30
.87

Period 1956 - 197Z

Sept Qct Hov Dec Total

15.78
17
4.50
15.40
22.28
£.79

14.24
35
5.62
13.09
26.596
5.45

13.13
17
5.25
12.12
25.32
6.89

12.51
35
4,84
12.59
30.62
3.27

9.48
17
3.65
9.77
18.14
4.83

7.92
6
3.85
6.8>
21,25
3.63

.48
17
3.86
5.71
16.19
2.51

5.11
36
2,748
4,54
11.50
1.65

100.

16

1%,
96,
138,
74,

88.

33

13,
59,

118

B4

14
01
1B
46

45

61
36

.08
59,

68
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TABLE 2
AVERAGE RAINFALL AND EVAPQORATION
Rainfall (R) recorded at all stations. Pan evaporation (E) recorded at U. S. Weather Bureau,
Taguac, period 1958 - 1973, Evaporation for Andersen Bir Force and Naval Bir Station computed

from Taguac data by assuming rainfall and evaporation are inversely proportional:

[{R) {(E} JuswB
(E}{ = (R) 1

Data in inches.
1. U. §. Weather Bureau (Taguac). Rain record 1956 - 1972; evaporation record 1958- 1973

Jan  Feb Mar Apr May June Jul  Aug Sept O¢t Nov  Dec Iotal
Rain 5.54 4.19 4.44 4.65 6.26 6.19 11.25 13.41 15.78 13.19 6.48 6.48 100.84
Evaporation 5.49 5.93 7.23 7.64 7.68 6.52 5.84 5,15 4.85 5.12 5.22 5.74 72.41
Excess Rain 0.05 0 0 0 0 0 5.41 8.26 10.%3 8.07 4.26 0.74 37.72
2. Andersen Air Force Base. Rain record 1952 - 1972

Jan  Eeb Mar Apx May June Jul  Aug Sept Gct  Nov  Dec Iotal
Rain 5.03 4.36 3.74 4.12 5.13 4,86 9.66 11.59 13.94 13.71 8.02 5.70 89.86
Evaporation 6.05 5.70 8.58 8.62 9.37 8.30 6.80 5.96 5.49 4.93 6.05 6.53 81.23
Escess Rain 0 0 0 0 0 0 2.86 5.63 8.45 8.78 1.97 0 27.69

3. Guam Naval Air Station. Rain record 1956 - 1972
Jan Feb Mar Apr May June Jul  Aug Sept Qct Nov  Dec Iotal

Rain 4.81 2.96 2.77 4.05 5.51 5.36 10.04 11.84 14.08 11.22 8.26 4.96 85.86
Evaporation .32 8.40 11.59 8.77 8.73 7.58 6.%4 5.83 5.44 6.02 5.99 7.50 85.04
Excess Rain 0 0 0 0 0 Q0 3.50 6.01 8.64 5,20 2.27 O 25.62
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3
Total or
average
{(2+3)

4

4

Total or
average

1.

TABLE 3
HYDROLOGIC BUDGET, NORTHERN GUAM

Minimum budget case, by sectors,

Based on average monthly rainfall (R) and evaporation (E}:

I = X{r - E}j I = infiltration
i
for all R > E; if R < E, then (R - E) = 0
2 3 4 5 6 7 8 9 10 11 12
Ground Coast qd] qz ki Ko
Water Area I ) Length E(h=3%)
Drainage (miZ) (mgd) (mgd) _(fr)  (fe3/d) (£03/d) () (fn/d) (ftsd) Eemarks
4] 2.58 3.2 2.6 {non basal) I1 = 1.22mgd/miZ
2.58 3.2 2.6 {non basal} I = 1.02mgd/miZ
5.16 6.4 5.2 Based on NAS sta.
W 3.01 3.7 3.1 I per NAS sta.
E 3.01 3.7 3.1
W 5.96 B.5 7.1 I per NAS sta.
E 13.38 16.3 13.6 Exclude Ypaoc Peninsula,
W 9.97 1z2.2 10.2 20000 Bl.6 68.2 7500 1194 998
E 16.39 20.0 16.7 46000 58.1 48.5 3000 1029 852
26,36 32.2 26.% 66000 65.2 54.5 8000 1017 851
W 27.28 41.2 35.2 53000 104 88.8 11000 2232 1906 I = 1.5lmgd/mi2
10.%8 16.6 14.2 16000 138 119 5000 2154 1858 Iz = 1.29%mgd/mi?
38.26 57.8 49.4 £9%000 112 95.7 11000 2185 1867 Based on av. of
JSWE
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TABLE 3

32 8 z 8 2 10 1l 12
76.3 135000 89.1 75.6 9000 1565 1328 Excludes Ypao Peninsula
of 1.08 mi2

27.6 713000 60.1 5.5 12500 1466 1232 13

N

1.32ngd/mi2
Io 1.11mgd/mi2

Based on aAndersen AF

]

104 2080060 79.1 66.%9 10000 1543 13065

cation.

ction of groundwater drainage.

daily infiltration assuming no surface runoff.

daily infiltration assuming that 5% of rainfall is lost as direct surface

groundwater discharge front along coast.
daily groundwater flow per foot of coastline assuming no surface runoff
daily groundwater flow per foot of coastline assuming that 5% of the

as direct surface runoff to the sea.

1 2 3 4
Total or av,. 64.62 90.C
(2+3+4)

5 24.82 32.8
Total or av. 89.44 123
(2+3+4+5)

Column explanation

1. See map for sector lo
2. Apparent general dire
3., Area of sector
4. I1 = computed average
5. 1I2 = computed average
runoff to the sea.
6. Approximate length of
q; = computed average
8. gy = computed average
rainfall is lost
9. X = average distance

from the coast to the 5 ft. head contour.



TABLE 3

Column explanation {cont.}):
10, kq1 = computed regional hydraulic conductivity assuming no surface runoif.

11. ks = computed hydraulic conductivity assuming that 5% of the rainfall is lost as

direct surface runoff to the sea.

¢
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TABLE 4
HYDROLOGIC BUDGET, NORTHERN GUAM
2. Probable budget case,
Based on evaluation of rainfall and streamflow in southern Guam,
~onditi
1. Rainfall (Per USGS Guam Monthly Water Resources Memo. No. 8, Dec. 1972)
a. Average rainfall at Ylig (1957 -1970)} = 94,1 in/yr,
b. Average rainfall at Umatac (1957 -1970) = 95.3 in/yr.
¢. Average of Ylig and Umatac = 24.7 in/yr = 4.51 mgd/mi2.
Assume this average occurs throughout socuthern Guam.
2. Streamflow of major streams (area greater than 2 miz). Flow includes both direct surface
runoff and groundwater seepage. Total water yield of volcanics assumed to reach sea by
way of streams,

Streams (gaged portiops?

