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CHAPTER 1

INTRODUCTION
The West Maui Volcano has not Dbeen active in
historic times. Thus, the discovery of thermal waters
in the 1930s, a product of volcanic activity, was not

anticipated imn West Maui wells. However, distinctly warm
waters were found on the leeward side of West Maui in
three groundwater -developments: (1) drilled wells at
the Pioneer Mill in Lahaina (30°C5; (2) a Maui-type well
in Ukumehame (350C); and (3) a high-level horizontal water
development tunnel "in Olowalu (240C).

West Maui volcano differs from most Hawaiian
volcanoes by having steeper dips, more large intruésive
bodies, thicke; dikes with a more radial distribution,
and a more nearly circular forh. The massive dike complex
and radial dike form provide abundant water storage in
the West Maui Mountains. The vast amount of water in the
dike swarms is due to the high rainfall in the mountains,
the exceptienally high permeébility of the intervening
Wailuku flows, low permeability of the dikes and their
radial divergenéé from the area of high recharge, which
disperses water in all directions, and enough dike
intersections to «ecreate semi-isolated dike compartments

with high heads and considerable storage.
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The investigation, where results are reported here,
relates to the warm groundwaters of the Olowalu-Ukumehame
are of West Maui (designated Sub-Area C, Lahaina District,
by the U. S. Geological Survey). It was undertaken to
determine, so. far as possible, the relationship of the
occurence of these warm waters to the geologic structure
and groundwater hydrology of the area, the source of their

heat, and the potential for development of energy from

them.

In this investigation spring and well waters were
sampled and analyzed for the major ions and for the
tritium isotope. These methods, combined with standard

hydrologic metﬁéds; provide the data on which this study

is based.




CHAPTER II

GEOLOGY, CLIMATE, AND HYDROLOGY
Gedlogitéf'Setﬁihg

The West Maui Volcano, one of two volcanoes making
up the island of Maui, 1is part of the Hawaiian-Emperor
chain of 1islands and seamounts that stretches more than
6600 km across the middle of the northern Pacific Ocean.
This chain of isiands was formed primarily by the eruption
of tholeitic basalts. Small amounts of other volcanics
along with sediments from erosion and the f&rmation of
coral have added to the bulk of the Islands. The volcanic
eruptions and resulting island masses were, and still are

in the case of Hawaii Island, the result of a "hot spot"

or "mantle plume" ©beneath the middle of the Pacific
Plate. A current belief is that the northwestern
migration of this plate over the "hot spot" during the

past 25 million years has resulted in the northwest-
southeast lineation of these islands and seamounts that
increase in age from the hiétofiéally active volcanoes ot
Haleakala (FEast Maui) and Kilauea, Mauna Loa, and Hualalei
(Hawaii Island) at the southeast end of the chain; to the
long dormant Midway Island at the northwestern end (see

Figure 1).
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The eight major Hawaiian islands lie within the
southeastern 600,000 m of the chain (Figure 2). Each
island consists of one or more shield-type volcanoes.
One of these volcanoes (Mauna Kea) reachés as high as
4,556 m above sea level. These are some of the largest
mountains on earth, rising more than 9,000 meters above
the seafloor in the case of Mauna Kea and Mauna Loa. These
Qolcanic mountains were formed, and are still being formed
in the <case of Haleakala, Hualalai, Mauna Loa, and
Kilauea, by the eruption of tens of thousands of lava
flows within central calderas and from rifts cqnéentrated
generally in two or three rift zones that radiate
trom the calderas. The calderas, more or 1less
circular in plan (Macdonald and Abbott, 1970), range
from 3,000 to 5,000 (Kilauea and Mauna Loa) up to
24,000 m in diameter (Kauai). They represent
areas of successive collapse and refilling and
are underlaid by massive ponded lava flows, mineral
breccias, and closely spaced parallel to subparallel
and crosscutting dikes. Geophysical studies conducted on
several of the caldera systems indicate that the near-
surface dike systems are underlaid by dense volcanic plugs
that extend to depths of several kilometers below the
surface (Adams and Furumoto, 1965). These plugs probably
represent upward extensions of the magma chambers that
existed in the cores of the volcanoes during their

5
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active phases. On most of the volcanoes two or
three identifiable rift =zones extend outward from the
summit caldera with a system of subparallel dikes and
stocks. The dikes have vertical or near vertical dips and
the surface hanifestations (pit craters, cinder cones
etc.) of the rift zones indicate that they have
overall width of from 1,000 to 3,000 m. The widths of
the individual dikes range from a few centimeters to
several meters. As measured transverse to a rift =zone,
dike densities in the zone may reacﬁ several hundred per
kilometer (Macdonald and Abbott, 1970).

The lavas produced by Hawaiian volcanoes consist ot
basaltic tholeites 1in the early stages of activity and
usually evolve to more Qiscous alkalic rock types during
the final stages of mountain building. The very fluid
basaltic flows erupted during the period of major
mountain building produce thin, 1layered flows which
result in the ©broad, flat shields characterized by the
younger Hawaiian volcanoes such as Kilauea and Mauna Loa.
The more viscous, alkalic lavas erupted near the end of
the period of activity of the older volcanoes produce
much thicker and smaller flows but make up a much smaller
part of the volume, even of the older volcanoes.

The major mountain building stages of the older
volcanoes were followed by long quiesent periods of one

to two million years during which the shields were deeply

7




eroded. Post-erosional volcanic eruptions have occured'gn
Kauai, the Waianae and Koolau volcanoces of Oahu, East
Molokai, and the West Maui and Haleakala volcanoes,
generally along rift =zones that do not coincide with
those of the major mountain building phases. The
results of these include tuff cone eruptions such as those
of Diamond Head and Punéhbowl on Oahu as well as cinder
and spater cones. Post-erosional eruptive vents are
generally not associated with the major rift zones and
erupt lavas and ash from a different, and possibly
deeper, source than the main shield ©building lavas
(Macdonald and Abbott, 1970).

Maui, the second largest island in the Hawaiian-
group, was built by two volcanoes: the Fast Maui, or
Haleakala, Volcano, which dis 3 311 m in elevation; and
West Maui, a deeply dissected volcano 1 911 m in
elevation (Figure 3). Lava flows from East Maui banking
against the older West Maui Volcano formed the low isthmus
connecting the two volcanoes.

The volcanics of West Maui have been divided into
three series (Stearns and Macdonald, 1942), (Figure 4, 5):
Wailuku, Homnolua, and Lahaina. The Wailuku volcanic
Series, the oldest of the three (Pliocene and early
Pleistocene), is composed of basaltic 1lava flows
that make up the bulk of the shield volcano. The shield-

building phase was followed by the eruption of the
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Figure 4 (cont.) Geologic Map of Maui.
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Honolua Series lavas. The lavas are more silicic than
those of the Wailuku Series and consist primarily of
basaltic andesites and soda trachytes that issued mainly
as viscous flows from bulbous domes and cinder cones along
fissures. The Honolua Volcanic Series formed a 15 to 150
m thick veneer over most of the basaltic shield. After
the eruption period of the Honolua Volcanic Series a ldng
period of erosion occurred during which the numerous

canyons of West Maui were cut deep into the shield.

Nirringo +ha caamao nardiand ialand aitbhaidanmn~a hoy ne~acad hlvy aa
UlJJ..LLI.s Liic D Qi c PT1L LUU, 1LOl14aliud SUUVOoOlLUTLHIL T U_y PUDD.LU.L ao
much as 750 m, caused flooding of much of the lower parts

of the canyons. Subsequent to the period of erosibn and
submergence, the final eruptive episode began in late
Pleistocene time. The volcanics of this final "post-
erosional™ stage, called the Lahaina Series, are composed
of fire-fountain deposits and lava flows. Petrographically
the rocks are generally of picritic basalt and nepheline
basanite. The post-erosiomal volcanics of West Maui are

believed to correspond in‘age to those of Oahu and to the

[}
N

arn

late Hana lavas of Haleakala (St and Macdonald, 1942)

In addition to the three volcanic series on West
Maui there are consolidated sediments consisting of talus
breccia, calcareous sands, and marine aﬁd alluvial
conglomerates that cover a large percentage of the coastal

areas and fill the bottoms of all the major wvalleys on

West Maui. Beach sediments and younger alluvium are found

13




primarily along the coast (Macdonald and Abbott, 1970).

'All three volcanic series are evident in the
Olowalu-Ukumehame region of the Lahaina District on West
Maui, The most'stfiking structural features exposed in
these two <canyons are the increase in density of dike
distribution towards the caldera complex intersection with
the two canyon heads and the presence of the trachyte
intrusions, Other notable features include the massive
trachytic intrusions and extrusive masses.

The West Maui Volcano differs from most Hawaiian
volcanoes in its more nearly circular form, the steeper
dips, a greater number of large intrusive bodies, wider
dikes with a more radial pattern of distribuéion, and the
lack of a recognizable third rift =zone (Stearns and
Macdonald, 1942), The unusal pattern of dikes radiating
from the central summit caldera, accounts tor the nearly
circular torm of the volcanoe and 1its wunique water
resource system. Other Hawaiian volcanoes exhibit rift
zone dike structures resulting in a more elongated island
shape.

Diller (1983) <described the thousands of basaltic
dikes exposed in West Maui as "basaltic dikes, commonly

grey-black, massive, nonvesicular, exhibiting prismatic

jointing perpendicular to their margins". These basaltic
dikes are presumably formed by forceful injection
into the ad jacent country rock, The country rock

14
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is generally undisturbed in Olowalu and Ukumehame-canyons,
in contrast to that aroﬁnd trachytic intrusions. The

relatively low viscosity of the basaltic magma may explain
this contrast. Dikes with glassy margins, probably
the result_ of répid chilling, are common in deep
exposures 1in the central’dike complex of the volcano but
are absent neaf the upper and outer portions. The dikes
are generally vertical, or very near so, particularly in
the dike <complex areas of the caldera where density of

dike distribution is very high,.
Climate

Precipitation and <climate in Hawaii are primarily
controlled by four factors: (1) the tropical 1location
which is 1largely responsible for the warm, mild climate;
(2) the surrounding ocean which provides a constant
source of moisture to the air; (3) the location relative
to the Pacific anticyclone which is the source of the
prevailing northeast tradewinds; and (4) the topography
which is responéible for the orographic rainfall
distribution (Ekern et al., 1971).

The average annual rainfall over the Hawaiian islands
is approximately 1,900 mm. The localized precipitation
varies with elevation, leeward or windward aspect,

and ‘the season. Sea-level temperatures average

16




approximately 22-24°C and decrease by 6° C per. km
increase in elevation.

Rainfall is highly variable on West Maui. In the
Lahaina Distridt on the leeward side of West Maui, which
includes Olowalu and Ukumehame canyons, the mean annual
rainfall varies from as little as 380 mm to more than
10,000 mm, depending primarily on elevation (Figure 7).
The high point of the West Maui Mountains, Puu Kukui, has
a mean annual rainfall of about 10,000 mm, but the annual
rainfalls there have ranged from 5,890 mm to as much as
14,680 mm. Note that in the leeward area of West
Maui, 46% of the total area above 300 m elevation

receives more than 807 of the rainfall (DOWALD, 1969).

Hawaiian Groundwater Hydrology

Groundwater is almost the sole source of the domestic
watér supply in Haﬁaii. This is due to the exceptional
permeability of the rocks and soils making up the bulk of
the islands, which in turn allows for a very high ratio

~of infiltration to runoff,

There are three major modes of fresh groundwater oc-
cufence in Hawaii; (1) basal water (low head), (2) high-
head dike-impounded water, and (3) perched groundwater

17
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(see Figure 9).

The principal source of fresh groundwater supply in
Hawaii is the basal or Ghyben-Herzberg lens that fioagé
on and displaces underlying saltwater, The extent of
displacement 1is a function of the relative densities ot

the two liquids:

0 .
Py~ Pg
Where: Z = depth of freshwater lens below sea-level
pf = density of fresh water = 1.0 g/cm
o = density of seawater = 1.025 g/cm
s
hf = head of fresh water above sealevel,
Because Pe is 1.0 g/cm and oy ~is about 1.025

g/cm , Z is approximately 40 hf. (See Figure 8).

The freshwater lenses in Hawaii range generally
from a few meters or less in coastal areas to a few
hundred meters in thickness farther inland. Transition

19
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zones present between the fresh water and the wunderlying
salt water may range in thickness from a few meters
at the base of relatively undisturbed lenses to over 300 m
at the Dbase of lenses disturbed by draft of the fresh
water,

The major basal groundwater bodies in Hawaii
occur 1in lava ' flows, Because the volcanic shields
of the older islands have subsided by as much as 400 m
or more (Macdonald and Abbott, 1970), the flows emplaced
subaerially now extend weli below sea-level providiig
permeable zones' within Which the Ghyben-Herzberg lenses
may develop (Takasaki, 1981).

The second type of groundwater occurrence in Hawaii
is the high-head, dike-water reservoirs. These reservoirs
are often indicated by natural spring discharges which are
the source of most of the spectacular dry-weather
waterfalls in the deeper Hawaiian vaileys.‘ These dike-
water reservoirs are formed when low permeability dikes
are intruded intouthe permeable lava flows., The formation
of high-head reservoirs is a function of the density ot

of the dike intrusion and the orientation of the dike.

Permeability perpendicular to the strike of the dikes 1is

much less than the permeability parallel to the
strike of the dikes. Generally, the permeability of lava
is highest in the ©plane of the 1lava flows. Dike

intrusions, even a single thick dike normal to this plane,

21
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will significantly impede the flow of water, and it the
impedence is sufficient, the principal flow of water could
change to a direction parallel to the dike alignment. If
the dike intrusions are numerous enough and intersect, the
dike intruded rock sections form groundwater reservoirs
bounded by relativéiy impermeable dikes (Takasaki, 1981).
The water in a dike compartment may have a head a
few hundred méters or more above =sea-level and the
compartments may contain very large volumes of water.
Com

mpared to the basal groundwater bodies, however, the

ago

amount of dike <confined water is rather small. In
Hawaii, dike compartments have been tapped for freshwater
supplies by horizontal+ tunnels at several hundred
meters elevation.

I'he occurence of dike-impounded water on West Maui is
different from othér'islands in the chain. The radial
dike structure in West Maui has resulted in a oval shaped
area of dike impdunded water underlying most of the

central part ef the mountain and is skirted with a fringe

of basal water (Stearns and Macdonald, 1942). In most of
the other Hawaiian volcances the confined water is

localized in lengitudinal belts along the rift zones,

The third type of groundwater occurrence found in

Hawaii are the various forms of perched water. Water 1is
commonly perched in lava by underlying fine-
textured ash beds. Many of the beds have been baked to a

22
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"friable brick"™ (Stearns and Macdonald, 1942) by the

overlying 1lava and some weathered to a «clay-like soil
before burial. Also, poorly sorted consolidated older
alluvium and dense sheets of 1lava are sufficiently

impermeable to perch water where recharge 1is rapid.
The dike complexes and dike swarms of the rift zones

are '"the great water bearers of West Maui" (Stearns and

Macdonald, 1942). The abundance of water in the dike

complex regions is due to the high rainfall in the central

PR -~ £ - ot i i IO ~ e o ~ A RN N A . —~ -
areca oOL Lhe moduyiuneratrily C upl(—.‘u witn Lhe e

xtreme permeability
of the interﬁenihg Wailuku flows., The radial divergence
of the dikes in this area of high recharge disperse water
in all directions.

Basal groundwater floats on saltwater in West
Maui in the same way as it does on most other Hawaiian
islands. On the leeward side the water table stands about
1/2 m above mean tide near the coast and rises at the rate

of about 1/2 to 1 m per 1,000 m inland for the first 4 000

or S?OOO m. It underlies a peripheral belt 2 000 to 5,6 000

R wWao Lo

m wide, inland of which is water with considerably higher
head confined by dikes.

