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ABSTRACT

A detailed characterization was made of soil and saprolite core samples taken from seven

locations in central O'ahu pineapple fields. Groundwater in the area is contaminated with trace

amounts of the soil fumigants EDB, DBCP, and TCP. Samples were collected to a depth of 30 m

in the unsaturated zone and tested for hydraulic and mineralogic properties to evaluate the

geologic controls on contaminant transport from the surface soil to the groundwater. The

geologic profile in the area consists of Oxisol surface soils grading into saprolite (highly

weathered basalt).

Soil water retention measurements conducted on tension table and pressure plate apparatus

provided data for the determination of porosity, bulk density, water-retention curves, and pore

size distributions. Hydraulic conductivity, as a function of water content and water tension,

was estimated using the Marshall method. X-ray diffraction was used to determine the bulk

mineralogy, and scanning electron microscopy (SEM) was used for detailed study of mineral

morphology and composition and the degree of pore interconnections.

The hydrogeologic conditions of the unsaturated zone were found to be extremely

heterogeneous relative to hydrologic and mineralogic properties. Porosities were high (0.455

0.723), but generally over half of the pore space consisted of micropores. While not

contributing much to water flow, the significant quantity of micropore water provides a

temporary reservoir for solutes and could be expected to contribute to the retardation of

pesticide movement in percolating water. The calculated saturated hydraulic conductivities

ranged over five orders of magnitude (lO-LI0-s mls). The SEM results suggested that

preferential flow was occurring in channels between macropores and along joints.

The mineralogy results showed the most intense weathering at shallower depths, with

primarily Fe and Ti oxides occurring to a depth of 6 to 12 m, below which were mainly clay

minerals. The highly weathered upper zone had lost the parent basalt structure and showed

lower conductivities.

The presence of kaolinite and halloysite closely correlated with pesticide residues in the

subsurface; these clay minerals might have been entrapping the pesticides within their tubular

structUre. These residues are suspected to be weakly bound and might easily leach downward

to the groundwater. The future impact of the residual pesticides on groundwater quality will

depend on the rate of release of the entrapped pesticides and the degree of dilution by.

infiltrating water.
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INTRODUCTION

The Pearl Harbor aquifer is the largest source of water for the island of O'ahu. Roughly half

the water pumped from this aquifer is used for potable water supply and the other half for irri

gation. The demand for water on O'ahu is increasing rapidly, and the alternatives for providing

water are limited. Thus, the importance of maintaining the water quality of the Pearl Harbor

aquifer cannot be overemphasized.

Unfortunately, in parts of the Pearl Harbor aquifer, the organic chemicals EDB (ethylene

dibromide), DBCP (dibromochloropropane), and TCP (trichloropropane) have been detected at

the parts-per-trillion (ng/l) level in water supply wells. Trace amounts of other contaminants

have also been reported at various locations. As O'ahu's groundwater-testing program

expands, contaminants are discovered in more locations. The full extent of the problem is not

known.

The chemicals EDB and DBCP have been used as soil fumigants to control nematodes in

pineapple fields. TCP is an impurity in the nematicide DD, a mixture of dichloropropane and

dichloropropene. Pineapple fields cover a significant portion of the Pearl Harbor aquifer's

recharge area. The use of these chemicals as agricultural pesticides has now been prohibited.

Dole and Del Monte companies, the two pineapple producers on O'ahu, each have a different

history of pesticide use (Lau 1985). Del Monte used EDB as its primary soil fumigant for 35 yr

until its use was suspended in 1983. Del Monte used DBCP only on an experimental basis. Dole

used a combination of DBCP and DD for many years until their use was ended in 1977. Dole

then used EDB until 1983. Since 1984, the most commonly used nematicides have been

dichloropropene, oxamyl, and fenamiphos, which are believed to pose less of a threat to

groundwater supplies.

Other sources for these chemicals exist outside agriculture. EDB is used as an additive to

aviation fuel. Several fuel spills have occurred along a fuel pipeline that overlies the Pearl

Harbor aquifer. TCP is used in solvents and degreasing agents, which may have been used at

various locations. The relative impact of contaminants from the various possible sources has

not been determined. Another open question is how groundwater quality may be affected by

standard field use of pesticides as compared to accidental pesticide spills.