Inarajan Ugumn Umatac Xlig Pagg Total
Area (mi?) 4.42 7.13 2.11 6.48 5.67 25.81
Av. Flow (mgd) 11.51 19.00 5.66 18.68 16.81 71.66
Av. Flow/miZ 2.60 2.66 2.68 2.88 2.96 2.78

From above, the runoff:rainfall ratio is 2.78/4.51 = 0.616 and therefore the average

annual runoff is 58.33 in.
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TABLE 4

Evaporation (E) and evapotranspiration (ET}. Potential evapotranspiration{PET) is
assumed egual to E {see text). Given the average annual runoff as 58.33 in., the
evapotranspiration in the south is therefore average rain less average runoff:
ET = 94,7 - 58.33 = 36.37 in/vyr
Assuming that evapotranspiration and rainfall are inversely proportional and by using
the pan evaporation and rainfall data for the U. §. W, B. station at Tagquac in northern
Guam, the potential evapotranspiration for the scuth is ocmputed as 77.10 in/yr, yielding
a potential evapotranspiration to actual evapotranspiration ratic of:
PET/ET = 77.10/36.37 = 2.12

This ratio can then be used ot compute ET for the rain gage stations in the north at
Andersen Air Force Base, the Naval Air Station, and at Taguac for which evaporaticon
computaticns have already been made. Thus,

ET(Andersen Air Force} = 81.23/2.12 - 38.3 in/yr

ET (Naval Air Station} = 85.04/2/12 = 40.1 in‘fyr

ET{Taguac} = 72.41/2.12 = 34.2 in/yr
Infiltration: the difference between average rainfall and average evapotranspiration is
equal to water yield. In the scouth water yield consists of direct surface runoff and

groundwater seepage; in the north it consists of infiltration to the limestone aquifer,
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TABLE 4

Direct surface runoff to the sea off the limestone of the north is negligible. Two

values for infiltration, one assuming neo direct runoff (I} and the other 5% direct

runoff (Iy), enclose the range of probable infiltration and are computed as fcllows:

Rainfall {in/yr) 89.86 85.86 100.84
Evapotranspiration (in/yr) 38.3 40.1 34.2
Infiltration, Iy (mgd/miZ2) 2.46 2.18 3.17
Infiltration, I, (mgd/miZ) 2.24 1.98 2.93
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TABLE 4
HYDROLOGIC BUDGET, NORTHEERN GUAM
2. Probable budget case, by sectors.

Based on evaluation of rainfall and streamflow in southern Guam

1 2 3 4 5 6 7 8 9 10 11 12
Ground Cocast a1 qs k1 ko
Water area Iq I2 Length X(h=5)

1 W 2.58 5.7 5.0 {non basal) I1 = 2.18mgd/mi%

1 E 2.58 5.7 5.0 {(non basal) I = 1.%8mgd/mi?
Total 5.18 11.4 10.0 Based on NAS

i W 3.01 6.6 6.0 I per NAS

2 E 3.01 6.6 6.0

3 W 6.9¢ 15.2 13.8 I par HNAS.

3 E 13.38 29.1 26.4 Exclude Ypac Peninsula,
Total or W 9.%7 21.8% 19.8 20000 146 132 7500 2133 1537
average E 16.39 29,3 3Z2.4 46000 104 94 2000 1823 1654
{2+3) 26,36 57.5% 52.2 66040 117 106 aaoo 1817 1652

4 W 27.28 73.1 67.1 53000 185 169 11000 3961 3635 17 = 2.68mgd/mi?

4 E 10.%88 29%9.% 27.1 18000 245 227 gooQo 3822 3543 I = 2.é6mgd/mi2
Total or 3B.26 102.6 94.2 63000 199 183 10000 3878 3560 Based on av. of NAS
average USWB
Total or av. Fa.ve 160.2 146.4 135000 159 145% 3000 2792 254%

{2+3+4)
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1 VA 3 4 2 8 1 il 3 10 il 12
5 24.82 61.1 55.7 73000 112 102 12500 2732 2486 TIq{ = 2.46mgd/mi?
I, = 2.24mgd/mi2
Based on Andersen AF
Total or av, 89.44 221 202 208000 142 130 10000 2710 2537
(2+3+4+5)

Column explanation
1. See map for sector locaticn.

Apparent general direction ¢f groundwater drainage.

fl

I computed average daily infiltration assuming no surface runoff,

2

3. Area of sector
4

5 Iy

fl

computed average daily infiltration assuming that 5% of rainfall is lost as direct surface

runcff to the sea.

h

Approximate length of groundwater discharge front along coast.
g1 = computed average daily groundwater flow per foot of coastline assuming no surface runoff

8. gy = computed average daily groundwater flow per foot of coastline assuming that 5% of the

rainfall is lost as direct surface runcff to the sea.

8. X = average distance from the coast toc the 5 ft. head contour.
10. k3 = computed regional hydraulic conductivity assuming no surface runoff.

1l1. kp = computed hydraulic conductivity assuming that 5% of the rainfall is lost as

direct surface runoff to the sea.
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TABELE 5
HYDROLOGIC BUDGET SUMMARY
Matrix of infiltration, I{mgd): groundwater discharge per foot of coastline, q(ft3fd):
and regicnal hydraulic conductivity, k(ft/d). Subscript 1 assumes no direct surface runoff;
subscript 2 assumes 5% of rainfall lost as direct surface runoff. Values of k in matrix
cells. Sector combinations in parentheses, e.g., gji{2,3,4}) means specific groundwater
flow assuming no surface runcff for combined sectors 2,3,4.

Mipipum PBudget Probable Budgeldt
q1(2:3r4) CI2[2.o3:4] Q1(2;3;4:5l Q2{2:3,4,5} Q1(2.3;4} q2{2r3r4} Q1(2:3r4r51 q2(2:3:4:5:l

8%.1 75.6 79.1 66,3 159 145 142 130

Minimum Budget

I1{(2,3,4) 90.0 1565

I»{2,3,4) 76.3 1328

I1{2,3,4,5) 123 1543

I0(2,3,4,5) 104 1305

Probable Budget

13(2,3,4} 160 27192

I5(2,3,4) 146 2546

I:0(2,3,4,5) 221 2710

15(2,3,4,5) 202 2537
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TABLE 6
FLOW CHARACTERISTICS OF STREAMS DRAINING VOLCANIC ROCK

FORMATIONS OF SOUTHERN GUAM. DATA FROM U. 5. G. S. RECORDS

16-8400 TINAGA 16-8350 INARAJAN 16-8550 UGUM
Area=1.89 mi2 El. 15ft Area=4.42mi2 El. 15ft Area=7.13mi2 E1 3.23ft
Av. Flow 3.76 mgd Av, Flow 11.51 mgd Av. Flow 19.00 mgd
Min. Flow 0.10 mgd Min. Flow 0.64 mgd Min, Flow 0.71 mgd
Year Qg (cfs) Qg (cfs) Qg lcts) Qg {cfs) Qo {cfs) Qg (cfs)
1953 1.5 .20 5.5 1.9 14 4.5
1954 1.3 .22 5.5 1.3 14 3.5
1955 1.3 .19 4.7 1.2 17 2.7
1956 1.0 .16 3.4 .97 12 2.3
1957 1.4 .18 5.3 1.5 18 3.6
1958 1.2 .19 5.0 1.3 15 3.0
1959
1960 1.7 .17 5.2 1.0 20 2.9
1961 3.0 .60 9.5 2.6 28 7.3
1962 2.4 .35 6.1 1.5 18 4.1
1963 3.2 . 62 10.0 2.5 29 6.3
1964 3.0 .29 6.5 2.0 22 4.0
1965 1.8 .43 5.0 1.5 17 4.1
Av. {cfs) 1.9 .30 6.0 1.6 19 4.0
Av. {mgd) 1.2 .19 3.9 1.0 12 2.6
NOTE: Qg = initial flow from storage, December 1.

i

minimum flow from storage, June 1.