The Wailuku basalts of West Maui are the most
permeable and, thus, the best sources of high-head dike
water as well as basal water. The overlying Honolua soda-
trachytes and andesites as well as the Lahaina series

picritic basalts are considered to be poor water bearers
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(Macdonald and Abbott, 1970).
Geothermal Resource Potential

The study of the geothermal potential on West Maui
was initiated in 'recognition of the occurrence of warm
water (35°C) in the Ukumehame well shaft (USGS well #12)
at the -mouth of Ukumehame canyon and the occurence of a-
nomalously warm water (240C) in a high levél (520 m eleva-
tion) dike-water tunnel near the head of Olowalu canyon.
Stearns and Macdonald (1942) referred to the warm water

occurence at Ukumehame as follows:

the only thermal waters known in the inactive
Hawaiian vocanoes was encountered in well #12 at
the mouth of Ukumehame canyon. The temperature
of the well is 95°F [35°C] when the well is be-
ing pumped at 5 million gallons a day. The
.water level stands about 6 feet above mean sea-
level and the salt content ranges from 33 to 48
grains/gallon |[345 to 499 mg/l Cl|. The higher
temperature is apparently acquired from wunder-
lying hot intrusive rock. The intrusions may be
correlative with the young Lahaina Volcanic
Series ©but the warmer gaseous tunnel in the
older rocks inland |[Olowalu Tunnel] suggest that
the heat is derived from intrusives of either
the Wailuku or Honolua series,

In a footnote regarding the Olowalu tunnel, Stearns and
Macdonald (1942) state "water thermal; gas in tunnel
prevented examination". No discussion of what the gas

might have been was given nor was any gas encountered in

the tunnel during three separate sampling visits in this
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investigation.

Later, Cox (1954) called attention to the finding of
warm water at the Pioneer Mill well in Lahaina. This well
was not sampled in this study.

ln addition to the occurence of the thermal waters,
resistivity studies conducted by Mattice (1981) in the
Olowalu-Ukumehame area also provide encouragement for the
possibility ot a potential geothermal resource existing on
west Maui. In three separate Schlumberger D.C. resistivity
soundings at the mouth ot Ukumehame Canyon, resistivities
in the "basement” layer were found to be the lowest mea-
sured on Maui. Mattice interpreted his results as follows:

A bulk porosity ot 45% tor 20°C saturated basalt

or 35% porosity tor 339 seawater saturated

pasalt could explain the conductive basement

measured at Ukumehame. Using the bulk porosity

range of 15% to 257 (Peterson and Segal, 1974)

for Hawaiian basalt, the temperature calculation

1s 62 to 1530C tor the coastal corrected |[resis-—

tivity] modet and 71 to 171°C for the uncorrect-

ed model...the basement 1s 1nterpreted as warm,

seawater-saturated Wailuku basalt, ‘lhe third

iayer also has a low resistivity ot 58 +/- ohm-m

and 1s interpreted as warm, Ifreshwater bearing

basalt. ‘The caiculated head 1s 1.25 m, in ex-

cellent agreement with well |2 with a measured

head of 1.0 to 2.0 m. -

The existence o0f these warm waters and the review ot
previous studies conducted in the area led to the furthe:
investigations of this study and to the initiation ot an
isotope and geochemical study in the Ulowalu-Ukumehame

area. This was done as a means ot delineating the unique
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hydrothermal-groundwater

area of West Maui.

system of the
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CHAPTER 111

GEOCHEMISTRY AND TRITIUM CHEMISTRY

Introduction to Geochemical Study

As part ot the geochemical investigation into the
spring and well waters of West Maui, a decision was made
to measure the temperature and the major dissolved solids
concentration of selected dike-springs and two wells in
the Olowalu-Ukumehame area (USGS Sub-Area C, Lahaina
District). The 1ions meagured were sodium (Na),
potassium (K), calcium (Ca), magnesium (Mg), silica
(SiOz), sulfate (SOA)’ and chloride (Cl1). This
geochemical analysis was supplemented with a study of the
hydrogen radionuclide, tritium (3H).

Iln the past, groundwater studies have been greatly
aided by the measurement of dissolved solids and
radionuclides in determining the origin ot groundwaters,
their flow pafameters, their ages and their flow rates.
‘'hese tools have also been used extensively in geothermélw
exploration to locate thermal sources and to develop fluid
mixing models.

Silica concentration has been shown in laboratory

studies and in groundwaters to be heavily dependent upon
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the temperatures to which the water has been exposed
(Ellis and Mahon, 1964; Truesdell, 1975; Truesdell and
Fournier, 1977; Krauskopff, 1956). Thomas et al.
(1980) foupd the highest S:‘LO:Z concentration in Hawai:i
at the HGP-A geothermal well in the Puna district where
deep reservoir temperatures of 358°C and silica concen-
trations of‘850'mg/kg were found., Although silica is used
on the U, S, mainland as a quantitative geothefmometer in
gepthermal exploration, 1its use 1in Hawaii 1is more
qualitative because of the ditterences in rock type
tound Dbetween continental and mid-ocean basaltic rocks.-
In addition, groundwater silica concentrations may Dbe
subject to considerable non-thermal influences such as
groundwater residence times, recharge rates, soil/rock
types, and recharge from irrigation water. Consequently
it 1is often difficult to differentiate between thermal
and nonthermal groundwaters based on silica concentration
alone, especially when dealing with moderate tempera-
tures such as those found on West Maui.

In Hawaii, Davis (1969) found SiO2 concentrations
of non-thermal stream water and high-head dike waters to
average about 15 parts per million (ﬁpm) and those ot
basal waters to average about 40 ppm.

The concentration of Na and K in natural geothermal
waﬁers has also been found to be related to temperature as
shown by White (1970), Ellis and Mahon (1967), Ellis
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(1970), and Foﬁrnier and Truesdell (1970, 1973). The
relationship is shown in the following empirical

equations
by Fournier, as
1217

t°c = - 273.15 (2)
log(Na/K) + 1.483

by Truesdell, as

855.6
t°Cc = - 273.15 (3)
log (Na/K) + 0.8573

where

Na = concentration of Na in molal units
K = —concentration of K in molal units
(moles Na/liter solvent [HZO])

(both in Fournier, 1981).

The Na/K ratio gives the best results for high—
temperature environments (180—200°C). The main advantage
to wusing the Na/K ratio is that it is less affected by
dilution and steam separation than other geothermometers,
provided there 1is littlé Na and K in the diluting water
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compared to the reservoir water (Fourmier, 1981). Also,
pelow 100°C, the ratio of dissolved Na to K generally is
not controlled by catidﬁ exchange between alkali feldspar
pairs.

Fournier and Truesdell (1973) developed a
geothermometer using Na, K, and Ca as indicator ions.
1This development was specifically intended to deal with
Ca-rich waters that give anomaiously high temperatures
calculated by the Na/K method. The variation with
temperature of Na, K, and Ca is shown in the empiricat

equation,

. 1647
t°C = - 273.15
log(Na/K) +g (log NCa/Na] + 2.06) + 2.47

(4)

where Na, K, and Ca represent concentra;ions in units ot
molality and B 1is either 1/3 or 4/3 depending on whether
the water equiliﬁrated above or below 100°C.

tThese two geothermometers have been found to be
inapplicable in Hawaii because of the influence of Na, K,
and Ca from seawater found in most thermal waters. Na, K,
and Ca are not, however, wuseless in groundwater studies.
variations in concentrations from several samples within

an area can provide clues as to flow <characteristics and
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source areas. These ions can also be used 1in
developing mixing models of various fluids. Ca, together
with Mg, as discussed later, are both depleted with
increasing temperature and can be used in conjunction with
other ions to indicate thermal fluids.

Chloride concentrations in Hawaii groundwaters are
related primarily to seawater mixing. Chloride 1is a
major component ot seawater (19,500 ppm) and shows up

Leadiiy in freshwater aquiters that have only minor
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usually correlated with increased seawater mixing, and Cl
concentration has been used as an indicator of the extent
ot seawater mixing in the basal treshwater lens on UOahu
(Swain, 1Y73; Cox and Lau, 1967).

Schofield (1956) gave the following -equation for
determining the percentage of seawater mixed in a
groundwater body where the ratio of the summation ot the

cationic equivalents to the equivalents of chloride 1is

approximately 1.!, indicating the presence of seawater:

100 (a - b)

% seawater = (5)
c
Where
a = chloride concentration of seawater contaminated
groundwater
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b = chloride concentration of non-seawater con-
taminated groundwater
c = chloride concentration of seawater = 19 500 ppm.

FEquation (5) should be noted, is valid only if seawater
is a very small fraction of the mixture.

The chloride ion 'generally does not enter into
chemical reactions with other ions or anionic exchange
within sediments and is fairly stable in- both sediments
and basalts (Schofield, 1956: Swain, 1973). However, a
minor contribution of chloride from basaltic rocks to
groundwater can occur at high temperatures. Ellis and
Mahon (1964) showed that basalt easily lost about 75% ot
its total chloride to water at temperatures of
300 to 350°C since basaltic chloriae is held on the
surface within the structure and not in solid solution,
In Hawaii, however, this effect is probably minimal since
the Cl content of Hawaiian basalts is generally about
0.01 to 0.12% (Macdonald et al., 1975) and would not add a
significant amount of Cl1 to that already present in most
basal waters even at very high temperatures.

ln contrast with <chloride, the dissolved Mg ion
is involved in a wide variety of reactions in both
low-temperature - and thermal aquifefs (> 70°C). The

reactions involving Mg in low-temperature groundwaters in
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Hawaii include. ion. exchange within the sediments and
chemical weathering of basalts (Cox and Thomas, 1979).
Visher and Mink <l964) showed that seawater intruding into
an island aquifer can undergo ion exchange with calcic
sediments which increase Ca and Mg ion concentration
at the expense of Na and K as the following generalized

equation:

(Ca, Mg) clay + 2(Na, K)—= 2(Na, K) clay + (Ca, Mg) (6)

Chemical weathering also adds significantly to Mg ion
concentrations in high-head groundwaters, Hawaiian
basalts consist of 5 to 10% MgO, and as rainfall Qater
percolates through the surface rocks the following

reaction takes place:

(Mg,Fe) Si 0+ 2Ht = Mg++ + FeO + 2810 + H O  (7)

Resulting from reactions of this type, Mg ion
concentrations in both high head and basal aquifers are
significantly increased relative to Cl giving a Cl/Mg
ratio between 1 and 6 in most non-thermal Hawaiian
groundwaters (Cox and Thomas, 1979),

Magnesium ion concentrations can also be

substantially altered by high temperature reactions.
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£1lis and Mahon (1964) have shown that Mg can be
effectively removed from solution by the formation ot
high-temperature rock alteration prodﬁcts. At high

temperatures, chlorite [Mg(Si4blO) Mg3(0H)6] is formed

and at lower temperatures the mineral illite
Al, Mg, Fe Sial) O OH is formed. Both

[(Al, Mg )4( )8 20.( )41

chlorite and illite have been found in Hawaii,

both in extinct hydrothermal systems (Fujishima

and Fan, 1977) and in the drill core from the
active HGP-A geothermal well site on Hawaii Island (Stone,
1977). Thus the exiétence of a thermal anomaly in
contact with shallow groundwater can reduce the Mg
concentration of the groundwater, either by direct loss to
alteration minerals or weathering produéts or by thermal
disturbances producing upwelling of more highly altered
low-Mg saline water.

Chloride. -cohtent of seawéter and groundwater
is lérgely unaffected by thermal processes oOr
by ion exchange when seawater infiltrates island aquifers
or during groundwater migration. On the other hand, Mg
is strongly depleted in groundwaters that have been
affected By thermal prdceéses, therefore a rhigher Cl/Mgr
ratio is produced by the thermal process. The Cl1/Mg ratio
of groundwaters has been used in New Zealand to diétinquish
between high Cl (saline) groun&water of marine origin and

high Cl groundwater of geothermal origin (Schofield, 1956).
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The C1/Mg ratio was also used as a regioﬂai .geothermal
indicator in Hawaii by Cox and Thomas (1979) who found it
to be the most successful chemical indicator used. They
found that ratios greater than that in seawater (approxi-
mately 15) indicate that anomalous thermal conditions have
affected aquifer chemistry. | Heating of saline water in
deep basal aquifers also enhances Mg depletion.

| Solubilities of minerals and their constituent ions
can be used to advantage in groundwater studies.
Solubilities of minerals generally change as a function of
temperature and water pressure. Therefore, under certain
circumstances, the absolute quantities of dissolved
constituents in a hydrothermal fluid <can be useful
indicators of subsurface temperature, and hence are
useful as geothermometers (Fournier et al., 1974).

When present 1in relatively 1large quantities, Ca
and SO4 can be wused for geothermometry.* Anhydrite
(CaSO4) has retrograde solubility; “other things being
constant (such as COZ' partial ©pressure and pH) minimum

solubilities are obtained at the hottest and deepest part

als

* It cannot be safely assumed that the solid phase of
a constituent is present at depth, a requirement for
the wusefulness of sulfates in geothermometry. This
can be assumed, however, - if sulfates are found 1in
cuttings or cores from drill holes in the area. In
other words, there may be an inadequate supply of
the "indicator" constituent in the resevoir, so that the
solution at depth is unsaturated with respect to CaSO4
(Fournier et al., 1974).
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of the thermal system. The relative scarcity of anhydrite
as a hydrothermal mineral is not im accord with the wide
distribution of Ca and SO4 in natural fluids. This
suggests that specialized <conditions are required for
the formation of anHydrite by hydrothermal processes
(Blount and Dickson, 1969).

4

workers and solubility determinations have been made for

The éystem of CaSO —HZO has been studied by many

solutions at various temperatures, pressures, and salt

N+ 1 - 1
Blount and Dickson, 1

{NaCl) concentratiocns 969; Marshai
and Slusher, 1968; Dickson et al., 1963; Beck, 1961; Power
et.al., 1966). Among these researchers much disagreement
exists, eépecially concerning lower temperature reactions.
Blount and Dickson (1969) attributed this disagreement
primarily to the fact that anhydrite reacts slowly
with solutions at low temperatures and that in many. cases
sufficient time was not allowed for the reaction to
attain equilibrium.

Blount and Dickson (1969) combined their results
with those of Dickson ef al. (1963) to derive an
empirical formula giving the solubility of anhydrite as

a function of temperature and pressure as

In M = -2.917 - 0.02314t + 0.00179P +
6.02 x 1072 p2_ 2.07 x 167 p? (8)
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where

M = solubiiity of anhydrite in molal units
t = temperature °C
P = pressure in bars.

As shown by Blount and Dickson (1969) and Dickson
(1963), the solubility of CaSO4 decreases with in-
creasing temperaturé (see Figure 135. The minimum
solubility is at higher temperatures for solutions with
smaller NaCl concentrartions.

In laberatory hot water/rock interaction studies,
Ellis and Mahone (1967) found that, in most of the
volcanic rocks they tested, sulfate concentration
decreased with increasing temperature, They believed
that the controlling equilibrium at the highest
temperatures was possibly that of calcium sulfate

solubility where

Ca++ + SO0-- _— CaSoO (9).
4 4
They recognized, however, that the variations in

concentrations of sulfate in solutions were influenced
by factors other than simple solubility equilibrium. For
example, the degree of oxidation of the rock and
the amount of oxygen in the pressure vessels were found to

be the most important other influences.-
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Under appropriate conditions, discussed below,
calcium sulfate solubility can be a useful tool in forﬁing
geochemical mixing models and as a geothermometer for a
hot-water system. Similar geochemical mixing models have
been used extensively in geothermal exﬁloration in Hawaii
(Cox and Thomas, 1979) and elsewhere (Fournier and
Truesdell, 1974; Fournier, 1977).

Fournier and Truesdell, (1974) published graphical
and analytical procedures for estimating the temperatures

and proportions of a hot water component mixed with cold

water, These procedures, valid for warm springs of large
flow rates, were based on heat and silica balances.
Truesdell and Fournier (1977) presented simplified
graphical procedures for obtaining the same results. The

method makes use of the dissolved silica vs temperature
graph of Fournier and Rowe (1966). Truesdell and Fournier
(1977) replotted this graph as dissolved silica vs
enthalpy of liquid water in equilibrium with steam based
on the assumption that the enthalpy of 1liquid is
approximately equal numerically to the temperature.