Regardless of the source of the chemicals, whether from agricultural and nonagricultural

uses or from accidental spills, the mOvement of any organic chemicals in solution will be

controlled largely by the hydrogeologic properties of the unsaturated zone. Water percolates

from the surface soil down to the basaltic aquifer, eventually contaminating the groundwater

supply. In central O'ahu, water that recharges the Pearl Harbor basal aquifer must pass through

an unsaturated zone 100 to 450 m thick. Prior to this study, little was known about the detailed
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hydrogeologic properties of the unsaturated zone in central O'ahu. Knowledge of the

hydrogeology will help to better understand the fate of contaminants that enter the subsurface.

In central O'ahu, the Wahiawa plateau lies between the Ko'olau Range to the east and the

Wai' anae Range to the west. Except for its western portion, which is composed of basalt from

the older Wai 'anae volcanic series, most of the plateau is comprised of basalts from the

Ko'olau volcanic series. The two units are separated by an erosional unconformity. Ash layers

are interbedded with lava flows. Alluvial deposits overlie the basalt near the mountains,

particularly along the Wai'anae Range where steep-gradient streams have left detritus upon

reaching the plateau. The surface of most of the central portion of the plateau consists of

residual soils, which overlie a thick zone of highly weathered basalt.

The unsaturated zone in central O'ahu consists of four layers: surface soil, subsoil, sapro

lite, and basalt (Fig. 1). The divisions between the layers are not sharp, and gradations occur

between each of the defined units. The top layer is the surface soil, which extends to the base

of the tillage zone at about 0.5 m. The soils of this region are primarily Oxisols derived from

the intense weathering of basalt. Organic carbon, which is relatively abundant in the surface

soil, strongly sorbs organic chemicals and thus limits the amount of a contaminant that can be

transported downward. Underlying the surface soil is the subsoil, which has a thickness of 3

to 10 m. The subsoil is similar to the surface soil in texture and mineralogy but has larger and

more distinct structural units. It also has a very low organic carbon content relative to the sur

face soil, as do all materials at greater depths. The subsoil grades into saprolite, which is highly

weathered volcanic basalt that apparently still has some textural features of the parent rock. The

saprolite has a thickness of 20 to 40 m. Beneath the saprolite lies relatively unweathered basalt,

which comprises the remainder of the unsaturated zone and the basal aquifer.

The hydrologic properties of the Pearl Harbor aquifer are fairly well known. Unweathered

basalt is highly permeable, but as basalt weathers to saprolite, its pore structure is altered and,

in general, permeability is decreased as secondary clay minerals fill in pore spaces. In some

areas, permeabilities are low enough to create perched water tables within the saprolite zone.

Thus, saturated and unsaturated flow conditions exist in the saprolite zone. The hydrologic

progerties of the surface soil have been exte~sively studied, but only to a depth of about

1 m below the soil surface. In central O'ahu, surface soils are generally quite permeable, but

subsoils have a lower permeability. Thus, the rate of water infiltration from the surface to the

groundwater table is controlled largely by the low-permeability subsoil and saprolite zones, the

least understood part of the infiltration system.

This study is meant to provide additional information about the hydrogeology of the

saprolite and subsoil. Computer models have been used to simulate the movement of solutes in

the unsaturated zone. Unfortunately, detailed information on many aspects of the unsaturated
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Figure 1. Idealized geologic profile of unsaturated zone in
central O'ahu, Hawai'i

zone is lacking. Some of the hydrologic data required for detailed models of solute transport

are provided in this report.*

OBJECTIVES

One of our goals was to characterize the fundamental hydrogeologic properties of the saprolite

and subsoil material in central O'ahu, where trace amounts of synthetic organics have been

detected in groundwater. Hydrologic and mineralogic properties of borehole core samples

collected in central O'ahu pineapple fields were examined. Laboratory tests were conducted to

*Additional detailed data (Miller 1987) are available to interested researchers from the Water Resources Research
Center, University of Hawaii at Manoa, Honolulu, Hawaii.
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characterize the following properties: porosity, bulk: density, field-water content at the time of

core drilling, water-retention curves, pore-size distribution, hydraulic conductivity estimates,

degree of pore interconnections, bulk: mineralogy, particle density, and mineralogy of pore

linings.