oF3
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TABLE &

FLOW CHARACTERISTICS OF STREAMS DRAINING VOLCANIC ROCK

FORMATIONS OF SOUTHERN GUAM. DATA FROM U, S, G, S. RECORDS

16-8160 UMATAC 16-8580 YLIG 16-8650 PAGOD
Area=2.11 mi? El. §ft Area=6.48mi< El. 20ft Area=5.67mi< El 25ft
Av. Flow 5.66 mgd Av. Flow 18.68 mgd Av. Flow 16.81 mgd
Min., Flow 0.13 mgd Min. Flow .10 mgd Min, Flew
Year Qp tefs) Qgilcis) Oplcfs) Qgicts) QQ{cfs} Qﬁ{cfs}
1953 2.5 .53 9.8 .47 6.2 .28
1954 3.0 .38 7.9 .27 B.5 .21
1955 2.5 .40 7.2 .40 4.5 .28
1956 1.7 .25 5.8 .24 3.7 .18
19587 2.8 .64 7.6 .36 4.2 12
1958 2.4 .49 6.2 .34 3.4 .16
1959
1960 2.5 .50 12 .30 7.3 .14
1961 4.5 1.2 11 1.5 8.0 .40
1962 2.8 .65 9.5 .46 6.8 .17
1363 3.5 1.2 9.5 2.4 7.5 1.3
1964 3.0 .60 10 .10 7.0 .50
1965 2.5 .50 11 LBG 5.5 .18
Av. (cfs) 2.8 .61 2.0 .66 5.8 .33
Av . (mgd} 1.8 .39 5.8 .43 3.4 .21

NOTE: g = initial flow from storage, December 1.

Qg = minimum flow from storage, June 1.
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TABLE 7
SUMMARY OF FLCOW CHARACTERISTICS OF STREAMS DRAINING
VOLCANIC ROCK FORMATIONS OF SOUTHERN GUAM

(Flow rates in mgd; vclume in mg}

1 2 3 4 5 6 7 8 9 10 11 12 13

A
Stream (mi?) Q Q/A R/A Q/R Qg Q¢ a Vi Vi /A Vo Vo /A
Bolancs member, Umatac fm,
Tinaga 1.89 3.76 1.9 4.48 .444 1.2 .19 .0103 101 53.4 119 63.2
Inarajan 4.42 11.51 2.60 4,48 .581 3.9 1.0 L0073 390 88.3 h32 120
Ugum 7.13 19.00 2.66 4.48 . 585 12 2.6 L0085 1109 156 1414 198
Total or av. 13.44 34.27 2.55 4.48 .569 17 3.8 .0084 1588 118 2039 152
Facpi member, Umatac fm,
Umatac 2.11 5.66 2.68 4,54 . 590 1.8 .39 . 0085 167 79.2 213 101
Alutom fm,
Ylig 6.48 18.68 2.88 4.48 .643 5.8 .43 .(0145 372 57.4 401 €1.9
Pago 5.67 16.81 2.96 4.48 .662 3.8 .21 L0159 344 60.7 365 64.3

Column explanaticn:

1. Name of stream, U. 5. G. 5.
2. A
3. @

area of drainage, miZ,

average flow, mgd.



GEQCHEMISTRY

TABLE 8

MEDIAN (1} VALUES IN mg/l

{n} = number of samples

Total

Souaroe ol ca Mg Hardness NO3 5ila
-1 18(20) 117646 3.9(26) 309(26) 7.8{(9) 12(18}
a=7 1613} 112430 2.9¢(17y 28017 3.2(9) 4.8(17)
A-3 16{17} 110{35) 4.2(18) 293{18} 6.8(9} 15¢13)
k-4 17(12}) 113{23} 2.2{11y 222(11} 8.5¢(9) 3.5(10)
A=5 16(6} 106 (8] 284 (15) 12(10) 9.7 (3}
A6 16 (% 167 (9} 281411y 12(H B.4(1}
-7 17 (&) 119(6} 30B(17) 13(9 6.0{4})
A-8 15(™" 112(7} 320(15} B8.5({9 6.3{5)
a-11 15(06} 109(6) 2881{(111 4.6(6} 17(1)
a-12 15 (8} 121 (8} 31813} I.E(9) 15(1y
Av. Med. 16(104y 123(17&6) 3.5(72) 283(1%4}y B.9(115) B.4 {73
b1 60(18) A5(37y 1026} 154 {26} 11(9} 1.5{1%)
o=2 5012 80{39)y 1027 24727y 11¢9} 1.0{15}
=3 35 (13} 78(38) 7.5(25) 228(25} 10(9} 0.9{1¢)
-4 35(12) B2 (22 7.3(20y  237(20) 118} 0.9{(1l%)
>-5 ad (9) 78{31) 4.8(22) 215(22)} 11(%) 0.5{11;
C-5 45(13) 76{39) T.3(26)  Z2201(26) T.9{9} 0.9(17)
D=7 50 (9} 75{14} 5 41(5) 2101{3) 8.0(9) 1.4(8)
D-8 9.5(9} 0.6(8)
[P g.0(3} 1.2¢(6)
b-10 .4(2} 1.5(6)
D-11 8.0(% 1.2(1)
Av, Med. 50(Bé6) 78(220) 7.5(151) 226({151}) 8.5(%8)} Q.9{1z20}
¥-1 17{10) 85(30) 7 2{20)y 243(20) 5.1(9} 1.5(16)
Y-2 18{&) 86 {10) €.3(4) 241 (4) 3.6(9 1.5(8)
Av. Med. 17(1&) 85{40) 7.14¢24y 242(24} 9.3(18) 1.5{(24}

232
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TABLE 8

MEDIAN (1} VALUES, mg/l

(n} = number of samples
Total

Source Cl Ca Mg Hardness NG13 Si07
M-1 16G(7) 85(7) 255(10) 8.0(%) 2.2(1)
M-2 65(6) 70({6) 240(9) g.4(2) 2.0(Ly
M-3 216} 67 (86) 226 (10} 7.9(10) 2.0(2)
M-4 20 (5} 70(5) 218(10) 8.5(10) 1.2(3)
M-8 20(1) 66{6) 209(2) 8.8(10) 1.2(1)
M-9 21({8) 71(8) 211¢4) 9.3(10) 1.1(1)
Av. Med. 21(38) T0(38) 231 (45} 8.5(58) 1.7(9)
M-5 32(5) 82(5) 232(5) 9.7(11) 1.2(1}
M-6 68 (5) 821(3) 229(3) 10.8{(10) 1.2(1)
M- 30(6) 82 (6) 233(7) 8.7(10) 1.1(1}
Av. Med. 32(1l6) 82 (1) 232(15) 9.8(30) 1.2{3})
F-1 60 (6} 76 (6} 237(20) 7.4(9) 0.6(3)
AG-1 24 (16) 87(42) 3.4(26)y 232(26) 9.3(2) 1.0¢(15)
T-1 30(6) 11026} 6.0(2M  300(20) 3.0(4) 14 (10}
Mi-1 30(9) 98 (36) T.9(27)y 279(27) 4.0(3) 17(14)
Asan Spr. 14 (4) 80 (4) 2124} 7.0(4) 8.8(1)
Almagosa Spr. 11(4) 50(3) 5.0(2) 146(2) 1.0¢3) 4.0(2)
Mataguac Spr. 19(1) 36 (1} 5.0(1} 112 (1} T71(1}
Janum Spr. 21 (5} 60 (4) 19(4) 229(4) 2.0(3) 6.2{(4)

233
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GEQCHEMISTRY

MEDIAN(L) VALUES, mg/l

{n} = number of samples
Total
Source Zl Ca Mg Hardness NG3 3id2

streams
low Flow)
Jmatas Fm,
Jgum 1314} T.002y T.0{2) 47 (2} 0.4(2) 2743
Pautiluc 2312} 181 2.4{(1} SB (2} 0.04¢1) 47 {2
Iraxajan 14 (3} 17{1} 5.4(%L) 65 (1) 0.1{2) 2212}
Fana Jam 114} 24 {4} 5.5(1% BifLy 0.6{1) 124¢{2}
Jmatac 143} 482} 1202} 170¢2) 0.4{3) 29{2)
2lutem Fra.
Fago 12{3) 3512} 7.8(1) 128(1) 0.7{2} 3202
flig 16{3) 26 (1) 6.8(1) 94 (1) 0.21(1} 2302}
waell
Alutom Fro.
Refinery 2001 S50 (1) 11 (1} 171{1) 321}
Footnotes: (1) Average value for n = 2.