A similar procedure <can be followed using the
calcium sulfate solubility product constant (Ksp) vs
enthalpy. In wusing such models some basic assumptions

must be kept in mind:

1. A temperature-dependent reaction occurs at depth.
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many

A reaction must occur between the porous rock medium
containing the hot water and the hot water itself.
Rock mineral material must be dissolved in the hot
water with a solubility related to temperature if a
geothermometer is to be useful.

A supply of the solid phase involved in the
reaction must exist.

A supply of solid reactive constituent must exist in
enough quantity that saturation occurs .in order for
geothermometry to be possible.

Water-rock equilibrium exists at depth.

If equilibrium does not exist, the constituent wused
in geothermometry is still reacting and entering
solution, A sample of the system taken while the
reaction is still taking place would give erroneous
(low) temperatures.

Negligible change in equilibrium occurs as water flows
to the surface.

If reequilibrium were to occur during mass flow to the
surface, the indicated equilibrium point would not be
indicative of the deeper, and usually hotter,
system. Non-reequilibration is favored by large
spring flow rates.

No dilution or mixing of the hot and . cold water
occurs,

The last two assumptions are probably not valid for

hot spring systems and the information obtained is

therefore 1limited to the shallower parts of those systems
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or a limiting (generally a minimum) temperature is indicat-
ed (Fournier et al., 1974), It must also be assumed that
no loss of heat occurs after mixing.

These assumptions are necessary 1if the ©possible
differences in subsurface conditions of a hydrothermal
system are to be differentiated on a chemical basis. For

example, the chemical composition of a water heated only

to 1its &eventual discharge temperature is likely to
reflect water-rock equilibrium at about that
temperature, whereas the composition of a mixed water 1is

likely to indicate marked nonequilibrium between the water
and the spring temperature (Fournier énd Truesdell, 1974),

The assumption of water-rock equilibriuﬁ existing at
depth is favored by high initial water temperatures, rapid
rates of water movement toward the surface,* relatively
long residence times in resevoirs of intermediate and

shallow depths and chemically reactive surrounding rocks

(Fournier, 1979). One other important factor is to know
whether a spring water has cooled appreciably by
conduction. If so, the spring temperature may be much

lower than the maximum temperature of the convecting

hydrothermal system. Also, during the relatively slow

* Note that equilibriium existing a depth is favored by
water in place long enough to react and obtain equi-
librium. Rapid flow from the source to the surface
does not allow for reequilibrium during the wupward
flow as might occur during slow movement.
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rate of mass movement to the surface necessary for
appreciable conducfive cooling, the water composition is
likely to change because of precipitation and water-rock
reaction (Fournier, 1979).

Major ion chemistry of groundwater and geothermal
systems can provide many clues as to the water quality
and temperature of the system as well as certain flow and
behavioral characteristics. One aspect of a fluid system
that cannot be determined by ion chemistry alone, however,

absolute resident

(1]

is the relative age and approximat
times of various groundwaters. This information can be
obtained using the naturally occurring radioactive isotope

of hydrogen, tritium.
Introduction to Tritium Study

Since the advent of thermonuclear explosions
analyses of radionuclide concentrations, particularly
those of the radioactive isotopes tritium (3H) and
carbon (14C), have been of considerable use in
groundwater studies. The basic principle underlying the
application of isotope studies to hydrologic problemé is
that the radioactive isotope <concentration is reduced
from the initial level in precipitation through the
combination of dilution and radiocactive decay. Thus, if
the initial and final concentration and dilution in

a groundwater system are known, the residence time of the
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water in the system may be calculated. It should be noted
that the most effective application of isotopic techniques
is as a compliment to standard hydrologic methods. The
isotopic data help to resolve ambiguities and provide
unique information for dating events in the hydrologic
cycle. As tritium is the isotope used in this study the
following discussion is limited to this isotope only.
Tritium is one of three isotopes of the element

hydrogen (H). Isotopes of an element have the same number

rotons but vary in their number of neutrons in their

o}
—h
"3

nucleus; thus proteum (1H) has in its nucleus one proton,
deuterium (ZH) has one proton and one neutron, and tritium
(3H) has one proton and two neutrons. These are the three
isotopes of the hydrogen family. The tritium isotope 1is
unstable and thereforé subject to radicactive decay. It
is this decay that makes tritium a useful hydrologic tool.

"Unstable" or "radioactive" isotopes of an element
disintegrate to form isotopes (stable or unstable) of a
different element. Such nuclear disintegrations are
accompanied by the release of energy, and in the case
of tritium, the release of a beta particle: a neutrally
charged neutron emits a negatively charged beta particle
thus becoming positively <charged i.e. a proton,
changing tritium into the element helium (3He) with two
protons and one neutron. The basic equation describing

all radioactive decay processes (Faure, 1977) is
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N = N e At (10)

where

N = number of radioactive isotopes that remain
at any time t

N = original number of 1isotopes present at

)
t =0

A = decay constant specific to the particular
radioactive isotope, e.g. for tritium,
A = 0.693/12.26 years.

In practical work with radioactive materials the
number of atoms N is not directly evaluated. The usual
procedure is to determine, through its electric,
photographic, or other effect, a quantity proportional to
N. This quantity is called the activity A with A = ¢ A N
= c(=-dN/dt). The coefficient c, the "detection
coefficient", will depend on the nature of the detection
instrument, the efficiency for the recording of the
particular radiation in that particular instrument and the
geometrical arrangement of the sample and the detector
(Friedlander and Kennedy, 1964). Thus the decay law can

now be written in its commonly observed form as
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A = A e}‘ (11)

where

A = activity at time t

B
]

activity at time t = 0 (t )
)

From equation (11) the decay constant can be determined

knowing the half-life of the radioactive elemeﬁt. The
half-life CEJZ) is the time required for one half of a
given number of radionuclides to decay. If t =T then
A = 1/2 Ao. Substituting this relationship into

equation (11) gives

1/2 4 = A e*Tizm (12)

or
1/2 = e Ty (13)

or
1n 1/2 = - » T 14
n 1/ RSV (14)

or
In 2 = T 15
n A 1/2 (15)
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or

'sz = 1n 2/) = 0.693/ X . (16)

The half-life of tritium has been determined to be 12.262
years (Jones, 1955). The decay constant can therefore be

determined from equation (16) as

0.693 - 0.693

.
(@]
(9]
@)
(9]
)
m
[a}
~
ot
~
St

year

>
I

12.262 years

Tritium is produced naturally by the cosmic ray
bombardment of 14N in the Earth's stratosphere at fairly
constant rates (Xaufman and Libby, 1953; Grosse et al.,
1951). However, the tritium flux from the stratosphere 1is
almost ten times higher in spring and early summer than in
the fall and winter (Suess, 1969). This phenomenon
appears to be due to the '"break" in the tropopause,
between the troposphere and stratosphere, which occurs due
to interuption by the storm track and the jet stream in
these months, This break in the boundary layer between
the two levels of the atmosphere allows a circulation to
occur between the two. This circulation will cause
relatively large quantities of tritium from the

stratosphere to enter the troposphere from which it is
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rapidly rained out in a matter of a few weeks with the
spring and early summer storms (Suess, 1969) *, This
"spring leak" causes the characteristic annual oscillation
of undisturbed tritium activities in precipitation of the
northern hemisphere and is evident in historic records of
Hawaiian rainfall ¢tritium 1levels as recorded by the
International Atomic Energy Agency (IAEA). As can be
seen in Figure 10, a seasonal fluctuation, with the
higher activity 1levels always occuring around May and
June, is imposed‘ on the decay curve. This fluctuation
is found in other parts of the world as. shown in Figure
11 reproduced from Suess (1969).

Tritium 1is incorporated directly into precipitation
in the upper atmosphere. The specific tritium activity of
the water is altered after precipitation by mixing with
groundwater of different activity and by radioactive decay
(Gilletti et al., 1958). "Tritiated" water molecules
(HTO), once released from the stratosphere, become part

of the hydrologic cycle. HTO and H20 are physically and

3

chemically similar and behave essentially the same in the

)]

hydroiogic cycle. Isotopic effects are possible such as
mﬁféféféﬁfiéii”;éiétiiiéétion of the lighter isotope or

reduced reaction rates with the groundwater bearing medium

* T. A. Schroeder, 1984: personal communication.
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Figurejp. Semilogarithmic plot of tritium in Hawaiian rain vs time of collection. IAEA data (Hilo).
Reproduced from Hufen et al., 1972. TU = tritium units.
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Figure 11, (A and B) Tritium cuntent of precipitation at Vienna and Stuttgart (aver-

} age) 48°N, Adak (Alaska) S2°N,;- Mndway Istand--28° N, -and -Johnston Island 17°N;
for the years 1962 through 1968. The tritium content shows annual ocillations which
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water at Adak and Johasion lsland. Tritium vulues are according to measurements
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are given in tritium units (T.U.) = 10-* T/H.

From Suess (1969).
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because of the heavier, tritiated molecule, but are
generally insignificant in the case of groundwater studies
(Suess, 1969). Therefore, the tritium activity of the
groundwater can be directly related to the tritium content
of the original rain or surface recharge waters.

Tritium concentrations in water are conveniently
- expressed as tritium units (TU) defined as 1 TU = one
tritium unit = 1 3H atom in 1018 hydrogen atoms = 0.0072
disintegrations per minute per milliliter of water
(dpm/ml) = 3,24 picocuries per liter {(pc/liter). Tritium
becomes difficult to measure when activities reach levels
of about 0.6 TU but interpretations of results are
possible as 1long as historical patterns of tritium
activities in local rainfall are known or can be
adequately assumed (Lau and Hufen, 1973).

Tritium is also released in the atmosphere by nuclear
explosions, and with this artificial introduction of

tritium resulting from the bomb tests of the 1950s and

early 1960s, the atmospheric concentrations of tritium
have been increased and hence also TU in precipitation.
During this period of extensive testing, tritium

activities in northérn hemisphere precipitation increased
by several orders of magnitude. Although activity levels
have declined, both France and China still conduct
occasional atmospheric tests which create peak activity

values for tritium. Average peak values for tritium in
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1975 reached about 80 TU in Hawaiian rain from a single
test in 1974 (Hufen et al., 1980). *

The "pre-nuclear testing" activity of Hawaiian rain
has been estimated to be about 0.6 TU by Von Buttlar and
Libby (1955). Groundwater that infiltrated before the
onset of nuclear explosions would therefore have an
undetectable activity due to radioactive. decay. The
tritium activity of Hawaiian rain has been much higher

than the "natural abundance activity" during the past 30
years due to tritium production from repeated nuclear
explosions. A finding of tritium activity in a water
sample below about 0.5 TU indicates, therefore, that there
has been negligible '"modern" (post-bomb era) recharge to
the sampled water body, i. e., a 30 year or greater mean
residence time. Conversely, a water sample which has
tritium activities greater than about 1 TU must

be interpreted as containing "man-made" or "bomb"

tritium, The record of tritium activity in Hawaiian
rainfall was maintained by the TIAEA, wuntil recently,
enabling the wuse of "bomb" tritium as a groundwater
tracer,

“Difficulty in  interpretation of groundwater samples
occurs when intermediate tritium activities exist, Such
* The latest atmospheric explosion prior to this study

occured in 1980 and was conducted by China (Stockholm

International Peace Research 1Institute [SIPRI] 1984:
personal communication).
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activities may result from: (1) pre-bomb tritium produced
by cosmic fays or (2) post-bomb tritium diluted through the
mixing of recent waters with older tritium-free water; or
(3) post-bomb tritiated water depleted due to radioactive
decay. Estimation of groundwater residence times
based on single tritium analyses are therefore generally
expressed in terms of ranges with respect to a minimum
and/or a maximum age (Hufen, 1974).

Tritium can greatly aid groundwater studies.
By knowing the approximate tritium levels of 1local
rainfall, and the past rainfall tritium record with the
seasonal and bomb created peaks, a basis for comparison
of groundwater samples «can be &established. A water
sample with a tritium activity of about 1 TU or less <can
be assumed to have not been in contact with recharging
rainfall for at 1least 30 years. On the other hand
a water sample with a tritium activity level similar
to the local rainfall activity can be assumed to be
recently recharged rainwater. Water samples with tritium
activity levels intermediate to these two extremes
indicate any of the three cases mentioned above.

Libby (1961) was able to distinquish four general
water types in a groundwater system in Southern California
based on the varying tritium levels he found. By knowing
the activity level of the local rain Libby was able to

seperate waters brought in by aqueducts from the Sierras
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and from the Colorado river and to determine the
contribution of local rainfall and the rate of depletion
of the very old underground water supply, all based on the
relative tritium acfivities.

Bergman and Libby (1957) used "excess" tritium levels
in water samples produced by the U, S. Castle Nuclear
Weapons Testing Operation to determine average resdidence
times of groundwater to be about 15 years in the upper
Mississippi Valley. In addition, by comparing pre-Castle
Test tritium levels in rainwater, riverwater, and
groundwater with post-test samples, they determined the
various percentages of the Castle tritium carried to the
ocean by river water, evaporation, and groundwater flow.

In the Southern Vienna Basin of Austria, tritium,
along with carbon-14, was wused during the studies of
potential groundwater supplies for increasing industrial
and municipal demands (Davis et al., 1967). Periodic
tritium analyses of springs showing a varying blend of
current-year recharge with older base flow allowed the
calculation of the proportions of the two components. In
the main aquifer of the basin studied there is an wupper
unconfined zone down to about 20 m that 1is subject to
infiltration from the surface. Below the depth to the
base of the aquifer the tritium was found to be quite
uniform indicating an active, well-mixed flow throughout

the lower zone.
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Davis et al. (1970) wused tritium activities of
groundwaters on the volcanic island of Cheju in the
Republic of Korea to determine groundwater sources and
mixing models as well as aquifer residence times. Post-
bomb tritium was found in all spring waters sampled,
indicating modern recharge and rapid <circulation of
groundwater. By wusing the variable tritium activities
form high elevation springs, Davis et al. were able to
"classify the groundwaters into several separate flow
regimes and found residence times ranging from 2 to 8.5
years.

On the island of Oahu, Hawaii, Lau and Hufen (1973)
‘used tritium activities to obtain Dbasic hydrologic
information on the groundwater system. High-elevation
springs, perched on ash beds, showed tritium activities
comparable to that of rainwater which indicated residence
times on the order of a few months, Wells discharging
water from the Honolulu basal aquifers did not contain any
detectable tritium, suggesting that the water being pumped
has a mean residence time greater than 15 years. In
the Pearl Harbor basal aquifer varying tritium levels
indicated ~that -residence times are a function of depth.
In the surface water sampled, tritium activities were used
for «clues to sources contributing water to perennial
streams and storage reservoirs., Stream dischérges having

high tritium levels reflect rainfall and bank storage
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sources, where as streams with 1low tritium content
reflect basal water discharge.

Of the above discussed meﬁhods, the following are
applied in this study. Chloride content of a groundwater
sample 1is wused to determine the amount ot seawater
intrusion, if any, into the freshwater aquifer} Chloride-
magnesium ratios are used to help indicate the presence of
thermal anomalies. Because of abundant Ca and SO4 in one
of the samples calcium sulfate solubility is used here to
determine the percentage of hot water in mixed thermal

samples as well as to indicate maximum temperatures of the

hot water component, Tritium is also used for comparison
of groundwater samples with rainwater and helps to
indicate travel times from points of Trecharge to

groundwater sampling points.

The above chemical groundwater techniques are used
here, along with conventional hydrologic methods (water
budgeting, Darcys law application) to obtain an wunder-
standing of the hydrothermal-groundwater system in the

Olowalu-Ukumehame area of West Maui.
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CHAPTER IV

SAMPLING, METHODS, AND RESULTS

Sampling and Sample Description

In this study, samples of the water from Olowalu and
Ukumehame streams, five springs and the tunnel in Olowalu
Canyon, and from the discharge of the pumps of the two
wells at the mouths of the two canyons were taken. The
samples were analyzed for the ions sodium (Na), potassium
(k), calcium (Ca), magnesium (Mg), chloride (Cl), sulphate
(804) and for silica (Si02) and the tritium isotope (3H).
Temperatures at most of the sources were measured at the
time of sampling. Two rainwater samples were also taken
from the island of Oahu. The dates and places from which
the samples were taken are shown in Table 1 and the
locations are shown in Figure 12,

The springs sampled were all near dike exposures and
are believed to represent discharges of dike confined
water as opposed to perched water. No springs were sampled
in Ukumehame Canyon since no springs of any type were ob-
served throughout the reach of the canyon.