A second goal was to look for relationships between the hydrologic and mineralogic prop

erties and to assess the hydrogeologic controls on contaminant mobility. In a separate but

related study on vertically adjacent split-core samples, other investigators determined the con

centration of pesticide residues from the surface soil down through the saprolite. Because the

hydrogeologic properties of the subsoil and saprolite control the movement of solutes in the

subsurface, inferences can be made about the relationship between the hydrogeology and the

movement of pesticide residues through the geologic profIle. This study examined correlations

between the hydrologic and mineralogic properties of the subsurface material and profIles of

pesticide concentration at various depths below the surface in pineapple fields.

METHODOLOGY
Sample Collection

A drilling program was conducted between October 1985 and January 1986 to collect samples

from seven test boreholes. The boreholes were drilled in central O'ahu pineapple fields that

represented a variety of conditions characteristic of this area. Five boreholes were drilled in

Dole fields in the region south and east of Mililani where the bedrock consists of Koolau

basalt. Two boreholes were drilled near Kunia in Del Monte fields that overlie Waianae basalt.

The boreholes were identified by prefixes (D for Dole, and DM for Del Monte) and field

numbers. For some fields, an additional letter was added to distinguish between boreholes

drilled during this period and those drilled during a 1983 investigation (Wong 1987). The

sample sites were D-4201A, D-4201B, D-4213B, D-4111W, D-4101, DM-8, and DM-31

(Fig. 2, Tab. 1). Rainfall is highest at site D-4201 and decreases toward the west and the lower

elevations.

Core samples were obtained by advancing the boreholes with a system of hollow-stem

augers, through which samples were collected by pushing Shelby tubes into subsoil or

saprolite material. The auger used had an interior diameter of 89 mm (3.5 in.) and an outside

diameter of 178 mm (7 in.). The auger provided its own casing, so material could not fall into

the boreholes and contaminate the samples. No drilling fluid was required with this type of

drilling.

Relatively undisturbed core samples were collected in thin-walled Shelby tubes. The stain

less steel tubes have an interior diameter of 76 mm (3 in.), a length of 0.76 m (30 in.), and a
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SOURCE: USGS base map, 1:62 500 scale.
SOURCE: Miller (1987).

Figure 2. Borehole sampling sites in central O'ahu, Hawai'i
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TABLE 1. DESCRIPTION OF BOREHOLE SITES, CENTRAL 0'AHU, HAWAI'I

Borehole Site Description Borehole Site Description

D-4101A,B D-4111W

Location N2l029'05" Location N 21°17'42"
W 157°59'08" W 158°01'01"

Elevation 310 m Elevation 145 m

Mean Rainfall 2 ()()() m/yr Mean Rainfall 800 m/yr

Soil Series Leilehua silty clay Soil Series Lahaina silty clay
Order Ultisol Order Oxisol
Subgroup Typic Kanhaplohumults Subgroup Rhodic Eutrustox
Family Clayey, oxidic, isothermic Family Very fine, kaolinitic,

isohyperthermic

Borehole Depth 30.5 m (A, B) Borehole Depth 12.2 m

D-4213B DM-8

Location N2lo28'lO" Location N 21°17'42"
W 157°59'58" W 158°04'00"

Elevation 240 m Elevation 275 m

Mean Rainfall 1300 mm/yr Mean Rainfall 1 ()()() mm/yr

Soil Series Wahiawa silty clay Soil Series Kolekole silty clay loam
Order Oxisol Order Inceptisols
Subgroup Rhodic Eutrustox Subgroup Ustoxic Humitropepts
Family Very fme, kaolinitic, isohyperthermic Family Fine, oxidic, isohyperthermic

Borehole Depth 30.5 m Borehole Depth 30.5 m

D-4101 DM-31

Location N2l026'35" Location N2l~6'55"

W 158°00'15" W 158°03'51"

Elevation 165 m Elevation 270 m

Mean Rainfall 900 mm/yr Mean Rainfall 950 mm/yr

Soil Series Wahiawa silty clay Soil Series Kunia silty clay
Order Oxisol Order Inceptisols
Subgroup Rhodic Eutrustox Subgroup Ustoxic Humitropepts
Family Very fine, kaolinitic, isohyperthermic Family Fine, kaolinitic, isohyperthermic

Borehole Depth 15.2 m Borehole Depth 19.8 m

SOURCE: Rainfall data from Giambelluca, Nullet, and Schroeder (1986).
Soil classification from Foote et al. (1972); Leilehua, Wahiawa, and Lahaina classification revised according
to U.S. Soil Conservation Service Staff, Official Series Descriptions, August 1990.
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sharpened bottom edge, which can be pushed smoothly into the material to be sampled. To

collect a sample, a Shelby tube was attached to the end of a drilling rod, which was lowered

down the center of the hollow-stem auger. The Shelby tube was then pushed into the bottom of

the hole by hydraulic pressure. Generally, the sample core collected was about 0.5 m long, but

when rocky saprolite was encountered, the core retrieved was shorter, only about 0.1 m.