234



TABLE 9
GEQCHEMISTRY
TYPICAL ANALYZSIS
MEDIAN VALUES, mg/1

Sec

Total Con.
Number Dissolved Micro-
Source Anal, PH Ca Mg Na K Fe Al Cl S04 NO3 HCO3 F P04 3102 Solids MHOS
wells (1)
A-1 3 7.0 120 2.9 .01 18 1.9 373 0 11.5 355 560
A-2 6 7.0 114 2.2 .01 15 2.1 329 0 4.5 323 535
A-3 5 7.0 103 4.1 .01 16 2.4 346 0 14,2 360 560
A-4 5 7.0 115 2.2 .02 17 2.2 327 0 2.9 335 535
A-5 1 7.0 106 4.9 .02 16 2.6 8.6 344 0 7.9 334 525
a-17 1 7.0 117 2.4 .01 16 0.3 4.2 360 4] 4.6 342 535
A-8 1 6.9 132 2.4 .01 18 1.2 6.0 400 0 5.3 379 615
A-9 5 7.0 128 10.7 .01 138 14.2 346 0 5.2 606 930
D-1 6 7.3 86 8.8 .01 55 6.5 9.1 268 0 1.2 370 580
D=2 6 7.3 84 9.5 .01 55 5.4 3.0 268 0 0.9 353 575
D-3 6 7.3 78 6.3 .01 37 4.8 7.8 258 0 0.8 302 500
D-4 6 7.3 82 9.7 .01 42 5.2 7.9 271 0 0.9 330 515
D-5 5 7.3 80 6.8 .02 61 4.5 7.1 237 0 0.5 339 555
D-6 6 7.3 16 7.3 .02 47 6.0 5.1 224 0 0.6 300 490
D=7 S5 7.4 76 5.4 .02 56 6.5 6.5 226 0 0.8 305 520
b-8 5 7.3 80 7.0 .04 132 8.5 3.2 217 0 0.6 450 740
D-9 3 7.4 81 11.7 .04 106 15 6.2 254 0 1.1 430 705
D-10 3 7.4 71 5.6 .03 42 3.9 4.0 239 0 1.4 280 485
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Total Con,
Numbear Dissolved Micro-
Source Anal. PH Ca Mg Na K Fe al <€l 504 NG 3 HCO3 F PCq 5102 _ Solids MHOS
Y-1 4 7.3 86 6.1 .01 18 3.0 6.4 266 O 1.4 271 450
Y-2 4 7.4 87 5.3 .01 18 3.2 278 0 1.2 275 455
H-1 § 7.3 90 10.2 .01 97 23 9 257 0 0.7 450 705
AG-1 5 7.3 87 3.2 .01 23 3.4 5.2 250 0O 1.0 282 455
T-1 4 7.1 105 9.0 .08 27 4.6 3 339 0 14 358 580
ML-1 6 7.1 92 9.0 .04 31 4.4 0.3 300 ¢C 15 345 560
GOR 1 7.4 50 11.2 200 1.5 234 92 330 430
wells (2, 3)
24 {2} 1 7.3 90 6.4 45 2.8 .12 .1 76 13.4 281 0 6.8 476
3112} 1L 7.9 76 12 40 .1 26 3.8 298 10 1.5 318
331(2) 1 7.% 77 4.9 19 .6 .03 35 6.1 232 .1 0.6 267
75(2) 1 7.6 83 16 .00 .04 143 19 298 .3 1.7 490
79(2) 1 7.6 135 40 257 11 .01 .04 455 62 449 3.0 1343
g (3} 1 8.0 8% 7.3 3.3 1.5 .00 56 4.0 2.3 301 .2 .03 1.6 348 630
go (2} 1 7.7 80 27 .02 .05 118 7.2 373 1 1.4 414
833} 1 8.1 87 2.8 14 1.0 .07 20 5.0 8.7 268 0.0 2.0 277 489
83(2) 1 7.8 70 10 .01 .07 2% 3.7 271 .2 1.5 204
g4 {3) 1 7.7 86 9.6 26 1.3 .00 44 8.0 13 285 .0 .02 1.6 338 $00
g4 (2) 1 8.0 77 13 .3.1 0 43 6.1 298 .2 1.2 200
90 (2} 1 7.4 86 34 238 9.2 .04 431 60 240 1 1.4 1040
110 (3} 1 7.8 B89 5.5 38 2.5 .00 64 11 11 2717 J1.04 1.3 366 656
5 11042) 1 7.7 74 14 .02 .1 30 B.6 274 6 1.2 364

9t
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TABLE 9

Total con.

Number Dissolved Micro-

Source Anal. PH Ca Mg Na K _Fe Al C1 S04 NQ3 HCO3 F POg4 Si02 Solids MHOS
1132} 1 7.7 82 11 .03 .1 192 25 303 .1 1.6 602
126 (2) 1 7.8 80 36 .01 .1 360 52 300 2 1.5 998

157 1 7.9 73 12 24 1.6 .00 38 7 9.5 262 .1 .02 1.6 296 542

D-4 1 7.6 80 9.9 21 1.5 .00 34 6 9.9 275 .1 .02 1.9 308 549

112 1 7.9 97 13 49 2.8 .00 84 16 8 328 .1 .03 1.3 424 787

Springs (2,3}

Tarague (2) 1 7.5 92 48 380 13 .08 680 98 238 1 1.5 1470

Tarague (3) 1 8.2 74 14 92 3.7 .00 155 25 6.8 234 .1 .02 1.6 542 932
Janum (2) 1 7.3 63 17 12 .4 .05 20 4.8 272 6.2 244

Janum (3) 1 8.0 42 8.7 7.51.3 .83 9.9 3.0 3.5 171 .1 .01 13.0 179 299
Agana(2) 1 7.4 101 6.6 26 2.4 .02 36 11 388 8.2 389
Mataguac (2) 1 7.5 36 5 .05 19 3.4 171 6 71 226
Almagosa (2) 1 7.7 4% 2.7 7.8 .8 .19 12 2.0 158 7.1 168

Footnotes

(1) &nal. by Singer-Layne, 1967 - 1969.

{2} BAnal, from Ward and Brookhart, 1962. Period of Anal., 1851 1857.