Sample U-1, the only sample taken in Ukumehame

Canyon, 1is a sample of Ukumehame Stream taken at the

56




uppermost point reached in the canyon (approximately 550
m elevation). Sample 0-4 is a sample taken from Olowalu
Stream. Samples O0-1 through 0-3, 0-5 and 0-6 are
all dike-spring samples taken from the upper reaches of
Olowalu canyon, Samples 0-3-A and 0-3-B were taken
from within a high-level tunnel (520 m elevation) in the
upper reaches of Olowalu canyon. This tunnel was
excavated during 1907 to 1911 into "well cemented vent
breccia cut by dikes" (Stearns and Macdonald, 1941), The
tunnel 1length 1is over 900 m and the flow rate 1is
approximately 50 gpm (gal/minute) (Stearns and Macdonald
(1941) estimated a flow rate of 100,000 gpd (gal/day))
and shows no observable change in flow between January
and July. Sample 0-3-A was taken about 50 m into the
tunnel. The temperature at the time of sampling was 24°C
in both January and July. The thermal water discharged
into Olowalu Stream directly below the tunnel portal,
which had a temperature of 17, Samples N-Pump and
P~Pump are taken from the Maui-type wells at the mouths
of Olowalu and Ukumehame Canyons respectively.

Sample N-Pump well is 1located at an elevation of
50 m (see Figure 12). This well has a 30°inclined shaft
90 m long and a skimming tunnel 73 m long. Capacity of the
well is 5.25 mgd and flow in the tunnel is about 3.0 mgd.
Static head is about 1 m with an average drawdown of 0.3

m, For the January sample, taken at the well head, the
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TABLE 1.
SAMPLING LOCATIONS AND SAMPLING MONTHS FOR DIKE

SPRING, STREAM, MAUI-WELL, AND RAINWATER SAMPLES
COLLECTED ON MAUI AND OAHU

Sample Source and

Sample Location 1983
0-1 Olowalu Canyon January, July
(S) W. Maui, el. 200 m
0-2 Olowalu Canyon January, July
(S) ' W, Maui, el. 220 m
0-3-A Olowalu Canyon January, July
(T) W. Maui, el. 520 m
0-3-B Olowalu Canyon July
(T W. Maui, el. 520 m
0-4 Olowalu Stream January
(ST) W. Maui, el. 600 m
0-5 Olowalu Canyon January, July
(S) W. Maui, el, 600 m
0-6 Olowalu Canyon January, July
W. Maui, el. 600 m
U-1 Ukumehame Stream January
(ST) W. Maui, el. 550 m
N-Pump* Olowalu January, July
(W) W. Maui, el. 50 m
P-Pump** Ukumehame January, July
(W) W. Maui, el. 24 m
rR-1 UHM, Manoa Valley @ = February
(R) Honolulu, Oahu
R-2 Lanikai, Kailua August
(R) Windward Oahu
Note: S = dike-water spring, T = high-level tunnel water,
ST = stream water, W = Maui-type well water, R =
rainwater

* USGS well # 10; *% USGS well # 12
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pump had been running for 48 hours at 50 gpm, For the
July sample the pump had been running for 7 hours at 50
gpm. In January and July the temperature of the well
water was 24 °C.

Sample P-Pump is located at an elevation of 24 m at
the mouth of Ukumehame Canyon (Figure 12)., This well has
a 44 m long shaft inclined at 30° and a 130 m
skimming tunnel, Pump capacity is 4.75 mgd and average
static head is about 2 m with an average drawdown of 0.2
m. At the January sampling time the pump had been running
at about 500 gpm for over 24 hours. For the July sample
the pump had been running at 500 gpm for 7 hours. P-Pump
has thermal waters of 35°C. The following reference
to the P-Pump tunnel is from Hatton (1976):

The tunnel accumulates water along 1its entire

length with both cold and warm water entering

the system evidenced by the intertwined currents

of the two. As one walks into the tunnel, one

can feel altermately cold and the warm streams

of water. Some type of gas is released from the

tunnel invert along the entire length of the

tunnel, bubbling to the surface in sporatic
bursts of effervescence.
Flow in the tunnel is about 4.5 mgd (see Appendix B for
complete well data and specifications).

All samples, except the rainwater samples, were

collected at the sources in one-liter, brown Nalgene

bottles following normal sampling methods (Rainwater and

Thatcher, 1960). Well waters were collected at the well
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heads while the pumps were running. Rainwater samples
were collected in specially designed plastic wurethane

catchers that were acid washed before use.

Methods

The cations Na, KX, Ca, and Mg, along with silica
(SiOz), were determined in_ this study by the Atomic
Absorbtion method. The anions Cl and S%* were determined
by Specific Ion Electrode Titration. All ion analyses
were performed at the Hawaii Geothermal Assessment Program
laboratory of the University of Hawaii at Manoa, Hawaii
Institute of Geophysics. Tritium analyses were conducted
by Teledyne Isotopes, Inc. of Westwood, New Jersey. Their

procedure is outlined in Appendix A.

Results

The results of the analyses of the water samples

are presented in Tébles 2, 3, and 4.
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TABLE 2,

WEST MAUI WATER SAMPLE ANALYSES FOR JANUARY, 1983

Sample Temp*; Na K Mg Ca si0, 50, c1 s
milligrams per liter/millequivalents per liter
0-1 21 ; 26,2/1.1 1,57/0.04 4.43/0.4 4,45/0.2 64,1/~ 8.67/0.2 21.8/0.6 14,4/~
0-~2 20 1 40,6/1.8 2,83/0.07 9.15/0.8 10.8/0.5 59,2/~ 8.35/0.2 31.2/0.9 3.9/-
0-3-A 24 ; 37.4/1.6 1.68/0.04 13.8/1.1 171/8.5 53,6/~ 616/12.8 9.,94/0.3 5.3/~
0-3-B - 3 - - - - - | - - -
0-4 17 } 8.07/0.4 0,50/0.01 3,45/0.3 8.93/0.5 22,1/~ 6.59/0.1 7.02/0,2 5.8/-
E; 0=5 - : 12,9/0.6 0,43/0.010 7.76/0.6 13.9/0.7 39.4/- 3.89/0.1 1.33/0.0 6.4/~
0-6 19 ? 12,8/0.6 0.35/0.01 8.74/0.7 12,6/0.6 42,5/~ 3.89/0.1 - 1,29/0.0 9.4/~
U-1 17 : 7.00/0.3 0.56/0,01 3,12/0.3 7.15/0.4 26,2/~ 4,51/0.1 6.43/0,2 8.5/~
ﬁ—Pump - 3 111/4.8 7.38/0,19 10.4/0.9 15,6/0.8 47,6/~ 29,4/0.6 78.0/2.2 6.3/~
P-Pump 35 E 168/7.3 14,9/0.38 19,1/0.9 59,6/3.0 59.5/- 41,9/0.9° 218/6.2 6.7/-
R-1## - | - - - - - - - 3,4/~

* Temperaturé in degrees Celcius
*% Tritium in Tritium Units
*%% Sampled in February, 1983




TABLE 3

WEST MAUI WATER SAMPLE ANALYSES FOR JULY, 1983

Sample Temp* Na K Mg Ca si0, S0, c1 s
milligrams per liter/millequivalents per liter

0-1 22 } 25,6/1.1 2,16/0.06 4.24/0.4 4,94/0.3 57.7/- 20,2/0.4 29,7/0,8 5.2
0-2 20 ﬁ 36.9/1.6 2,72/0,07 8.26/0.7 9.92/0.5 58.6/~ 18.8/0.4 38.9/1.1 4.7
0-3-A 24 | 43.3/1.9 1.77/0.05 14.7/1.2 187/9.3 44.4/~ 628/13.1  8.91/0.3 9.2
0-3-B " : " " " " " " " 15.7
0-4 - - - - - - - - -
0-5 19 i 9.23/0.4 0.64/0.02 3.62/0,3 . 7.90/0.4 27.1/~ 10.4/0.2 9,07/0.3 8.4

) EE 0-6 - i 15.0/0,7 0.34/0.01 9.01/0.7 13.5/0.7 47.7/~- 13.2/0.3 14,9/0.4 6.1
v-1 - - - - - - - - -
N~Pump 24 237/10.3 7.65/0.20 34,7/2.9 40.7/2.0 46.9/~ 63,7/1.3 339/9.6 24.5
P-Pump 33 2 202/8.8 28,2/0,72 18.8/1.5 53.3/2,7 51.2/- 50.6/1,1 393/11,1 23.4
. R-2%k% - - - - - - - - 19.7

% Temperature in degrees Celcius
%% Tritium activity in Tritium Units
*%% Sampled in August, 1983




TABLE 4

WEST MAUI TRITIUM ANALYSES

; January July
Sampl% pe/l* TU** pc/l* TU**

' 0-1 46.4 5.4 4.4 1.6 17.0 % 3.3 5.2+ 1.0
0-2 | 12.6 + 2,2 3.9% 0.7 15.4 T 2.4 4.7 % 0.7
0-3-A 17.3% 2.5 5.3% 0.8 29.8 % 5.2 9.2% 1.6
0—3-1{ - - s1.0% 6.7 17.7% 21

- 0-4 18.9 ¥ 2.6 5.8 ¥ 0.8 - -
= 0-5 20.6 ¥ 2.6 6.4 ¥ 0.8 27.2% 4.3 8.4%1,3
0-6 30,5 ¥ 3.7 9.4 Y1 19.7 ¥ 31 6.1% 1.0
N-Pump 20,5 % 2,6 6.3% 0.8 79.4 ¥ 10.4 24,5 3,2
P-Pump 21,9 % 2,9 6.7 ¥ 0.9 76.1 ¥ 9.5 23.4 ¥ 2.9

R-1 . 10,9 ¥ 2.0 3.4 Y o.6 - -
B2 - - 63.9 ¥ 8.3 19.7 ¥ 2.6

* pc/l = picocurries per liter = 3.7 x 10—2 disintegrations per second

*% TU = Tritium units = 3.22 pe/l
‘ 10

Note: X pc x 1 x 10-12 currie x 3.7 x 107 dps x ml TU x liter
liter pe 1 currie 0.00012 dps 1000 ml

TU




CHAPTER V
RESULTS OF GEOCHEMICAL AND TRITIUM ANALYSES

AND PREVIOUS WORK

Geochemical Results and Discussion

The field observations and the chemistry data
presented in Tables 2, 3, and 4 reveal several

interesting aspects of the hydrologic-geothermal system of

the Olowalu-Ukumehame area, The most pertinent
observations concern the two warm-water samples, one
in the Maui type well at the mouth of
Ukumehame Canyon (35°C) and the other from a tunnel
penetrating high-head, dike-impounded water compartments

at the 520 m elevation in the wupper reaches of Olowalu

canyon (24°C). '~ Analyses of the ion chemistry data
provide information as to the character of these
warm-water samples. Maximum possible temperatures and

the amount of mixing with colder waters were estimated
by the wuse of calﬁium sulfate solubility curves, The
—tritium ~data provide information as to the residence
times and flow rates of the groundwaters. Groundwater flow
in the Olowalu-Ukumehame area is indicated, on the basis
of the tritium data, to be much greater than suggested by

conventional methods of hydrologic analysis.
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the apparent residence times being only a few months.
Previous work concerning this area of Maui has been

reviewed and helps to support the present interpretations.

Points of Discussion Based on Ion-Chemistry Data
Non-Thermal Water

Point 1

Dike-spring samples 0-1, 0-2, and 0-6 are —considered to
represent "normal", i.e. non-thermal, non-chloride contam-
inated, dike impounded water samples for the Olowalu-

Ukumehame area of West Maui.

Samples 0-1, 0-2, and 0-6 all reprsent the discharge
of dike spring waters sampled in the upper reaches of
Olowalu Canyon. The <chemical data of the three samples
and the temperatures of the waters are compiled for

convience in Table 5.
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TABLE 5

TEMPERATURE AND CHEMISTRY OF DIKE-SPRING WATER
SAMPLES 0-1, 0-2,

AND 0-6, OLOWALU CANYON, WEST MAUI
January July
0-1 0-2 0-6 0-1 0-2 0-6
———————— (mg/1l)¥ e e (mg /1) F e
Temp 21 20 19 22 20 -
Na 26.2 40.6 12.8 25.6 36.9 15.0
K 1.57 2.83 0.35 2.16 2,72 0.34
Mg 4,43 9.15 8.74 4,24 8.26 9.01
Ca 4,45 10.8 12.6 4.94 9.92 13.5
SiO2 64.1 59.2 42.5 57.7 58.6 47,7
SO4 8.67 8.35 3.89 20.2 18.8 13.2
Cl 21.8 31.2 1.29 29.7 38.9 14.9
*Except temperature (OC)
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These three water samples all have fairly constant
ion concentrations from January to July. No thermal
influence was evident and the temperatures were also
generally constant. The '"normal" background groundwater
chemistry, necessary for the interpretation of other
analyses as will be shown later, 1is considered indicated

by these samples.

Point 2

Springs with low flow rates show the highest <chloride
(Cl) concentration and springs with higher flow rates show
the lowest Cl concentration.

As shown 1in Table 6, the high-head dike springs
generally show chloride concentrations inversely related
to the spring flow rates, Samples 0-1, 0-2, 0-3, and

0-6 were the only springs whose flow rates were estimated.
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TABLE 6

CHLORIDE CONCENTRATION AND FLOW RATES FOR SPRING

SAMPLES 0-1,

January

Sample

July

Sample

0-2, 0-3,

Flow Raté
(gpm)

2.0
0.1

50.1

Flow Rate
(gpm)

50.0

1.0
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AND 0-6,

WEST MAUI

Liia UL L uT

Concentration

(mg/1)

21.8

Chloride
Concentration

(mg/1)

29.7

38.9

8.9

14.9




The relation of the of <chloride concentration to
flow rate 1is best explained 1in terms of <circulation
rates. According to Schofield (1956),

Chloride 1is virtually stable in groundwater in

basaltic and sedimentary rocks, not entering

into chemical reaction with other ions or anionic
exchange within sediments.
Chloride is transported, via rainfall, into these high-
head springs. Air-borne sea salt 1is incorporated
into raindrops and thereby enters high-head groundwater

bodies and, because of its stability, remains in solution.
High spring flow rates are generally correlated with a
relatively higher rate of recharge per unit area than

springs of low floﬁ rate. High flow rate and thus high

recharge are not conducive to high -evapotranspiration

rates which tend to concentrate chlorides near the
springs. Conversely, springs of low flow rate indicate
low recharge rates per unit area and thus greater
transpiration potential and subsequent chloride

concentration.
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Points of Discussion Based on Ion Chemistry Data
Thermal Waters

Point 1

Sample 0-3*% and P-Pump have anomalous water temperatures.

Sample 0-3 is water from a dike-tunnel in
Olowalu Canyon and has a water temperature of 24°C.
This tunnel water pours directly £from the tunnel portal
into Olowalu Stream which has a temperature of 17°C.

Sample P-Pump water is from Pioneer Mill's well 12
at the mouth of Ukumehame Canyon at the 24 m elevation.

Water temperature during pumping is 35°cC.

Point 2

The two warm-water samples (0-3 and P-Pump) have markedly
different chemistry.

As shown in Tables 2, 4 and 7, the two
chemistries of the warm-water Samples differ considerably

and each shows significant variation with season.