After sampling, the Shelby tubes were capped and brought back to the laboratory. A

hydraulic piston extruded the sample cores from the tubes in the same direction as they entered

the tubes. Each core end was trimmed to remove any damaged portion, and the remainder was

extruded directly into a sealed 0.15-m (6-in.) long, cylindrical plastic container. Depending on

the length of core collected from a particular depth, the samples were divided into one to three

parts and designated as upper (U), middle (M), or lower (L), based on their stratigraphic

position. The samples were stored at 4° C until processing.

It should be noted that in borehole D-4111W, hard rock was encountered below the 6.1-m

sampling depth. When the drill rig consequently was moved to a new site 8 m away and sam

pling was resumed at a depth of 7.6 m, there was a discontinuity in the record.

The intact Shelby tube samples were collected to the maximum depth of auger penetration

(30.5 m) in four of the boreholes: D-4201A, D-4201B, D-4213B, and DM-8. The depth of

Shelby tube sampling in the other three boreholes was less: 12.2 m for D-4111W, 15.2 m for

D-4101, and 19.8 m for DM-31. A total of 102 Shelby tube cores were collected, then divided

into 157 separate samples. Most of the 76-mm diameter samples were 150 mm long, the rest

shorter.

In addition to the intact core samples collected, disturbed samples for pesticide analysis

were collected. These samples were collected from immediately below the Shelby tube samples

using a split-barrel sampler driven into the bottom of the augered hole by a sliding hammer.

Samples for pesticide analysis were collected up to 14 m deeper than the Shelby tube samples.

At these greater depths, the saprolite was often too hard for augering or Shelby tube sampling,

so the hole was advanced with rotary drilling methods.

The disturbed samples were tested for pesticides and gravimetric water content by the

University of Hawaii at Manoa Agricultural Biochemistry Department's Pesticide Laboratory

and for organic carbon content and gravimetric water content by the University of Hawaii at

Manoa Agronomy and Soil Science Department's soil-pesticide group. In this study, it is

assumed that the results from the disturbed samples can be applied to the intact core samples

because both samples were collected within 1.0 m of each other.
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Sample Preparation

Each sample core section was photographed to record its condition and appearance before test

ing began. The cores were very fragile and had to be handled carefully. To protect the fragile

cores, each was encased in a fiberglass shell for subsequent testing. First, the cores were

wrapped with plastic wrap to prevent any fiberglass from penetrating into the sample and to

keep the core from drying out while the fiberglass shell was drying. Next, the cores were

wrapped with fiberglass cloth, which was then coated with epoxy. After hardening, the cloth

provided each core with a stiff protective shell, which held the core tightly and compensated for

any irregularities in shape.

The cores were then sliced with a bandsaw. The bandsaw cut easily through the epoxy

fiberglass shell and the enclosed saprolite material, and gave the core units a flat, smooth sur

face, which was required for subsequent water-retention measurements. Generally, from each

l50-mm-long core section, two adjacent 50-mm-thick units were cut. The top unit was desig

nated "a," and the bottom unit "b." Some shorter core sections produced only one unit. The

core units were kept in metal cans for protection and prevention of evaporation. The cans were

79 mm in diameter and 54 mm in length, so they had very little extra air space to accumulate

water vapor.

The material trimmed from the top and bottom of the intact core sections was used for

mineralogic testing. One sample was used from each of the upper, middle, and lower sections

collected at particular sampling-depth intervals. Thus, between one and three samples were

tested for mineralogy at each depth, and a total of 157 samples were available for mineralogic

testing.

Of 250 intact sample units available for hydrologic testing, 12 were eventually discarded

because they were damaged during testing. Because one or two units came from each core sec

tion, each sampling depth was represented by between one and six samples. Those core units

designated "a" and "b" and originally part of the same core were expected to be the closest

duplicates of one another. The core units from different core sections (U, M, and L) should

also have been close duplicates, though 50 to 100 mm of material separated the units. Although

the samples from a particular depth interval in one borehole are referred to here as "duplicates,"

they were not identical.