(3} Anal. from Feltz, Huxel, and Jordan, 1970. Anal., in 1969,



TABLE 1O
SUMMARY OF PUMFING DATA FOR ACTIVE WELLS

{See column numbers at end of table for column explanations.}

ged

1 2 3 1 5 g 7 a 9 10
original 1972 1973
Pumping Pumping Pumping
Approx. Bottom hg(ft} Water Level Water Level Water Level {Clig {Cl}7y

Well el. {(ft) el. (ft) {vr) {Q gpm) {0 gpm) (0 gpm) masl mwmg/l Eemarks
A-1 68 -152 13(65) 102 (200} 20 18 volo, —-252
A~2 118 ~ b4 12{65) 128¢(200} 136(179} 145 16 16
a-3 127 -262 22 1(66) 204 (273) 150{124} 172 1t ib vole. -256
A-4 140 -160 6.2(66) 145(300) 145(171) 148{171) 17 17
5-5 146 ~-177 9.1(66) 142(214) 142(171} 144 16 16 valc, -186(7}
A-6 152 -154 10 (67} 143 (300) 148(211} 150 16 16
a-1 136 - 50 10(67} 146 (200) 130 155 16 18
A-8 124 -1771 15(67) 143 {207} 157(200) 171 18 18
A-9 187 - 50 6.6(67) 182{226) 187 a5 152
A-10 191l - 25 6.5(67) 185(218} 8o 225
A-11 178 -167 47 (68 3200179} 195{146) 280(133%) 15 17 vole, —-174
A-12 138 -190 31{e8) 142(214} 155(145) 231(133) 15 15
A-13 i3l -189 T.0(68) 141(200) 148(197) 149 60 276
A-14 200 - &0 110 218 Paor record
A-15 198 - 52 {73 206{225) 105 141 Poor record
A-16 195 - 40 {73} 210{200) 527 Poor record



6EZ

SUMMARY OF PUMPING DATA FOR ACTIVE WELLS

TABLE 10

(See column numbers at end of table for column explanations.)

2 3 4 5 6 7 8 9 10
Original 1872 1973
Pumping Pumping Pumping
Approx. Bottom heo (ft) Water lLevel Water Level Water Level (Cl)p (Cl)74

Well el. (ft) el. (ft} {yr) (G gpm} (Q gpm) _{Q gpm) mg/l mg/l Remarks
A-17 200 - 50 (73} 219{171) 151 Poor record
A-18 190 - 45 204 Poor record
A~-19 163 32 131 Poor record
A-20 142 0 42{74) 21 vole., -47
A-21 180 - 53 {74) 194 (200) 30
A-22 240 - 40 (74) 240¢200) 90
D-1 381 - 36 3.4(c4) 381{200) 381(155} 35 53
D-2 381 - 36 5(65) 391(200) 54
D-3 383 - 25 399 (200) 35 35
b—-4 383 - 25 6.9(65) 385(200) 385(182) 385 35 37
D-5 381 -~ 29 {65) 413 (200) 28 60
D-6 396 - 37 6 {66} 400 (200} 400(¢200) 48 46
D-7 387 - 50 5(66) 395(200) 388(177) 61 S0
D-8 415 - 35 4.5(68) 433!1200) 424 (188) 15 204
D-9 388 - 29 5(67) 389(200) 387{14¢6) 122 124
D-10 389 - 25 4.7{(68) 389(200) 390 (1%4) 35 37
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TABLE 10
SUMMARY QF PUMPING DATA FOR ACTIVE WELLS

(5ee column numbers at end of table for column explanations.)

1 2 3 4 5 & 7 8 9 10
Original 1972 1973
Pumping Pumping Pumping
Approx., Bottom ha{ft) Water Level Water Level Water Level {Clip (Cl)74

Well el, {fr) el. (ft} {vr) _{0Q gpm) {Q gpm) {0 gpm) ma/l mag/l Remarks
D-11 393 - 37 6({6%) 398 (200) 396 (200) 81
b-12 422 - 42 4.8(72) 432{200) 18 21 Poor record
D-13 404 - 53 5(70) 415(133) 13 415 Poor record
p-14 312 - 63 (73) 325{200) 33 Poor record
D-15 363 (74}
Y-1 414 - 36 421 (200} 413(182) 18 18
Y-2 417 - 46 18 18
YT-3 420 - 55 {73) 16 16 vole., +100
¥-3 420 - 51 (73} 421 {200) 146 Poaor record
J-1 583 - 12 {68) volo., +293
H-1 290 294{221) 72
M-1 354 - 56 4.7{65} 401(149) 401{106) 28 160
M-2 401 - 50 5(68} 404 (207} 20 89
M-3 423 - 52 4.2{67) 423200} 423{15T) 20 33
M-4 421 - 51 67 421 (200} 423{183) 20 39
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TABLE 10O
SUMMARY OF PUMPING DATA FOR ACTIVE WELLS

{See column numbers at end of table for column explanations.})

1 2 3 4 5 6 7 8 9 10
Original 1972 1973
Pumping Pumping Pumping
Approx. Bottom hg (ft) Water Level Water Level Water Level {Clyp (Cl)7a

Well el, (ft} el. (ft) {yvr) {Q gpm) {0 gpm) {Q gpm) mg/l mg/l Remarks
M-5 273 - 52 4,3(69) 293(200) 295 35 41 vole. -220
M-6 326 - 80 5.3(69) 355(200) 361 20 70
M-7 289 - 51 5.3(69) 295{200} 292 (150) 30 32
M-8 443 - 52 (69) 20 23
MT-2 410 - 17 18(69) 20 vole. —-28
M-9 449 - 40 20 174 Poor record
M-10 210 - 78 4.6(74)y 211(200) 40 abandon cil
M-11 290 - 60 (74) 23 660 abandon
M-12 271 (74) 34 Poor recerd
M-13 Poor record
M-14 274 - 46 4,5(74) 281{200} le Poor record
Island
Const. No data
Foremost 142 - 22 4(65) 173
112 205 - 8 4.5(68) 71 Now E.E. Black
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TABLE 10O
SUMMARY OF PUMPING DATA FOR ACTIVE WELLS

{See column numbers at end of table for column explanations.}

1 Z 3 4 5 6 7 8 9 10
Criginal 1972 1973
Pumping Pumping Pumping
Epprox, Bottom hg {ft} Water Level Water Level Water Level (Cl}g {Cl}7a
Well el. (ft) el. (ft) {yr) (9 gpm) {Q apm)} {0 gpm) mg/l mgll Remarks

San Migual 214 - 26 4.3(71} T4
H. Rock #1 Ho data
H. Rock #2 No data
AG-1 468 - 27 5.6(62) 30 37 0ld #83
AG-2 503 ~ 77 5.7(68) S03(200) 15 vole, -136

- 423 - 37 {(69) 434(128) 56 )

-2 451 - 40 4(72) 463 (200} 72

- 455 - 55 {(72) 457{200) 42
USN Wells
90 (220} HCS 1B
81 {170) NCS 2
31 429(210) NCS 1a
133 NCS 3
Air Force Wells
1 348 - 41 {275) 0ld #84
2 351 - 28 {321 0ld #65
3 405 - 23 (310) 0ld #31
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TABLE 10O
SUMMARY OF PUMPING DATA FOR ACTIVE WELLS

(See column numbers at end of table for column explanations.)

1 2 3 4 5 6 7 8 9 10
Original 1972 1873
Pumping Pumping Pumping
Approx. Bottom ho{ft) Water Level Water Level Water Level {(Cl}p (Cl)74
Well el. (ft) el. (ft) (yr) {(Q gpm) {Q gpm} (Q gpm) mg/1l mg/1 Remarks
4 0ld #66. Not used.
5 417 - 58 4{72) 417(280) 36
6 395 -102 3.6 (360} 89 60
7 368 - 35 3.6 (360) 75
8 358 - 32 3.3 (360} 78
9 358 - 31 5.4 (370)
Tumon 0ld #80. Shaft
NW#4 - 31 0ld #110. Not used.

Golf Course

Southern Guam

M1-1 257 (65) 35 25
M1-2 257 (65) 35

M1-3 315

T-1 114 - 33 18(65) 124(120) 30 30
Y1-1 21 - 84 8.5 33(55)

Y1-2 32 -118 6.0 49 (55)

Y1-3 24 -116 6.0 34 (55)

0ld #128

Ls. lens in wvolc.
Ls. lens in volc.