* 0-3 refers collectively to the samples taken in the
high-level tunnel, 0-3-A and 0-3-B.
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Temp

Na

Mg
Ca
Si0
SO4

Cl

* Except temperature (°C)

TABLE 7

WATER CHEMISTRY FROM TWO WARM-WATER SAMPLES,
0-3 and P-Pump

January July

0-3 P-Pump 0-3 P-Pump

———(mg/1)*-===- RNV L m—

24 35 23 33
37.4 168 43.3 202

1.68 14.9 1.77 28.2
13.8 19.1 14,7 18.8
171 59.6 187 53.3
53.6 59.5 bb 4 51.2
616 41.9 628 50.6
9.94 218 8.91 393
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The -

and
Sampl
m inl

diffe

P-Pump sample site is located at the 24 m elevation

is only a few hundred meters inland from the coast.

e site 0-3 is at the 520 m elevation and about 3’500

and. It would appear that the primary source of the

rence in chemistry is from seawater influence in the

well at P-Pump. On southern Oahu Mink (1964) suggests that

This

(1964

Since
calca

congl

Ion exchange is the dominant process leading
to the chemical characteristics of the saline
water. Before entering the permeable basalts of
the islands, sea-water must pass first through
a thick layer of sediments. Near the shore
these sediment form the caprock, which 1is
composed of highly calcareous marine debris,
terrestially derived clays and globergerina
ooze... As the caprock and associated seabottom
sediments contain much <c¢lay they undoubtedly
have a high base-exchange capacity, which could
be expected to be satisfied chiefly with calcium
and magnesium prior to the movement of sea-
water through them.

is believed not to be the case on West Maui.
) also states that

after passing through the sediments into the
interior of the island the intruded water in
general no longer wundergoes extensive exchange
reactions. Although the basalts are not entirely
lacking in ion-exchange capacity, their exchange
capacity is negligible in comparison with that
of the sea bottom sediments.

the caprock on West Maui consists of older,

Mink

non-—

reous alluvium and correlative tallus and friable

omerates (Stearns and Macdonald, 1942)

Alluvium skirts the coast for four miles near
Olowalu and retards the discharge of Dbasal
water into the sea...
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ion exchange between the caprock and the groundwaters is
deemed insignificant in this area of West.Maui.

(Stearns and Macdonald, 1942). Based on the work of Mink
(1964) and Stearns and Macdonald (1942), ‘it can then be
safely assumed that the relatively higher ion concentra-
tion in the two wells (N-Pump and P-Pump) on West Maui
is due primarily to seawater influence,

By wusing the chloride ion concentration 1in P-Pump
and equation (5), the percentage of seawater contamination
in P-Pump can be calculated. After determining the
pércentage of seawater in the sample, that portion of the
dissolved solids due to seawater can be subtracted out
from the sample to allow for a more meaningful comparison

of the two warm waters, as

(C1 in
background
2 sea-water (Cl1 in P-Pump) -~ groundwater)
in P-Pump = 100 x

Cl 4in seawater

Before this <calculation can be made an average
_background groundwater chloride level must be..-determined
for the Olowalu-Ukumehame area. As discussed in Point 1,
non-thermal waters, above, samples 0-1, 0-2, and 0-6 are
considered to represent average background groundwater for

the area. An average value for the major ions 1in the
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background groundwater can be determined from a weighted
average based on spring flow volume rates of samples 0-1,
0-2, and 0-6. The chemical analyses from samples 0-1, 0-2,
and 0-6 are given in Table 5. Their respective flow rates
are 2.0, 0.1 and 1.0 gpm for January and 4.0, 0.1, and 1.0

The background chemistry for the Olowalu-Ukumehame

area, is listed in Table 8.

TABLE 8

CALCULATED BACKGROUND GROUNDWATER CHEMISTRY FOR
THE OLOWALU-UKUMEHAME AREA OF WEST MAUI

January , July Average
————————————————— (mg/1l)——mmmmm e

Na 22 24 23

K 1.2 1.8 1.5

Mg 6.0 5.3 5.7

Ca 7.2 6.8 7.0

8102 58 56 57

SO 7.1 19 13

4
C1l 15 27 21
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Because of the uncertainty in the groundwater flow
rates, the water pumped by P-Pump in January cannot be
assumed to represent dike-springwater with a January
chloride concentration. Therefore the two seasonal values
are averaged and this mean value is used as the single
background groundwater chemistry value.

With the <calculated average background chloride
values now available (21 mg/l), the percentagé seawater in
the P-Pump sample can be calculated for January and

July using equation (5).

January
% seawater 218 - 21
in P-Pump = 100 X = 1.07%
19, 500%
July
% seawater 393 - 21
in P-Pump = 100 p'e —_— = 1.9%
S — = o 110 Lt

*Brownlow (1979); Groww (1982).
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With the percentage of seawater <calculated for P-

Pump, the seawater component can be subtracted from the
sample to obtain the uncontaminated groundwater chemistry
for P-Pump. Thus if the seawater portion of P-Pump for
January is determined to be 1.07%, the freshwater portion
of the sample is 99.0%7Z. Weighted averages are used to
determine the chemistry of the P-Pump sample minus the
seawater component.

The concentrations of the ions and silica estimated
for the fresh water portion of the basal water at P-Pump

for January and July are listed in Tables 9 and 10,
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TABLE 9

CHEMISTRY AND CALCULATED CHEMISTRY OF P-PUMP WATER
MINUS SEA-WATER COMPONENT, JANUARY.

P-Pump Seawater 17 seawater P-Pump*
——————————————————— (mg/1)=—=mmmm e
Na 168 10,650 110 59
K 14.9 386 3.9 11
Mg 19.1 1,320 13 6.2
Ca 59.6 406 4,1 56
SiO2 59.5 3 0.03 60
SO4 41.9 885 8.9 33
Cl 218 19,500 200 18

Note: P-Pump = 1.07 seawater and 99.07%7 fresh water,

*Minus seawater component
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TABLE 10

CHEMISTRY AND CALCULATED CHEMISTRY OF P-PUMP WATER
MINUS SEAWATER COMPONENT, JULY

P-Pump Seawater 1.97Z seawater P-Pump*
Na 202 10, 650 . 200 2.0
K 28.2 386 7.3 21
Mg 18.8 1,320 24 -6.3
Ca 53.3 406 7.7 46
8102 51.2 3 0.06 52
SO4 50.6 885 16 34
C1 393 19,500 350 23

Note: P-Pump = 1.97 seawater and 98.17 fresh water.

* Minus seawater component,

The chemistries of the 0-3 water, the high-head dike- —

impounded thermal water, can now be compared with the

calculated chemistry of the fresh water portion of the

P-Pump sample in Table 11.
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TABLE 11

CHEMISTRY OF 0-3 AND P-PUMP THERMAL SAMPLES
JANUARY AND JULY

January Sample July Sample

0-3 P-Pump*® 0-3 P-Pump*

————— (mg/1)—=-—-- ————==(mg/1)===~-—-
Na 37.4 59 43,3 2.0
K 1.68 11 1.77 21
Mg 13.8 6.2 14.7 - 6.3
Ca 171 56 187 47
SiO2 53.6 60 44,4 52
SO4 616 ' 33 628 34
Cl 9.94 18 8.91 23

* Minus seawater component,

Comparison of the chemistries of the two warm—wafer
samples can provide information on the waters' heat
source(s). If the two samples showed similar chemistry
values, a single hot-water source would be indicated. If

the samples show markedly different chemistry, two
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seperate hot-water sources would be indicated. Because of
the felatively low temperatures of these two thermal
waters and the relatively large flow volumes, it is quite
probable that the hot-water is mixed with cooler
groundwater before discharge to the sampling point. As
this is most likely the case, a comparison of just the
hot-water components of the sampled mixture would provide

the best values for comparison of the two water samples,

To enable this comparison, the fraction of the water
sample that is hot and mixing with a cooler fraction must
first be determined. This mixing can be calculated from

chemical mixing models and is discussed in Point 3.

Point 3

Calcium sulfate solubility indicates that ©both the
P-Pump and 0-3 samples are mixtures of hot water and
ambient groundwater. Maximum and minimum temperatures
of the hot-water components are also indicated.

In light of the extreme calcium and sulfate
concentrations in sample 0-3, the aspects of CaSO4
discussed in the Introduction to Chemistry Study section
appear to be quite pertinent to the present study. Ca and
SO4 concentrations in the Maui water samples are
used here in an attempt to determine the maximum

temperatures of the original thermal fluids as well as the
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extent of mixing of the thermal fluids with ambient, cooler
groundwaters.

A procedure similar to that discussed in the
Introduction to Geochemical Study section (p. 35) is
used to estimate the maximum temperature of the hot water
portion waters in the Olowalu Tunnel water (sample 0-3)
and that of the hot water portion of the P-Pump waters.
(sample P-Pump) and the amount of warm water-cold water
mixing. In this study the variation of the solubility
product Ksp for CaSO4 with enthalpy is wused. From the
data of Blount and Dickson, 1969, an empirical curve of
calcium sulfate solubility vs. temperature can be obtained
(Fig. 13). This curve provides the basis for comparison
for the temperature and calcium sulfate concentrations 1in
the therﬁal waters of West Maui. The procedure is similar
to that of Truesdell and Fournier (1977) wused for silica

and is outlined below.

1. A graph of CaS04 Ksp vs. temperature was prepared from
the data of Dickson et al. (1963), Marshal and Slusher
(1968), and Blount and Dickson (1969) (Figure 13)
for pure H,0 and 1 and 2 molar NaCl-H, O solutions. *
These data were originally presented® in terms of

® As salt concentrations increase, the enthalpies
of the solutions and <coexisting steam depart from
those of pure water and pure steam. In the system
NaCl-H,0, the departure is very small for salinities
less than about 10 000 mg/kg and no enthalpy correc-
tions for changing salt concentrations are necesary,
(Fournier, 1979).
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solubility and since care was taken that no excess Ca
or S04 was in the system, the concentration of calcium,
[Cal, equals the concentration of sulfate, [SO04].
Therefore, from the definition of the solubility
product, solubility = [Ca] = [SO04] = (Ksp)
(Blackburn, 1969). Thus by squaring the emperical
solubility values of Blount and Dickson (1969), values
of Xsp were obtained and plotted against tempera-
ture (heat content) (Figure 13).

2. CaS%; Ksp from the warm, tunnel water of Olowalu
Canyon (sample 0-3) and two from Ukumehame Shaft
(samples P-Pump and P-Pump minus seawater) were
calculated and plotted on the prepared graph (Figure
13) with corresponding temperature, as Point A-1 (0-3),
A-2 (P-Pump), and A-3 (P-Pump minus seawater). Calc-
ulation of average Ksp values for each of these
samples is shown below and the Ca and S04 concentra-
tions and temperatures for P-Pump and 0-3 are present-
ed again in Table 12.

TABLE 12
CALCIUM AND SULFATE CONCENTRATIONS AND TEMPERATURE
MEASUREMENTS FOR SAMPLES 0-3 AND P-PUMP
JANUARY AND JULY
0-3 P-Pump P-Pump *
January July January July January July
————— (mg/1)====  —————(mg/1)-—-- ——--~(mg/1)----

Ca 171 187 59.6 53.3 56 47

SO 616 628 41.9 " 50.6 33 35

Temp** 24 23 : 35 33 35 33

* Minus seawater component

%k sk

o
In C
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Because of the similarity of the January and July
values in Table 12, the two were averaged to obtain a

single value.

TABLE 13

AVERAGE VALUES FOR CALCIUM AND SULFATE CONCENTRATION
AND TEMPERATURE, SAMPLES 0-3 AND P-PUMP

Average
Values 0-3 P-Pump P-Pump *
————————————— (mg/l)=———m e —
Ca 179 56.5 51.5
SO 622 46.3 34
4
Temp ** 23.5 34 34
* Minus seawater component.
)
*% In C
From these average values a solubility product
(Ksp) for CaSO4 in each sample can be calculated.
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%*

Sample 0-3
(Point A-1 on Figure 13)

[Cal] = 179 mg/1l x (1 mole Ca/40 080 mg)
= 0.00447 mole/liter*
[S%-] = 622 mg/l x (1 mole SO4/96,OOO mg)
= 0.00648 mole/liter
Ksp = [Ca] [SO,] = (0.00447)(0.00648)
- 0.000029 @ 23.5C
Sample P-Pump
(Point A-2 on Figure 13)
[(Ca] = 56.5 mg/1l x (1 mole Ca/40,080)
= 0,00141 mole/liter
[804] = 46.3 mg/1l x (1 mole 804/96,000)
= 0.00048 mole/liter
Ksp = [Ca] [SOA] = 0.00141 x 0.00048

0.0000007 @ 34°C

Molal and molar concentrations are not significantly
different at these low concentrations.
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Sample P-Pump *
(Point A-3 on Figure 13)

[Ca] = 52 mg/1l x (1 mole Ca/40, 080 mg)
= 0.0013 mole/liter

[SOA] = 34 mg/1l x (1 mole 804/96,000 mg)
= 0.00035 mole/liter

Ksp = [Ca] [804] = (0.0013)(0.00035)

o
= 0,0000005 @ 34 C

These values of Ksp for samples 0-3, P-Pump,
P-Pump minus seawater are plotted as Points
o

(0.000029 @ 23.5 0C), A-2 (0.0000007 @ 34 C), and

(0.0000005 @ 34°C) respectively on Figure 13.

and

A-3

3. An average background groundwater value for CaS04 Ksp

was determined using the background chemistry

~ £
oL

springwater samples 0-1, 0-2, and 0-6 as determined
earlier and shown in Table 8. This average Ksp value
was plotted as point B on Figure 13.- Again, January

and July values were averaged to obtain
concentration value for a single Ksp value for
average background groundwater.

* Minus the seawater component.

one
the




TABLE 14

AVERAGE CALCIUM AND SULFATE CONCENTRATIONS
AND TEMPERATURE FOR SAMPLES 0-1, 0-2, AND 0-6,
JANUARY AND JULY, AND CALCULATED AVERAGE VALUES

January July Average
Ca 7.2 6.8 7.00
SO 7.1 19 13

From Table 14 above

[Ca] = 7.00 mg/1 x (1 mole'Ca/40,08O mg)
= 0.00017 moles/liter
[804] = 13 mg/l x (1 mole SO /96,000 mg)
= 0.00014 moles/liter
Cas0, Ksp = [Cal[S0,] = (0.00017)(0.00014)

0.0000000238 @ 20° ¢

]

This value (0.0000000238 @ ZOOC) is plotted as Point

B on Figure 13.
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4, Straight lines were then drawn from Point B to Points
A-1, A-2 and A-3, and extended to intersect the CaS04
Ksp empirical curve at Points C-1, C-2, and C-3
respectively. These intersection points indicate the
heat content (temperature) and CaS04 concentration of
the hot water component in the mixed waters.

5. The fraction of hot water in the mixed water sample
can be determined by dividing the segment AB by BC,
that is, for sample ©-3 the fraction of hot water
comprising the sample is segment A-1B/BC-1 = 0.70 or
707Z and for the P-Pump sample the hot water fraction is
A-2B/BC-2 = 0.34 or 34%, and for P-Pump minus seawater
the fraction is A-3B/BC-3 = 0.36 or 367 (See Fournier
and Truesdell, 1974 and Truesdell and Fournier, 1977).

It is assumed here in this procedure that the amount
of <calcium and sulfate present in the Maui thermal waters
are a function of some temperature regime at depth. The
assumption is made that the temperatures of the 0-3 and
P-Pump samples are due to a hot-water component(s) mixing
with cooler groundwater(s) and that no loss of heat occurs
prior to mixing; The maximum possible temperature obtained
by the hot-water component is indicated somewhere along
the empirical curve. By extending the lines conecting

point B,

the background temperature and Ksp, to poimts A-l,
Ay, and A3, and on to the empirical curve at points C1 G2
and €73, the maximum temperature of the hot-water compon-
ent and fraction of hot-water of the mixed sample is
obtained,

The above values calculated for P-Pump and P-Pump minus

the seawater have similar hotwater component fractions.
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Maximum'O-B hotwater
1 x 10-3._.
Maximum P<PFump hotwater
‘Maximum P-Pump hotwater (minus seawater)

1 x 1078
1 x 1077 \2 M NaCl
=
o
wn
S
~ 1 M NaCl
3

-6

£1 x 107
— ]
3
2]
0 1
—
o
]

1 x 10~

1y 1o'§

T v " 1Y " Y

3 [Py

100 200 300
0~
Temperature C

Figure 13, Caicium:sﬁlphéte solubilify Ksp vs. témperatute.
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Maximum temperatures for P-Pump vary by less than 3°C.
Since the calculated values for the two P-Pump samples are
esentially the same, only one set will be considered using
the average of the two. Note that in subtracting the
seawater component, the values obtained are for a sample
where the hot water is composed of freshwater only. Later
it is shown that the P-Pump hotwater component is indeed
fresh (see Points of Discussion From Previous Work, Point
1).

The above Ksp vs. temperature procedure is based on

the assumption that no loss of steam or heat occurs before
mixing. This assumption is necessary because complete or
partial chemical reequilibrium may occur between the rock
and constituents dissolved in the water as the water
ascends either as a result of this cooling or because
different types of rock are encountered, Chemical
reequilibrium is favored by high initial water
temperatures, slow rates of water movement toward the
surface, relatively long residence times in resevoirs at
intermediate and shallow depths and chemically reactive
surrounding rock, Cooling by conduction (after mixing)
is necessarily ruled out if the calculated maximum temper-
tures are to be considered valid for two reasons: (1) if

cooled by conduction the spring temperature may be much

lower than the maximum temperature in the convecting
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hydrothermal system; and (2) the water composition 1is
likely to change because of precipitation and water-rock
interaction during the relatively slow rate of mass
movement to the surface nécessary for appreciable
conductive cooling (Fournier, 1979).

The assumption appears valid for West Maui conditions
because of the high porosity of the rock which will allow
mixing to occur quite rapidly before any appreciable
conductive cooling can occur. Other data, discussed later
(see Point of Discussion From Tritium Data section),
indicate that initial water temperatures may not be
excessively high and water movement rates to the surface
appear to be fairly rapid with short aquifer residence
times.,

In summary, the CaSO4 Ksp vs. temature curve in
Figure 13 provides the following information about the

two warm-water samples:

1., The high-head dike-impounded water in sample 0-3 has
a hotwater component making up 70%Z of the sample.
Th%s hot water component has a temperature of about

26 C . - = -

2., The sample from Ukumehame Shaft (P-Pump) has a
hot water component making up 357% of the sample. This
hot water component has a temperature of about 60° C.
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Knowing the portion of hot water in each sample, the
cold water portion can now be subtracted to enable the
comparison of hot water components as shown in Point 4

below.

Point 4

Comparisons of the hot water components alone for samples
0-3 and P-Pump show markedly different chemistry.

In point 3 sample 0-3 was shown as 707 hot water
mixed with 307 cold water, and sample P-Pump as 35%Z hot
water and 657 ambient <cold water. The hot water
components for each sample can be compared by first
subtracting the ambient cold water constituents. Here
again the <calculated background groundwater chemistry
shown in Table 8 is used, and the respective proportions
are subtracted from each sample to determine the chemistry
of the hot water only,. A typical calculation is shown

below and the results listed in Tables 15 through 20.
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Hotwater composition calculation:
Example of sodium (Na) in January sample 0-3

0-3 = 70% hot water and 307 ambient background cold water

Sampled Na = 37.4 mg/1l (Table 2)

Background Na = 22 mg/1 (Table 8)

(0.3)(background Na) + (0.7)(hot water Na) = 37.4 mg/1
(0.3)(22) + (0.7)(hot water Na) = 37.4 mg/1

6.6 + (0.7)(hot water Na) = 37.4 mg/1

(0.7)(hot water Na) = 37.4 - 6.6 = 30.8 mg/1

Hot water Na = 30.8/0.7 = 44 mg/1
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TABLE 15

HOT WATER COMPONENTS CALCULATED SAMPLE 0-3, JANUARY

Na

Mg
Ca
Si0
S0,

Cl

171

53.6

616

9.94

Background

—————————— (mg/1)

58

15

94

17

240

52
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Na

Mg

Ca

Sio

SO

Cl

TABLE 16

HOT WATER COMPONENTS CALCULATED FOR SAMPLE
' P-PUMP, JANUARY

P-Pump Background Hot water only
————————————————— (mg/l)=—m—mmmm e

168 22 430

14.9 1.2 40

19.1 6.0 43

59.6 7.2 160

59.5 58 61

41.9 7.1 110

218 15 600
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TABLE 17

HOT WATER COMPONENTS CALCULATED FOR SAMPLE 0-3, JULY

0-3 Background Hot water only
————————— e (mg/l) ===

Na 43.3 24 ' 51

K 1.77 1.8 1.8

Mg 14,7 5.3 19

Ca 187 6.8 260

Si0, 44,4 56 39

50, 628 19 890

Cl 8.91 27 1.2
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TABLE 18

HOT WATER COMPONENTS CALCULATED FOR SAMPLE P-PUMP, JULY

P-Pump Background Hot water only
—————————————————— (mg/l)——————— -

Na 202 " 24 530

K 28.2 1.8 77

Mg 18.8 5.3 44

Ca 53.3 6.8 140

Si0, 51.2 56 42

SO2 50.6 19 110

Cl 393 27 1100
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TABLE 19

HOT WATER COMPONENTS CALCULATED FOR SAMPLE P-PUMP
(MINUS SEAWATER COMPONENT), JANUARY

P-Pump * Background Hot water only

——————————————————— (mg/l)=mmmmm e

Na 59 22 130

K 11 1.2 29

Mg 6.2 6.0 6.6

Ca 56 7.2 150

8102 60 58 - 63.7

SO4 33 7.1 81

C1 18 | 15 24
* Minus seawater component
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TABLE 20

HOT WATER COMPONENTS CALCULATED FOR SAMPLE P-PUMP
(MINUS SEAWATER COMPONENT), JULY

P-Pump * Background Hot water Only
——————————————————— (mg/l)——m—mmm

Na 12 24 -10

K 22 1.8 59

Mg -5.3 5.3 -25

Ca 47 6.8 120

Si% 52 56 44

S0, 35 19 65

Cl 44 27 76

* Minus seawater component.
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As shown in Tables 15 through 20, the chemistry of
the hot-water component of sample 0-3 shows a distinctly
different chemistry from that of the P-Pump hot water
component, both with and without the seawater influence,
This tends to indicate that thé hot waters in the two
samples are from two separate sources. Apparently both a
low-level thermal source, possibly related to the residual
magma chamber of the West Maui Volcano or to the léte
stage Lahaina Series volcanics, and a high-level heat

source, possibly related to a trachytic intrusion, exist

in the West Maui volcano, Note the very high Ca
and SO4 concentrations in sample 0-3 taken from the
dike tunnel. The Ca and SO4 concentrations are in

most cases more than two orders of magnitude greater
than other samples. This excess Ca and so ,
discussed _ below, gives anomalously high concentration
values in the hot water components shown in Tables 15
through 20, Table 21 gives Ca and SO4 concentrations

from all samples taken for comparison.
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TABLE 21

CALCIUM AND SULFATE CONCENTRATIONS FROM ALL SAMPLES
TAKEN ON WEST MAUI

January July
Sample Ca SO4 Ca 504
~———(mg/1)-=-- ————(mg/1)-—--
0-1 445 8.67 4.94 20,2
0-2 10.8 8.33 9.92 . 18.8
0-3 * 171 616 187 628
0-4 8.93 6.59 - -
0-5 13.9 ‘ 3.89 7.9 10.4
0-6 12.6 3.89 13.5 13.2
U-1 7.15 4,51 - -
N-Pump 15.6 29.4 40,7 63.7
--P-Pump—- - 59.6 — — —41.9 - 53+3

* Note the extreme concentrations in sample 0-3
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Under appropriate conditions Ca and SQQ can form a
mineral known as anhydrite (CaSO4). As stated earlier (pg
36) "the relative scarcity of anhydrite as a hydrothermal
mineral does not accord with the wide distribution of Ca
and SO4 in natural fluids" (Blount and Dickson, 1969).
This suggested to Blount and Dickson (1969) that
"specialized conditions" are required for the formation of
anhydrite by hydrothermal processes.

Since CaSO4 solubility decreases with in-

o~ P SR U Y as e -~ = al ~ s j A 1. o Prura B 12 - PR .
Creasing temperature, as shown Dy the solubliity curve

0

in Figure 13, it would seem most likely for anhydrite
to precipitate out of a warm water system. Because
of the extreme Ca and SOZ concentrations in the relatively
cool warm water sample of 0-3 and the lack of significant
Ca and SO in the warm P-Pump sample, it would appear
that the Ca and SO4 in the 0-3 sample is being picked up
and recirculated by the present thermal system subsequent

to precipitation from a warmer, past geothermal or "fossil

geothermal system". If the present temperature extremes
calculated from the Ja;%+—temperature curves are at all
indicative of the actual temperatures present, then this

appears to be the best explanation for the anomalously

high Ca and SO4 concentrations,
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Point 5

Samples P-Pump and 0-3 have anomalous chloride-magnesium
ratios (C1l/Mg).

Table 22 below shows the Cl/Mg ratios for all

waters sampled on West Maui.

TABLE 22

CHLORIDE TO MAGNESIUM RATIO FOR ALL WATERS
SAMPLED ON WEST MAUI

Chloride/Magnesium Ratios

Sample _ January July
0-1 4,93 7.00
0-2 3.41 4,71
0-3* 0.72 0.61
0-4 2,03 -
0-5 0.17 2,51
0-6 —015 - 1,65

N-Pump 7.5 9.77
P-Pump* 11.4 20.9

¥ Note the extreme values
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Note the high values for P-Pump in Table 22. These
two values indicate a thermal anomaly as mentioned earlier
(pg. 34) and are consistent with the relatively high temp-

eratures measured (35 and 33°C).

Note the Qery low ratios for sample 0-3. These low
ratios are odd in that sample 0-3 1is a relatively
warm water sample (2¢)C). Because of the warm
temperature, sample 0-3 would be expected to show

magnesium depletion with a relatively higher Cl/Mg ratio.
The low ratios are, however, consistent with the idea of
the present groundwater <circulating throﬁgh a fossil
geothermal systems' mineral deposits as discussed in
point 4., 1In point 4 the extreme Ca and SO concen-
trations in sample O0-3 were stated as possibly due
to the recirculation of hydrothermal deposits such as
anhydrite (CaSO4). If such deposits do indeed exist as
indicated, it would appear highly probable that other
common geothermal mineral deposits exist as well.

As mentioned earlier, both chlorite Mg(SiOl0 )MgB(OH)6
and illite [(Al, Mg, Fe%_(SiAl%(%O(OHzi] are products
of high temperature rock alteration and have been found in
"Hawaii in extinct hydrotﬁéfﬁgimé&stems (Fﬁjiéhimé and Fan;"
1977); and in the drill core from the presently active
HGP-A geothermal well (350°C) on Hawaii Island (Stone,
1977). Groundwater <circulating through suéh deposits,

after the temperatures had declined, could -easily
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become enriched in Mg, and sample 0-3 does show the
highest Mg concentration of all the springwaters sampled
(see Tables 2 and 3). This Mg enrichment therefore
indicates the presence of geothermal deposits as does the
extreme Ca and SO4 discussed in point 4, thus lending
support to the idea of recirculation of older hydrothermal
deposits and the observed retrograde reequilibrium and
thereby explaining the relatively low C1/Mg ratios in

sample 0-3.

Points of Discussion from Tritium Data

As discussed earlier, the analysis of the tritium
isotope activity is an effective tool that can help
resolve ambiguities that can occur with the use of the
more  common hydrologic methods, and can also provide
unique information for dating events in the hydrologic
cycle. Major .ion analyses help indicate the source and
thermal history of groundwaters but give no clues as to

groundwater age or residence time. Analysis of tritium

activity in a groundwater can  help provide  this
information. Because the tritium activity, measured in
TU, of groundwater samples is directly related to the
tritium content of the rainfall recharge waters and

because tritium is part of the water and therefore not
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concentrated due to evapotranspiration, the difference
in tritium activity between the recharge (rainwater)
and the groundwater is most important.

Only two rainwater samples were taken in this
study: one 1in February (R-1) and one in August (R-2)
1983, consistent with the periods of groundwater sampling.
Monthly rainwater samples have been collected in Hilo,
Hawaii by the International Atomic Energy Agency (IAEA)
and measured for tritium up until 1976, thus providing a
partial historical record (see Figure 10). Ideally, a
monthly analysis of Hawaii rainwater up to and including
the periods of groundwater sampling would provide the best
basis for comparison and data interpretation. Due to
financial and time constraints, monthly rainfall analyses
are not available past the date of termination of the IAEA
station in Hawaii. All tritium analyses for this study

were conducted by Teledyne Isotopes, Inc. of Westwood, New

Jersey. A complete outline of their analytical procedure
is provided in Appendix A. Sampling dates and locations
are presented in Table 1. Table 23 shows the tritium

levels found in the waters sampled in the Olowalu-

Ukumehame area of West Maui and the rainwaters from Qahu.
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TABLE 23

TRITIUM LEVELS SAMPLED FROM GROUNDWATERS OF THE OLOWALU-
UKUMEHAME AREA OF WEST MAUI AND RAINWATERS OF OAHU

Groundwater Tritium Levels

Sample January Activity July Activity
———————————— Tritium Units---—-—=-————-—-
0-1 (Maui) 14.4 +/- 1.6 5.2 +/- 1.0
0-2 3.9 +/- 0.7 4.7 +/- 0.7
0-3-A 5.3 +/- 0.8 9.2 +/- 1.6
0-3-B - 15.7 +/- 2.1
0-4 5.8 +/- 0.8 -
0-5 6.4 +/- 0.8 8.4 +/- 1.3
U-1 8.5 +/- 1.0 -
N-Pump 6.3 +/~- 0.8 24,5 +/- 3.2
R-1 (Oahu) 3.4 +/- 0.6 -
(February)
(August)
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As will be addressed in a point by point discussion
below, tritium values in the rainwater, tunnel water and
well water samples are consistantly higher in July-August
than in January-February. Three possible explanations
are

1., Failure of rainfali samples to represent rechafge in
the Olowalu-Ukumehame area

2. More release of tritium to the atmosphere sometime
between January and July, 1983

3. The spring-leak effect discussed earlier,.

Explanation 1 is discounted because of earlier work by
Lau and Hufen (1968). Failure of rainfall samples to
represent recharge may occur from isotopic fractionation,
i.e. the depletion of the heavier tritium isotope in
leeward rain as the rain clouds pass over the ridge 1line
preferentially raining out the heavier tritiated molecules
on windward Oahu. This is deemed insignificant in light
of the Lau and Hufen (1968) data which show similar
tritium values for windward and leeward rainwater samples

~on Oahu (see Table 24).
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TABLE 24

RAINWATER TRITIUM VALUES FOR OAHU.
FROM LAU AND HAILU (1968).

Sample Location Collection Date Tritium (TU)
Windward Oahu 8-5-70 24.3 +/- 4.
(Nuuanu Pali)

9-8-70 17.3 +/- 3
11-2-70 12.0 +/- 2
12-5-70 15.4 +/- 5
4-12-71 15.7 +/- 3
5-24-71 18.3 +/- 4.
6-21-71 20.7 +/- 4.
Leeward Oahu
(Moanalua Valley) 8-18-69 20.6 +/- 2.
(Manoa Valley) 7-7-70 25.0 +/- 4.
8-4-70 24,2 +/- 3.
11-4-70 10.1 +/- 3.
12-7-70 11.7 +/- 3.
1-23-71 17.1 +/- 5.
4-13-71 15.1 +/- 2.
5-25-71 20.1 +/- 4,
6-22-71 27.1 +/- 5.
(Palolo Valley) 9-27-70 15.8 +/- 4.
3-16-71 18.4 +/- 4.
4-21-71 16.3 +/- 3.
5-18-71 24,1 +/- 4.
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Explanation 2 is also discounted. In conversations

with personel at the Stockholm International Peace
Research Institute (SIPRI) in 1984, no atmospheric
testing of nuclear weapons was reported during the

January to August 1983 period; therefore, no artificial
production of tritium and release to the atmosphere
occured. This 1leaves explanation 3, the spring-leak
effect, as the best probable explanation for the higher
tritium values during July-August than during January-

interpretation followed throughout

February. This is th

0]

the following points of discussion.