Ls. lens in volc.

vole., -36
vole, =71
vole, -118

vele, -117
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{See column numbers at end of table for cclumn explanations.)

1 2 3

Approx. EBeottom
Well el, {(ft} el. (ft})

Togcha

Tg-1 79 - 3Z
Tg-2 105 - 25
Tg-3

Tg-4

Tg-5

Ty-6

Tg-7

Tg-8

Tg-9

Tg-10

Volecanic Wells

RCA 362 + 2
{Pulantat}
Guam 0il 134 - Bb

TABLE 10

SUMMARY OF PUMPING DATAR FOR ACTIVE WELLS

4

hg {f1)

342

135

5 6 7 8 g 10
Original 1972 1973
FPumping Pumping Fumping
Water Level Water Level Water Level (Clig (Cl) 74
(0 gpm) _{Q gpmj (Q gpmy mg/l mg/l Remarks
31 53
31 52
29 34
79 51
77 66
15 85
76 9z
75 az
75 123
306
20020} 20 Llutom fm,
20 Alutom fm.
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TABLE 10

Column explanations;

1.

2.

10.

Name of well as used by PUAG.

Elevations are not exact because of uncertainty of whether surveys were taken. Some elevaticns
estimated from 1:24000 map.

Bottom elevations are also approximate.

Original head as reported by drillers, in records, or by previous investigators. For most cases
accurate to no more than one foot.

Water levels recorded during pumping tests upon completion of well

Water levels recorded by C. Huxel, USGS.

Water levels recorded by C. Huzel, USGS.

Chloride content of water reported upon completion of well.

Chloride content or water as of May 1974.

For the last several years driller has been very careless in collecting and tabulating data.



TABLE 11
DRILLER LOGS

NORTH GUAM WELLS

Code to driller logs:

v = very W
h = hard, compact b
m = medium Y
3 = soft r
Ccr = coral P
(o ] = clay gy
ls = limestone qan
vole = volecanic bl
7 = possible bk

white
brown
vellow
red
pink
gray
green
blue

black

2446



Well A-1 Approx.

Drilled Feb.

Depth (ft)
0 - 55
55 - 100
100 - 215
215 - 220

Well A-2 Approx.

Drilled Feb.

Depth (ff)
g - 4
4 - 28
28 - 75
75 - 84
84 - 86
g6 - 390
90 - 92
92 - 118
118 - 151
151 - 152
152 - 16l
161 -~ 170

Logs

67 ft.

h br 1s

h br ls,

Lrillers log

cl

h br ls cl,

h ls

118 ft.

cl

w Cr,

cl

cl

I W Cx,

Cr

cr

h ledge

cl

247



Well A-3 Approx. el.

Drilled April 1966

Depth (£L)
G - 18
185 - 31
31 - 3%
3% - 47
47 - 31
51 - 7
77 - 109
109 - 12
112 - 125
125 - 200
200 - 245
245 - 250
250 - 320
320 - 325
325 - 337
337 - 338
338 - 345
345 - 348
346 - 383
383 - 410

Logs

128 ft.

w b cr, cl

v h, h pweor
ms gy <l

v h w cor

ms3s gy ¢l

v h, h w ¢cr

mh gn w volc

248



Well A-4 Approx,.

Drilled July 1966

Depth (ft)

0 - 30

50 - 52

52 - 1553
155 - 2Q0
200 - 255
255 - 270
270 - 275
275 - 390
390 - 395
395 —- 428
428 - 429
429 - 430

Backfill teo 300 ft.

Well A-5 Approx.

Drilled Aug.

Depth {ft)
0 - 5
5 - 85
85 - 130
130 - 134
134 - 138

Logs

140 ft.

m S w Cr

h cr

m s cl {?)

147 ft.

m h, h w cr
mh, m s w Cr
br m s ¢l

5 w Cr

249



Well A-5, (cont.}
Depth (Zt)
138 - 170
17¢ - 178
178 - 243
243 - 2434
244 - 247
247 - 251
251 - 308
308 - 311
311 - 332
332 - 340
well A-§ Approx, el,
Trilled Aug. 19&7
Lepzuh (£t}
q - 4
4 - 163
163 - 1e7
167 - 279
278 - 301

Logs

Drillers log
mh, s

ms, s cl (7}
mh, h

m s, S

v h

m s

h, v h

m 5, S

m n, h

voic

152 ft.
Lrillers log
5 r ol

mh w cr
open
3, m s, mh

h, v h



Well A-7 Approx.

Drilled April 1967

Depth (£t
o - 12
12 - 26
26 - 97
97 - 140
100 - 110
110 - 115
115 - 180

Well A-8 Approx.

Drilled June 1967

Depth (£t}
o - 10
10 - 121
121 - 155
155 - 163
163 - 165
165 - 172
172 - 174
174 - 175
175 - 201
201 - 203
203 - 210

Logs

136 ft.

Drillers log
r, wms

bk, gnm s cl
wms, mh cr
gy s ¢l

wm s cr

gy, br s ¢l

w 1 s, mh cr

124 ft,

wmh, m 8 cr

wmh, h cr

cr

£
E

= - =2
0
H

cr

251



Well A-8

Depth (frl
210 - 212
212 - 220
220 = 225
225 - 238
238 - 245
245 - 290
290 - 305

Well A-9 Approx.

Drilled March 1267

Deptn (£}
o - 25
25 - 38
38 - 49
49 - B3
g§3 - 108
109 - 125
125 - 155
155 - 165
165 - 183
183 - 209
208 - 211
211 - 215
215 - 217
217 - 240

Logs

wmh cor
wms 1
W m S, m
w cr, ¢l
mh, m s
mh

v h

mh, m s
h

m s

h

m s

mh, h

252



Well A-~10 Approx.

Drilled May 1967

Depth (£t}

0 - Z5
25 - 100
100 - 174
170 - 215

Well A-11 Approx.

Drilled June 1968

Depth (ft)
0 - 12
12 - 17
17 — 28
18 - 33
33 - 45
45 - 47
47 - 60
60 - 82
82 - 84
84 - 121
121 - 124
124 - 138
138 -~ 141
141 - 159
159 - 175

Logs

191 ft.

Drillers log

rwms, s ¢r,

wms, mh cr

w h cr

wms, mh cr

178 ft.

Drillers log

y cr, cl
yms cl

b, wm h e¢r
bms cl
wm h cr

bk s, wood
ms cl

y m s ¢l

¥, wmh cr
¥, bms cl,
wm h ¢r

bl m s cl
wmh cr
bmscl

wmhcr, cl

cr

cl

253



HWell A-11 ({(cont.]

Depth {ff)
175 - 273
273 - 276
276 - 320
320 - 321
321 - 323
323 - 324
324 - 339
332 - 343
343 - 352
352 - 375

Well A-12Z Approx.

Drilled July 1568

Repth {ft]
o - 5
5 - 35
35 - 38
38 - 51
51 - &8
58 - &0
60 - 65
65 — 203
203 - 204
203 - 216

Logs

bk & ¢l, wood
wmh cr

bk 5 cl, wecod
wm s, mh, h cr
b 3 cl

Wwom s Or

Bl m 5 ol (wvolc)

138 f=.

wmh, h

w, bmh cx, cl
b s el

wmh cr

m s, mh, h
open

h

254



Well A-12
Depth (ft)
216 - 249
249 - 251
251 - 263
263 - 275
275 - 285
285 - 305
305 - 310
310 - 333
333 - 335
335 - 338
338 - 343
343 - 349
349 - 354
354 - 365
365 - 376
376 - 390

Well 2-13 Approx.

Drilled Wov.

Depth (ft)
0 - 35
35 - 486
46 - 165
165 - 185
185 - 194

Logs

ms, mh

m h, s ¢l

5 ¢l (7?)

m h, h

ms cl (?)

mh, h

ms cl (7}

m s cl (7?2}

m s cl, cr

131 ft.

bms cl
gy m s cl

b h ¢l, cxr

y s cl

255



Well A-13
Depth (£r)
124 - 208
208 - 227
227 - 240
240 - 249
249 - 256
256 - 262
262 - 276
276 — 280
280 - 283
2B3 - 288
2886 - 2%6
236 - 32:%
321 - 324
324 - 325
325 - 329
3zs - 3351
331 - 239
339 - 362
362 - 364
364 - 365
365 - 372
372 - 418

Logs

h, m h cr
v n Cr
s, m & ¢

mh gr

k, v h cr

m h, v h cr
mh, m 3 Q¥
v h gy cr
m s gy cr
v h gy cr

h, m h, m 5 gy <r



Well D-5 Approx.

Drilled Nov.

Depth (ft)
0 - 175
175 - 203
203 - 397
397 - 410

Well D-9 Approx.

Drilled Dec.

Depth (f1)

0 - 167
167 - 222
222 - 235
235 - 278
278 - 330
330 - 378
378 - 381
381 -~ 383
383 - 397
397 - 420
420 - 435
435 - 440

Logs

381 ft.

wmh, ms

wmh, m s

wWwm 3, 3

388 ft.

m s, mh

257



Well L-10 Approx.

Irilled Feb.

Depth {ft)
g0 - £1
81 - &4
84 - 140
140 - 143
143 - 277
277 - 281
281 - 282
282 - 376
376 - 383
383 - 385
385 - 3351
381 - 410
410 - 415

Well D-11 Approx.

Drilled March 1%£9

fepta (£t}
1 - 20
20 - RO
80 - 36
96 - 108
108 - 115
115 - 120

Logs

389 fx.

393 ft.

wmh cr

wmh cro
w v h cr

wmh cr



Well D-11
Repth (ft}
120 - 139
139 - 145
145 - 162
le2 - 184
184 - 215
215 - 218
219 - 235
235 - 2490
240 - 260
260 - 266
266 - 283
283 - 361
361 - 384
384 - 382
392 - 410
410 - 413

Well D-13 Approx.

Drilled Nowv.

Depth (ff)
0 - 110
110 - 357
357 - 395
395 - 415
415 -~ 450

Logs

ril 1

w v h cr

wmh, m s cr

wmh cr

wmh cr

w v h ¢r
wmh, m 8 Cr
Ww S Cr

w v h cr

W 5 Cr

404 ft.

wm h, h cr

w Vv h Ccr

259



Well M-1 Approx. el.

Lrilled March 1965

Depth (ft}

o - 97

97 — 107
107 - 148
148 - 175
175 - 183
189 - 180
190 - 227
227 - 240
240 - 281
281 - 283
283 - 290
290 - 311
311 - 397
397 - 401
401 - 425
425 — 430
430 - 435
435 - 450

Logs

394 ft.

Drillers log

Wwms ls

w h 1s {lost circ.)

v h fno returns)

m h, h {(no returnsj}

v h (no returns}

m h (no returns?

v h {no returns}

w v h {some returns)
wm h, h {(some returns}
W S

w h

h {lost circ.}

ms, h, v h {(no returns)
v 5 (no returns)

m h, h {no returns)

v h {no returns)

bk m s cl

wmh cor

260



Well M-2 Approx.

Drilled March

Depth (£t}

0 - 123
123 155
155 156
156 159
159 160
160 286l
261 268
268 271
271 273
276 281
281 319
319 324
324 333
333 430
430 433
433 452
452 455
455 460

Logs

401 ft.

gy m s (volc?)

261



Lcgs

Well M-3 Approx. el. 423 ft.

Driiled NWov, 1387

Depth (ft} Drillers log
0 - 80 wmas, mh cr

B0 - 85 5
RS - 237 mh, h

237 - 252 m s, mh

252 - 258 s

256 - Z2B% h, mh

28% - 293 open (lost all mud)

293 - 327 m h, h

327 - 329 open

32% - 383 h, mh

383 - 387 open

387 - 392 m s

392 - 418 h, v h, mh

418 - 443 ms, mh

443 - 451 open

451 - 453 h

453 - 459 m s

459 - 475 S, M §



Logs

Well M-4 Approx. el. 421 ft.

Drilled Oct, 1967

Depth (ft} Drillers log
0 - 125 wmh, m 5 ¢cr

125 - 175 wmh, h cr

175 - 200 h, v h

200 - 253 h, m h

253 - 268 h, v h

268 - 320 h, m h

320 - 420 m s, m h ({(caving)

Well M-5 Approx. el. 273 ft,

Drilled Dec. 1948

Depth (ff} Rrillers log
1 - 45 w v h cr

45 - 65 wm h cr

6h - 168 w h, v h ¢cr

168 - 315 w Vv h, h, m h er
315 - 320 Wwms, mh cr
320 - 323 W S Cr

323 - 324 open (lost circ.}
324 - 328 wmh cr

328 - 334 w 8 cr

334 - 345 wms, mh cr
345 - 355 w h cr

355 - 4380 wm s Ccr
490 - 300 bl gy volc

{backfill to 330)

263



Logs

Well M-%6 Approx. ei. 326 ft,

Drilled May 1963

Depth (£t} Drillers lcg
1 - 4 b s cr
4 - &b ms, mh, h cr
E5 - 84 h, v h cr
84 - B8 3 cr
88 - 33 h cr
93 - 108 5 Cr
108 - 180 v h, h cr
180 - 182 m s or
182 - 3560 m h, h, v h cr
380 - 384 m s cr
384 - 405 h, v h cr

Well M-7 Approx. el. 289 ft.

DPrilled June 1969

Depth {(ft} Drillers lag
1 - 13 w h C?
13 - 20 wm s Ccxr
20 - B4 w h, v h ¢cr
84 - Bg open
B - 286 w h, m h, v h or
286 - 314 w m h, open
314 - 315 W 5 Or
315 - 338 w h or

2g4



Well M-8 Approx.

Drilled
Depth (ft)
0 - 10
10 - 52
52 - 68
68 - 155
155 - 320
320 - 344
344 - 355
355 ~ 361
361 - 363
363 - 419
419 -~ 457
Test Well

Drilled Aug.

DRepth {ft)
30 - 263
263 - 275
275 - 309
309 - 389
388 - 388
398 - 416
416

12692

Logs

443 ft.

Drillers log

T

m

m

v

wmhcl
h cr
h ¢cr, ¢l

h, m s ¢

r

h, h, v h cr

5 Cr

cr

5 Cr

h ¢r

m h, m s cr

h,

v h cr

{original M-9} Approx.

v h cr

Drillers log
wm h, h cr
W s Cr

w v h cr

wm h, h,

W 8 Cr

wmh ¢r
volc

265



Well J-1 Approx.

Drilled Sept.

Deprch (£t}

¢ - 15

15 - 167
167 - 200
200 - 208
208 - 215
215 - 270
275 - 290
290 - 300
300 - 310
310 - 325
325 - 345
343 - 385
385 - 415
415 - 445
445 - 450
450 - 528
528 - 0453
545 = 335

Logs

583 ft.

Driliers log

cr, ¢l
wmbh, hcr

Ww h, v h or

ms, mhboh

v h

bl gy m h (volce?)
h ¢l

m h cr

h cl

bl gy h cl

gy v h <l

h <l

h rock

gy v h

gy h, v h

268



Well AG-2 Approx.