Point 1

The rainwater sample (R-2) taken in August has a higher
tritium activity than the rainwater sample taken six
months earlier in February (R-1).

The tritium activities of the two rainwater samples
are 3.4 +/- 0.6 TU for sample R-1 and 19.7 +/- 2.6 TU for
sample R-2. Sample R-1 was taken from the roof of HIG on
the University of Hawaii at Manoa campus and 1is a
composite sample from several rain showers in early
February 1983. Sample R-2 was collected from a single

rainstorm in Kailua on windward Oahu in early August 1983.
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The most probable explanation for this phenomenon 1in
all the samples is the so called "spring leak" effect

characteristic of airborne radionuclides discussed above.

Point 2

The well water samples (N-Pump and P-Pump) and the tunnel
water sample (0-3) all have higher tritium values in  the
July samples than in the January samples.

Table 25 below ists the tritium activities for
samples N-Pump, P-Pump and the two samples from the

high-head dike impounded thermal water, 0-3.

TABLE 25

TRITIUM ACTIVITIES FOR THE TWO BASAL WELLS AND THE
THERMAL HIGH-HEAD, DIKE-IMPOUNDED TUNNEL WATER
SAMPLED ON WEST MAUI

Sample January Activity July Activity
——————— Tritium Activity (TU)=-==————-

N-Pump* 6.3 +/- 0.8 24,5 +/- 3.2
P-Pump* 6.7 +/- 0.9 23.4 +/- 2.9
0-3-A%x* 5.3 +/- 0.8 9.2 +/- 1.6
0-3-B** - 15.7 +/- 2.1

* Basal wells.

als

* Dike-impounded tunnel water,.
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It would appear that, as in the case of the rainwater
samples discussed earlier, the tritium levels being
observed in the groundwater samples also show the seasonal
"spring leak" fluctuation. However, difficulties in
interpretation arise when trying to determine groundwater
tritium activity implications. Because of its yearly
cycle,‘ the spring-leak peak activity that is associated
with the previous year, or even earlier years, can show up
in a groundwater saﬁple. In the present study, samplés N-

Pum

Pum P-Pump, and 0-3 sh high
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than in January as do the rainwater samples (R-1 and R
2). Because of the high tritium activity of the
groundwater samples relative to the rainwater sampleé, it
seems most likely that the activities observed in the
groundwater samples are at least the result of the present
seasons spring-leak fluctuation. If the groundwater
samples of July are interpreted as reflecting the rainfall
tritium peak that occured earlier the same year, the

travel times Dbetween recharge areas and sample points

could be only three to four months (April-May to July).
The greater the actual travel time from recharge
area to discharge point, the greater the potential for

variability in travel paths and for mixing of waters with
different tritium activities and thus the greater
dampening of the tritium-activity fluctuation. When this

occurs the infiltrating recharge water tritium activity
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Figure 14, Depiction of tritium phase lag in groundwater samples.,
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is "dampened out" i.e. samples taken six months apart
(January and July) show less difference in activity. The
difference 1in activity between January and July in the
pump water samples (N-Pump and P-Pump) is almost identical
to the difference between the two rainwater samples taken
in February and August. The similarity in activity
difference suggests derivation of the pump waters from
single recharge areas rather than from recharge areas at
different distances with different residence times.

These o¢bservations are significant relative to the

'™
[¢;¢]

hydrologic characteristics of the area. A three to four
month period between recharge and discharge in the basal
wells would constitute a very short groundwater residence
time and suggests an extremeley rapid groundwater flow
rate even if the recharge areaA was not far inland.
Because of the possible extremely rapid flow rates of
the groundwaters being indicated by the tritium data 1in
the Olowalu-Ukumehame area, the comparison of flow rates
indicated by Darcys law, the basic groundwater flow

equation, can be made.
Darcys law is stated as

q/n = K/n A h/ Al = actual groundwater velocity (18)
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where:

K = hydraulic conductivity of water-bearing medium
h = change in hydraulic head in distance 1

1 = the distance over which groundwater is moving
n = porosity of the medium.

The following values are commonly applied in ground-

water problems in Hawaii (Peterson and Segal, 1974):

~
]

300 - 400 m/day

n=0.1-0.2;

The geologic map of Maui suggests that

1 = 1500 - 2000 m;

(from shoreline to first dike-spring)

and from assumptions based on static heads, h, in the

basal wells and relative distances from the shoreline,

h = 1.0 - 2.0 m (maximum) *

* Vertical displacement from surface recharge to the
top of the basal lens is assumed instantaneous, rates
are for horizontal flow only
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Calculation:

Using K = 400 m/day, n = 0.1, h=1.0m, 1 = 1,500 m:

q/n = (400 m/day/0.1) (1.0/1500) = 2.66 m/day.

Using X = 350 m/day, n = 0.15, h 2000 m:

1.0 m, 1

]

q/n = (350 m/day/0.15) (1.0/2000) 1.16 m/day.

These values indicate travel times much longer than
those suggested by the tritium analyses. One possible
explanation for this discrepancy is the existance of a
direct or semi-direct flow path controlled by the radial
dike structure of West Maui Volcano. With :dike stike
being perpendicular to the coast in the Olowalu-Ukumehame
area from the rainfall recharge area it is possible that a
controlled pathway 1is present with a higher hydraulic
conductivity that allows for faster flow rates than

predicted by Darcys law.,.

Point 3

The well water samples (N-Pump and P-Pump) show almost
identical tritium values in both January and July.

Table 26 below shows the tritium activities found

in the two well water samples.
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TABLE 26

TRITIUM ACTIVITIES FOR SAMPLES N-PUMP AND P-PUMP

January July

—————————————— (TU) - ———-
N-Pump 6.3 +/- 0.8 24.5 +/- 3.2
P-Pump 6.7 +/- 0.9 23.4 +/- 2.9

The similar tritium values for N-Pump and P-Pump
indicate that groundwater flow rates to the two wells
are similar, or at least that there is similar seasonal
variation in tritium activities in the well waters. Note
that the difference in tritium activity between January
and July for both N-Pump and P-Pump is almost identical to
the difference in avtivity between the February and August
rainwater samples (R-1 and R-2). This seems to indicate
that the recharge to the wells in each case is a simple

one, with a single travel path and short travel times.

Point 4

The two samples taken in the high-head tunnel (Sample
0-3-A and 0-3-B) in July show two different tritium
activities.
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The two samples of water taken in July from the high-
head dike-impounded water tunnel in the upper reaches of
Olowalu Canyon show different tritium activities as is

shown in Table 27.

TABLE 27

TRITIUM ACTIVITIES FROM TUNNEL WATER IN OLOWALU CANYON.

January July
------------ (TU) mmmmmmmmmm e
0-3-4 5.3 +/- 0.8 9.2 +/- 1.6

0-3-B - 15.7 +/- 2.1

Sample 0-3-A was collected about 50 m into the tunnel
and sample 0-3-B was collected about 150 m into the
tunnel, The two different tritium levels indicate that
water from at least two different sources with different
ages and travel rates are tapped by the tunnel. The
finding that on both sampling dates, the temperature was
constant with distance into the tunnel, suggests, however,

that both waters have been warmed.
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Points of Discussion From Previous Work

Relatively little work has been done on the
hydrologic system existing in the Olowalu-Ukumehame area
of 1leeward West Maui but some significant géneralized
studies have provided useful information for this study.
The most pertinent include studies by DOWALD (1969),
Yamanaga and Huxel (1969), and Hatton (1978). Personal
communication with employees of Amfac and Pioneer Mill

companies has also provided valuable input to this study.

Point 1

Previous work by Hatton (1978) indicates that the hot
water portion of P-Pump is fresh water. '

P-Pump's hot water component appears to be fresh
groundwater. This is best shown in the salinity profile
of the skimming tunnel in the well. As shown in Figure
15, reproduced from Hatton (1978), the point of dramatic
salinity (NaCl) decrease occurs precisely at the point of
marked temperature increase. This strongly indicates that

a freshwater source is supplying the heat to P-Pump.
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Point 2

According to Pioneer Mill employees, the salinity level
in the P-Pump well does not fluctuate with draft,
season, or weather and tide and remains a constant
45 grains NaCl per gallon (468 mg/l Cl). Salinities in

in the wells of West Maui, except P-Pump, would rise
during drought periods but only one or two months after
a heavy rainstorm salinities would fall markedly.*

Pioneer Mill Co. graphs of salinity in well waters
vs. pumpage (Hattom, 1978) show extreme variation with
season‘in all wells except for P-Pump. The graph for this
pump shows a fairly constant salinity independent of draft
or season.

Rapid responses in wells to heavy rainfall recharge,
except P-Pump, indicate the rapid movement of water from
the recharge area to the pump. This supports the idea of

rapid groundwater flow rates indicated from the tritium

data.

Point 3

The static heads in the two wells, N-Pump (Olowalu)
and P-Pump (Ukumehame), show slightly higher heads

than the wells farther north.

* Bert Hatton (AMFAC) 1983: personal communication.
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The static heads in N-Pump (1.1 m) and P-Pump (1.8 m)
are slightly higher than other wells on this side of West
Maui and indicate a slight impoundment or confinement in
the area. Other static heads in the wells further north
in the area are 0.61 m, O0.61 m, 0.46 m, 0.67 m, 0.46 m,
0.91 m, and 0.61 m (Stearns and Macdonald, 1942).
Stearns énd Macdonald (1942) state that the retardation of
diséharge to the sea giving the higher heads results from
the fact that "alluvium skirts the coast for four miles

near QOlowalu".

Point 4

The country rock into which the two wells N-Pump and
P-Pump are dug are extremely permeable.

Extreme permeability of the country rock around
N-Pump and P-Pump is indicated by very small drawdowns
while pumping. For N-Pump and P-Pump, drawdowns are
respectively 0.3 m and 0.21 m when each is pumping more

than 3 mgd (Stearns and Macdonald, 1942;)

Point 5

Water budget estimates indicate that "excess groundwater"
in Sub-Area C, that is groundwater not being pumped &nd
escaping to the sea, is about 30 mgd.

122




The following water budget values for the Sub-Area C,
Lahaina District,' obtained from Yamanaga and Huxel (1969)
and by calculation provide information for determining the
amount of excess groundwater in the area. The water

budget equation used is as follows:

¥GW = P - SRO - GWF - ET (19)
where
XGW = excess groundwater
P = precipitation
SRO = surface runoff

GWF = groundwater flow (draft from basal lens)

ET = evapotranspiration.

Water budget estimates given by Yamanaga and Huxel (1969)
include (in mgd): P = 75, SRO = 12, GWF = 3.3.

Yamanaga and Huxel (1969) calculated 5.3 mgd ET for
irrigated sugar cane grown on 853 acres in the area. They
assumed an average annual evapotranspiration of 7 acre-
ft/acre (0.006251 mgd/acre) for sugar cane. It may safely
be assumed that the evapotranspiration in non-sugar cane
areas, which are not supplied continuously with water,
cannot exceed that in sugar cane areas. The drainage area

for the Olowalu-Ukumehame area is 4774 acres. Assuming
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irrigated cane as a maximum possible ET for the entire

area:

5.3 mgd/853 acres = ET/4774 acres

ET = 30 mgd

The ET value for the area is therefore approximately
30 mgd and considered a maximum (obviously the entire area
will have much 1less evapotranspiration than that of
irrigated cane, Dbut the.cane value does provide a maximum
value and thus the error involved is on the conservative
gside). Therefore, for the Olowalu-Ukumehame area, from

equation (19);

XGW = 75 - 12 - 3.3 - 30 = 29.7 or about 30 mgd.

It may be noted that Stearns and Macdonald (1942)

estimated "about 100,000,000 gallons of basal water of

excellent quality wastes into the sea daily from West
Maui lavas. Nearly all is lost between Honokowai and Iac
Stream" (most likely on the other [windward] side of the
island).

It is important to note the limitations of such a
groundwater budget. First of all, the term "excess ground-
water" must not be considered equivalent to developable

groundwater. Continual discharge of much of the "excess"
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is required to flush out saline water from the Ghyben
Hrezberg lens. Also in assuming precipitation for just
the area in question the assumption is made that surface

water drainage divides are also groundwater divides and

that groundwater recharge 1in the area 1is 1limited to
rainfall 1in that area only. This is generally not the
case. Recharge can occur from rainfall over a wider area

and be discharged via dike springs or perched springs, for

example, into the area. Conversely rainfall recharge

T

o

within the area can be discharged ocutside the area by t

p

i

same methods. Finally, all values are estimations and have

wide margins of error.
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CHAPTER VI

SUMMARY

The chemical character of the groundwater in the
Olowalu-Ukumehame area of Leeward West Maui was analyzed.
Based on the analyses of groundwaters with abnormally
high temperatures and the results of ﬁrevious hydrologic
research in the area, a model was formulated of the
hydrothermal-groundwater system that should be of use in
further investigations of the geothermal development
potential and water supply in the area. The model is a
crude and incomplete one. Most of the conclusions show
agreement but there are some discrepancies. As
stated in the Points of Discussion from Ion Chemistry
Data, Thermal  Water section (Point 1), the wunique
chemistry of each of the two warm water samples indicates
two separate warm water sources. Groundwater sampled from
thé Ukumehame shaft (P-Pump) has 35°C water and the

high-head dike-water tunnel (0-3) has 24°C water. CaSO

4
calculations ‘discussed in Point 2 of the same
“section  show that the basal water in P-Pump is 35% hot
water and 65% ambient groundwater whose hot water

o
component is a maximum of about 60 C.
The two separate heat sources appear to be related to

two separate volcanic features. The heat source for the
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basal hot water sample in P-Pump would seem most likely to
be related to the residual magma chamber responsibie for
the Wailuku series basalts., Much younger cinder cones and
other eruptive features of the Lahaina series are in this
area but 1in 1light of the relativély small volume of
material erupted it seems more likely that the original
magma chamber of the volcano is supplying the heat to the
basal groundwater. The high-head dike-water sample (0-3),
however, would most likely receive its heat from some
intrusion in the area such as the trachytic intrusions
that are visible there. Calculations from Lovering (1935)
for <cooling curves for volcanic masses show that a 100 m
thick dike mass would provide the heat necessary to
provide the temperatures observed in the water if the
intrusion was only 1,920 years old. A 1 000 m thick dike
mass is required when an age of 224?000 years is used (see
Appendix C).* The presence of this warm water spring and
the calculated ages of intrusions necessary to provide the
observed temperatures 1is evidence that the West Maui
Volcano may be much younger than previously believed. Be-
cause of the extreme Ca and SO4 concentrations in the

“Telatively cooler warm waEéE”QAﬁﬁiéwafwblﬁf'Miﬂis wate

* Note that the curves used from Lovering (1939) do not
account for advective cooling which would be much more
rapid than the assumed conductive cooing. Theses values
provide only a general 1idea as to temperatures and
cooling times.
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was probably at one time much hotter than today (see
Points of Discussion from Ion Chemistry Data, Thermal
Water, Point 3, and Introduction to Chemical Study
section). Apparently significant amounts of anhydrite
(CaSO4) were precipitated from the thermal sqlutions and
deposited, then picked up and recirculated at some later
date under different geological/hydrothermal conditions.
These deposits of a typical geothermal mineral from an
older, hotter system is probably what is now being seen
in the dikewaters from sample 0-3.

In interprting the data from the spring and well
waters, one must consider the possibility of the high-head
and basal, low-head warm water systems being the result of
a single heat source. This would necessitate a direct
route between the two discharge points and/or some sort of
circulation. The fact that there are no observable warm
water discharges between the high and low level warm-water
sampling points, or any other warm-water occurence in the
area, is the best argument for two seperate heat sources

in the Olowalu-Ukumehame area.