Drilled April 1968

Depth (fL)
0 - 132
132 - 442
442 - 445p
446 - 470
470 - 473
473 - 476
476 - 4095
495 - 505
505 - 513
513 - 517
5.7 - 526
526 - 532
532 - 536
536 - 576
576 - 582
582 - 590
590 - 597
537 - 636
636 - 639
639 - 668
668 - 680

Logs

503 ft.

Drillers 1
wms, mh, h

m h, m s

m h, s

h

5

h

m s, mh
m s, n
m s, s
n, v h
m s

h

m s, mh

gy ms cl

wmh cr

yms cl

wmh cx

h

gy m s cl (volc?)

bl gy m h cl



Logs

Well F-1 Approx. el. 423 ft.

Jrilled Feb. 1989

Z L i 2rillers laog

c - 155 wm s, mh, hocr
1885 - 173 w v h cr
173 - 250 w m h, n, v h cr
250 - 418 wm s, mh, n or
413 - 425 W § o=
425 - 435 wom N, ™5 or

2€8
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Well

A-1

A-12

Be fore

TABLE 12

EFFECTS OF ACID1ZING ON PUMFP TESTS

Acidizing

Pump Rate Drawdown Sp. Cap.

Q {gpm) s {ft) Q/s
200 41 4.3
230 111 2.1
200 25 8
200 4.8 42
250 21 12
207 6.8 30
185 38 4.9

After Acidizing
Pump Rate Drawdown Sp. Cap. Change
Q{gpm) s (ft} Q/s Qfs
202 52 3.9 - 0.4
214 36 5. + 3.8
218 0.4 545 +537
200 2.7 74 + 32
145 7 21 + 9
207 3.1 68 + 38
200 20 10 + 5.1



TABLE 13

SUMMARY OF PUMPING TESTS AT TIME QF WELL COMPLETION

NORTH GUAM
Pumping ERecovery
Time Time
From Residual From
Rate Starc Jrawdown Drawdown Stoz
Well S —imany  _ {ZN) (£} {rin}
n-1 2062 90 3l 5.5 2
Z0g 1500 51 -.a 310
.83 &d
n—Z 210 30 24 2.5 0.5
210 240 24
A-3 273 15 102 43 1
273 1440 93 3.3 10C
0.1 ERs
-4 300 340 3
300 450 12.9
A=2 297 15 4.0 LC3 1
207 240 4, | 3
207 585 4.
A-G 121 30 s
321 450 .
A= 207 3Q 19.9
207 450 20.3
-8 273 30 48,3
273 210 52
273 450 52.7
B-9 225 30 0.7
226 450 0.7




Pumping

rate
ey eH\

207
207

177
177

214
214
214
214

253
253
253

150
150
150

218
218

218
218

218
218

200
200

200
200

Time
From
Start
A{min}
30
450

30
450

30
120
180
210

30
180
420

15
180
2440

30
450

30
450

30
450

30
150

240
360

TABLE 13

Drawdown

—dEr)

187
188

31.
33.
36.
36.

28,
28.

o T o TERC N B £

Lad

23.3
23.6

24,

.35
.35

.50
.30

Recovery

Residual
Drawdown

—Afry

Time
From
Stop
Amind

271



TABLE 13

FPaumpding Recowvery
Time Time
From Residual From
Rate Start Drawdown Drawdown Stop
=13 33 10 9
133 3C 9
L35G 120 il.
233 430 i1.
iiZ 143 1 ]
1473 28 0
200 30 0.1
2C10 40 .z
aco &0 0.2
3o 1440 0.2
M=l 240 60 14.3
240 324G 13
M- 214 3c 3.3
Z14 150 3.4
M-3 207 30 .35
207 450
M-4 214 30 L1
214 450 .2
M-3 200 30 19.3
200 450 19.3
M-6 240 30 27.5
240 330 27.7

277



128

Pumping

Rate

43
100
154
200
267
222
222

86
111
150

Time
From
Start

20
40
240

TABLE 13

Recovery

Time

Residual From

Drawdown Drawdown Stop
o (fty o (fy 0 lmind
1.
4.
7.
10.
17.

ooy = LN

b

273
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TABLE 14

1 2 3 4 5 [N 7
k{1.25 1) Type
_Well _ 1. (ft} Tigpd/fty k(1) ft/d _ ft/d _ __ Analysis  Investigator

Southern limestone {cont.)

M1~3 38 10400 37 Obs. Well J. F. Mink
Drawdown ({(Jacob)

T~1 33 14000-24000 S7-97 Obs. Well J. F. Mink
Drawdown {Jacob)

Yl-1 90 15000 23 18 Obs. Well J. F. Mink
Drawdown {Jacob)

Y1-3 122 14000 15 12 Obs. Well J. F. Mink
Drawdown {Jacob}

24000 22 18 Drawdown (Jacob) J. F. Mink

Volcanic

RCA 340 .013-.036 Pump Well J. F. Mink
Drawdown {(Hantush)

Guam 0il 200 3200 2.61 2.09 Pump Well J. F. Mink

Drawdown ({Jacob)
M1 X-2 195 50 .034 Slug test J. F. Mink

Column explanations:
l. Well number used by PUAG.

2.1

depth of penetration into saturated aquifer.

3. T

transmissivity.

4, k(1) = hydraulic conductivity based on depth of flow equivalent to depth of penetration,



9Le

TABLE 14

Column explanations {(cont.}:

5.

k(1.25 1) = hydraulic conductivity based on depth of flow equivalent to 125% of depth

of penetration.

In general, data obtained from testing Jjustified approximate ({(Jacob, Hantush} non-steady
analysis rather than the more sophisticated type-curve matching.

Investigator who analyzed data.



TABLE 14

SUMMARY OF PUMPING TEST ANALYSTS

{See column numbers at end of table for column explanations)

bLd

1 2 3 4 3 3 i
ki{l.25 1) Type
Hell L, (ft} Tlgpd/ft) k{l}y ft/d £t/4 Analysis Ipvestigator
Northern limestone
-1 171 106000 gz 66 Pump Well J. F. Mink
Recovery (Jacob)
30000 70 56 Pump Well J. F. Mink
Drawdown (Jacok)
20400 70 46 Step Drawdown N. T, Sheahan
B-12 221 19000 12 9.6 Step Drawdown M. T. Sheahan
D-2 41 67000 219 175 Step Drawdown N. T. Sheahan
D-3 30 51000 227 182 Step Drawdown N. T. Sheahan
b-& 427 173000 551 441 Step Drawdown H. T. Sheahan
o-7 55 117000 284 226 Step Drawdown M. T. Sheahan
b-8 40 24000 80 &4 Step Drawdown K. T. Sheahan
D-11 42 25000 20 £4 Step Drawdown N. T. Sheahan
Southern limestone
M1-1 30 18000 #1 Obs. Well J. F. Mink
Drawdown ({Jacob)
13000 54 Ubs. Well J. F. Mink
Recovery (Jacob)
M1-2 30 21000 94 Obs. Well J. F. Mink
Drawdown (Jaocobs}
16000 71 Chs., Well J. F. Mink

Bocovery

{dzmob)
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JND WATER OCCURRENCE IN NORTHERN GUAM
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DIVISIONS BY AREA OF NORTHERN GUAM
AND LOCATION OF CROSS-SECTIONS

(FOR GEOLOGICAL DESCRIPTION, SEE MAP [}
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HYDROGEOLOGY OF THE AGANA-BARRIGADA REGION
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