Geothermal Resource Potential

One of the primary concerns of this study is the
evaluation of a potential geothermal resource in the

128




Olowalu-Ukumehame area of West Maui. Any possibility of
an economically viable resource is limited to the basal
hot water source of Ukumehame indicated by Sample P-Pump.
The high-head warm dike-water of Olowalu Canyon
(Sample 0-3) 1is deemed uneconomical because of the 1low
temperature, low water volume, and extreme inaccesability.
The measured water temperature in P—Pump is 35°cC. By
CaSO4 solﬁbiliFy it 1is calculated that the hotwater
componenf of this mixed sample makes ﬁp 35% of the
aquifer and has a temperature of about 60°C, Hatton
(1978), reports that P-Pump has an average basal tunnel
flow rate of 4.5 mgd and 357 of Z.S mgd is 1.57 mgd;
therefore, a probable maximum volume flow of hot water
from the P-Pump aquifer is about 1.5 mgd.

P-Pump has a static head of about 1.8 m. Using the
Ghyben-Herzberg relation (eq. 1) would give a maximum
freshwater thickness of 73 m existing below sealevel.
This thickness is inaccurate due to the thermal effect and
subsequent density variation., Water at 6OOC could have a
fresh lens thickness of over 74 m (specific volume HZO at

60°C = 0.01629). Scince chloride data indicate that the

Wfﬁéfhéiwcomponenﬁmis freéﬁ, iéiseéaé”probable that maximum
temperature water would be. found at depths of 74 m or
less below sealevel. Also as indicafed by Hatton's
(1978) data (see Fig. 15), the hot water component of P-

Pump enters the skimming tunnel at the end of the tunnel.
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It seems 1likely that a heat source exists inland of P-
Pump's present lbcation.

Also indicated from chloride data is that P-Pump 1is
tapping an impounded system. The constant <chloride
content of the well with varying draft and rainfall
recharge (Previous Work Points 1 and 2, and Points of
Discussion From Ion Chemistry Data, Non-Thermal Water,
Point 2) indicate very little admixture with seawater,
especially for a well so <close to the coast. This
impoundment, which appears to cause the singularly higher
head in this well than any of the other wells in the area,
appears to reduce flow to the sea in this area., Therefore
the 1.5 mgd of hot water célculated to be available is

probably a maximum value.
Water Resources

The tritium data (Points of Discussion From Tritium
Data, Point 2) and chloride chemistry (Points of

Discussion From Previous Work, Observation 3) vsuggest

supprisingly shorfrgroundwater travéi times of around
three to four months to one year. That is, three to four
months elapsed from the time of rainfall to recharge to
spring or well discharge. This rapid circulation implies

relatively small aquifer storage and rapid groundwater
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flux.

Calculation from the water budget (Points of
Discussion From Previous Work, Observation 5) indicates an
excess of 30 mgd in the Olowalu-Ukumehame area. This
excess water is probably escaping out to sea and providing
the basal aquifers of N-Pump and P-Pump with large fluxes
of water, It seems likely that a large amount of water is
still available from P-Pump in excess of the present pump
capacity as evidenced by the stable chloride content of
this water. If more water is desired, another well in the
same area could possibly tap some of this excess water,

probably best located inland from the present P-Pump.

131




CHAPTER VII

CONCLUSIONS

The following are the major conclusions drawn from

this study concerning the Olowalu-Ukumehame thermal
system.,

1 & R U D T 3. ol . . :

1 . otwater component chemistry differences in the two

warm water samples (Samples 0-3 and P-Pump) indicate
that two seperate heat sources exist in the Olowalu-
Ukumehame area. One in the area of the basal
groundwater and one in the area of the high-head dike
confined water.

2 . Maximum temperature indications from calcium sulfate
solubility tend to show that both hot water portions
mix with local, cooler groundwater before discharging
to the ground surface,.

3. The <calcium sulfate solubility curves indicate that
the hot water component of the well water at
P-Pump makes up about 35% of the pumped water and
has a temperature of about 60 degrees Celcius.

4, Calcium sulfate solubility curves also indicate
that the high-head hot water component in sample
0-3 makes up about 70%Z of the total flow and has
a temperature of about 26 degrees Celcius.

5, Salinity and temperature profiles of the skimming
tunnel in the well at P-Pump indicate that the hot
water component of this sample is fresh.
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10.

11.

12,

Thermal water temperatures are not suficiently high
enough nor in large enough quantites, nor have large
enough flow rates to be of economic interest in terms
of electricity production.

Extremely high concentrations of calcium and sulfate
and relatively high concentrations of magnesium in
sample 0-3 indicates that a "fossil" geothermal system
may exist in the area of the dike-tunnel in the  upper
reqches of Olowalu Canyon.

Chloride concentrations and a relatively higher static
head in the well at P-Pump indicates that the
watere is from an impounded basal system (impounded in
its flow to the sea) with only 1 to 27 admixture
with seawater.

Almost identical tritium concentrations, but different
chemistries, temperatures and static head in the
two basal wells (N-Pump and P-Pump) indicate that the
waters in the two aquifers have similar travel times
from surface recharge to the pumps but are semi-
independent systems.

Tritium concentrations in almost all samples suggest
that groundwater travel times in both the basal
aquifer and in the high-head springs are about three
to four months, This idea is not, however, supported
by Darcys Law, the basic groundwater flow equation
which suggests flow times of a few years.

Water budget calculations indicate that an excess of
30 mgd is present in the O0lowalu-Ukumehame area
(Sub-Area C, Lahaina District) of leeward West Maui
(not necessarily developable).

Additional groundwater resources may be available for
irrigation from a new well placed inland of the
present P-Pump,
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CHAPTER VIII

RECOMENDATIONS FOR FUTURE WORK

A greater understanding of the groundwater flow rates
in the Olowalu-Ukumehame area could be obtained by a
more extensive analysis of tritium activities of rainfall
and groundwaters than was possible in this study. Water
samples, including rainwater, could be collected every
month for at least'one vear to provide a complete seasonal
record of tritium activity, This would allow for a more
accurate analysis of tritium activity peaks and hence
recharge to discharge travel times. The longer the record
the more acurate the analysis.

A more precise water budget would allow for better
determination of available excess groundwater in Sub-area
C. This could be obtained by detailed rainfall and
evapotranspiration measurements in the area. Accurate
seasonal averages would, however, require years of record
keeping.

The chemical study could be supplemented by analyses
of trace elements, nitrate and nitrite, and oxygen
isotopes. Trace elements could be used in chemical models
to more accurately predict groundwater temperatures at
depth and the extent of fluid mixing. Nitrates and

nitrites, abundant in crop fertilizers, would show up
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in groundwaters influenced from irrigation runoff. This
information would help determine the amount, if any, of
irrigation runoff entering basal aquifers. Also, because
the oxygen isotopes are affected by thermal processes, an
oxygen isotope study could help provide a clearer picture

of the thermal waters origin(s).
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“TTELEDYNE TNt EE e s
ISOTOPES
PRO-052-64 DETERMINATION OF TRITIUM IN WATER BY ELECTROLYTIC
ENRICHMENT AND GAS COUNTING

1.0 INTRODUCTION

This procedure describes the determination of tritium in water (HTO)

by electrolytic enrichment and gas counting.

2.0 DETECTION CAPABILITY

The detcction capability depends upon sample size (initial and
final), electrolytic efficiency, counting time, and the efficiency and back-
ground of the gas proportional counter. Nominal values for those
factors are 250 m&, 3.5m2, 75%, 1000 minutes, 70% and 4 cpm, respectively. 04/07/81
Thus the MDL is about 5 pCi/liter for three standard deviations of the

background.

3.0 SAMPLE SELECTION PROCEDURE

(a) Use the Sample Receipt Form with the Teledyne Isotopes identifi-
cation number to locate the sample in the Sample Receiving and

Storage Room.
(b) Transfer approximately 260 m& of the sample to a plastic bottle

and attach the sample number.

4.0 CHEMICAL SEPARATION AND PURIFICATION PROCEDURES

(a)  Transfer approximately 260 mf of the sample into a round-bottom
side arm distillation flask.

(b) Using a héating mantle gently distill the sample into an

crlcnmeyer collecting flask.

Issue § Effective ApproVed
Revisions Pages ~ Prepared By Date Date By
02/06/81 4 E. French 02/06/31  02/06/81 Vo dom XX

04/07/81 4 E. French 01/07/81 04/07/81 ](L@M}:‘.‘al 3X
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(c}) Transfer a weighed portion (v250g) of the distillate into an
electrolytic enrichment cell.

(d) Add 1 mg of a 30% sodium hydroxide solution to the cell as an
electrolytic.

(e) Place cell in a 100C cooling water bath and electrolyze at 3.0
amperes until sample volume is about 25 mf.

(f) Reduce current to 0.3 amperes and electrolyze until sample
volume is 3-4 m2.

(g) EBubble CO, through the first sclution to neutralize the sodium
hydroxide.

(h} Remove cell from water bath, attach a pre-weighed collecting
bottle to the cell and transfer sample to the bottle by evacuat-
ing the system while maintaining the bottle at -809C with a dry
ice-alcohol slurry.

(1) After the vacuum distillation, weigh the collecting bottle to
determine the final sample weight.

(i) Transfer sample to a 25 m% vial.

5.0

CONVERSION OF WATER TO HYDROGEN

(a)

(b)

(<)

(d)

(e)

)

(g)

With a hypodermic needle and syringe remove 2 mf of water from
the sample vial.

Inject the 2 mf of water through the silicone stopper of the
conversion system into the small vessel directly below.

The system has previously been evacuated with a mechanical pump.
Thus the water vaporizes and is converted to hydrogen gas as it
passes through the granular 21nc conversion column, which is
heated to between 420°C and 4500C.

The hydrogen gas then passes through a plain surface "U" trap,

the temperature of which is kept at liquid nitrogen temperature.
The purposc of the trap is to retain any possible water vapor

Collect the hydrogen in a previously evacuated, activitated
charcoal trap, cooled to liquid nitrogen temperature.

Close the stopcock and transfer the charcoal trap (still at
liquid nitrogen temperaturc) to the fill system.

After attaching trap to system, evacuate the connecting vacuum
line with a mcchanical pump.
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-(h) Open stopcock, rcmove liquid nitrogen, and allow hydrogen to
expand into previously evacuated one-liter proportional counter.

Record the pressure of the sample.

(i) Add non-tritiated hydrogen, if necessary, to 2.4 atmospheres
absolute.

(j) Add 0.6 atmosphere of ultra-high-purity methane, so that final
pressure is 3.0 atmospheres absolute.

(k) Close counter valve.

6.0 COUNTING SAMPLE

The gas counter is operated in the proportional range. The counter
is permancently located in an clectronic, ahticoincidence shield which is sur-
rounded by a passive shield of lead and iron. The system is operated in the
anticoincidence mode. A background measurement is performed daily for each
counter. NBS tritiated water standards are processed as in 5.0 above and
measurcd once a month in each counter for an efficiency check. The back-
grounds and standards are counted in the same gas mixture as the samples.

The electronics record the number of counts registered in the anti-
coincidence shield and the one-liter proportional counter with and without
anticoincidence shielding. Those three parameters which differ somewhat
from counter-to-counter are examined for each sample by the laboratory
personnel in order to ensure that the systems remain in correct electronic
alignment.

+

7.0 DETERMINATION OF THE ENRICHMENT FACTOR

Aliquots of a tritium standard solution have been enriched to
different final volumes to provide a graph of the enrichment factor versus
the final volume.

. - (final volume) (observed dpm/m%)
enrichment factor (initial volume) (standard dpm/m%)

8.0 CALCULATION OF THE SAMPLE ACTIVITY OR OF THE MDL FOR TRITIUM

The equation for calculating the tritium activity is:

2 2
Net pCi _ 3.234x(TU) xV, | (CPM); - BKG ¢ ‘m -\l"c * %

unit vol. Fx (CPM)N sz,

139




“PCTELEDYNE P
ISOTOPES
PRO-052-64

where (TU)N = the tritium units of the standard

VN = volume of the standard used to cal1brate the efficiency
of the detector - in psia.
Ve = volume of the sample loaded into the detector - in psia.
(CPM)N = the cpm activity of the standard of vélume'VN.

the gross activity of the sample of volume V and the
detector background

~~
o)
=
L
(2]
]

BKG = the background of the detector in cpm

3.234 conversion factor changing TU to pCi/%

At = counting time for the sample

% = multiple of the counting error

If the net activity (CPM)G - BKG is equal to or is less.than the

counting error, the activity on the collection date is below the limits of
detection and is called "less than” (L.T.) or "minimum detectable level"
(MDL).

The L.T. value can be specified by stating only the counting
error at a predetermined multiple (om) of the one sigma statistics. Implied
in this assumption is the net activity is equal to the background. This
method of stating the L.T. value is followed by Teledyne Isotopes. A sigma
multiple (om) of 3.3 is used for calculation of the L.T. values unless
otherwise indicated.

thus‘L.T. = 3.3 x 3.234 x (TU)N x VN x -\JGG 2 + o 2

EF x (CPM), x V

vwhere
9% = standard deviation of the gross activity of the
sample—and-the-detectorbackground;—in-cpm
o = standard deviation of the background, in cpm
EF = enrichment factor as defined in 7.0
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Well Data (Stearns and Macdonald, 1942)

ITnstalled
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o
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ot

Tunnel length

Pump capacity

Average
pumping 1lift

Static head
(above mean
sea level)

Average
drawdown

(30

Well 10
(N-Pump)

et
\O
(W
w

50.3 m

91.0 m

73.0 m

5.25 mgd

41.0 m

1.0 m

inclined)
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Well 11
(O-Pump)

et
O
o
W

(vertical)

204.0 m
(4 tunnels)

3.0 mgd

Well 12
(P-Pump)

\D
W
~

ot

24,0 m

44,0 m

(30 inclined)

130.0 m

4,75 mgd

26.0 m
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Using cooling curves:
Age determination for dike intrusions:

1) Assume initial values

)
9, = initial temperature of intruding material = 900 C for trachyte
)

4] initial temperature of wall rock = 25°C

W

hz = dissfusivity (use average value) = h2 trachyte + hz basalt
2 .
h“ = 0.01 + 0.0083 = 0.0091
2
9 =8, -8 =900 - 25 =875°%
0 i W
8 = temperature at any point x (measured from center of dike) at any time t

wt
xT

For Maui, assume 1009 1 m into country rock from contact

assigned temperature - GW =78

Xt o]

100 - 25 ¢ = 75 =(75/875)90 = 0.086 _

----- - d = dike thickness = 5 to 1000 m

2) On Figure , assign horizontal scale based on dike thickness (for dike 1000 m
thick, each big square = 100 m).

A value of ZhJE—is desired. Find horizontal line corresponding toc the
determined value of 7 8 (0.11 8 ). TFollow this horizontal line to the
point where it intersec®s the 1 @ into the wall rock point., at this point
the 2h t curve is the appropriate value to use for 2hYE~on Figure 1. For
this problem 2h\t  10,000. '

3) On the lefthand vertical scale of Figure b find the dike thickness desired -
(use B scale for 500 or 1000 m wide dike).

Follow this horizontal line until intersection with 2h{t 10,000 curve.
This point will give the age of intrusion on horizontal B scale.

Multiply this age by dissfusivity corxrection factor (1.28 from G scalé)
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The following dike ages for various thicknesses are listed below.

th = 0,11
d (m) age (years)
100 1500 x 1.28% = 1900
250 . 12,000 x 1,28 = 15,360
500 | 45,000 x 1,28 = 57,600
100C0 lZﬁ,OOO x 1,28 =224,000

# corection factor from G scale (= 1.28),
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Dike age and Ehickness calculations (Lovering, 1935):

'For West Maui assume: | | . /
Intrusive = trachyte @ 900 C
Country rock = basalt @ 25 C

*
Dissfusivity (h2)>= h2 trachyte + h2 basalt

2
n2 -
h® (trachyte) = 0.01 o
Hanbook of Physi

h2 (basalt) = 0,0083 (Hanbook o ysical Constants, 1980)
. i 12y

~-%. dissfusivity (h™)-
2_ K

h™ = T
where: K = thermal conductivity cai/sec cm deg
€ = density gm/cm3 .

C = specific heat capacity
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