Water-Retention Measurements

The volume of each core unit was first determined by precise measurement of its diameter and

length. From the mean core diameter and length, volume was calculated (Miller 1987).
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Before water retention could be measured, the samples had to be fully saturated by using a

vacuum chamber apparatus that minimized entrapped air in the cores. The vacuum used was

-85 kPa. The samples were saturated with deionized water to minimize mineralogical alteration

of the cores. The water was fIrst boiled for 1 hr to remove the dissolved air, then sealed in

containers and allowed to cool for one day before the saturation process began. Each core

sample was encased in an elastic cloth tube, which covered the top and bottom surfaces of the

core to prevent the loss of loose material during saturation. The cores were placed on top of a

slotted disk in the vacuum chamber, then water was allowed to rise slowly from the bottom of

the samples, eventually covering them after half an hour. After 1 hr, the cores were removed

and placed in metal cans. They were later weighed to determine the saturated water content.

TENSION TABLE. Water-retention tests were begun on one of two plastic tension tables

having a porous membrane stretched across the table surface. Below the table, a flexible tube

was connected to a glass cylinder fIlled with water. At the base of the cylinder, a constant head

device was left open to the atmosphere. The apparatus essentially provided a hanging water

column, which applied a known tension on the water in the porous membrane. The tension

was adjusted by lowering the opening to the atmosphere to different distances below the

tension-table surface. Thus, the pressure potential or tension was equal to the height of the

hanging water column (see Fig. 3). In this case, the tension was measured from the center of

the soil core because of a 50-mm variation in tension between the top and bottom of each core.

A thin layer of modeling clay was spread on top of the porous membrane, then presaturated

porous ceramic disks, slightly larger in diameter than the cores, were embedded in the day,

and the samples were placed on top of the ceramic disks. A good moisture contact was created

between the cores and the disks since both remained fairly wet at these low tensions. The ten

sion provided by the hanging water column was conducted through the porous membrane and

ceramic disks, and applied to the water held in the pores of the core sample.

The tension-table surface was enclosed in a plastic chamber to prevent evaporation from the

samples, the tops of which were covered with a plastic sheet. The experiment was conducted in

a controlled environment. To prevent any change in the viscosity or surface tension of the pore

water, the humidity was maintained at 50%, and the temperature kept constant at 22.2°C.

The principle of the tension-table apparatus is that as tension is increased, water is drawn

out of the pore spaces. The largest pores are emptied fIrst, with successively smaller pores

draining as the tension is increased in steps. The tension steps used were 0.102, 0.256, and

0.512 m (1.00, 2.50, and 5.00 kPa), on an energy-per-unit weight basis. For each step, the

samples took approximately seven days to reach equilibrium. The samples were usually

weighed daily to determine the rate of water loss. When the loss became negligible, the tension

was increased to the next step. Evaporative loss from the samples appeared minimal because
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Figure 3. Tension table apparatus

when equilibrium was achieved, almost no additional loss in weight occurred over the next

several days. Up to 24 samples could be run at one time on each of the two tension tables.

PRESSURE PLATE. The water-retention tests were continued under greater tensions by

using pressure plate chambers. The pressure plates work on the same principle as the tension

tables except that the pressure differential is achieved by applying an external pressure within a

sealed chamber. The pressure differential across the porous plate is the force controlling water

movement in the sample regardless of whether or not the force is applied as a positive pressure

or negative tension. Water moves out of the sample pore spaces through a ceramic plate main

tained at zero tension on the lower side, then through a vent to the atmosphere.

As with the tension tables, the cores were weighed at several tension steps to detennine the

amount of water extracted. The tensions used were 1.02, 2.56, 5.12, 10.2, 20.5, 30.7, 40.9

and 153 m (10, 25, 50, 100, 200, 300, 400, and 1 500 kPa), on an energy-per-unit weight

basis. To reach equilibrium, three to four days were required at the lower tension steps and

fifteen to twenty days at 153-m tension. The change in equilibration time was caused by two

factors. First, the hydraulic conductivity of the cores decreased dramatically as the water

content was lowered at the higher tensions. Second, the ceramic plates used over different

pressure ranges had varying air-entry values and hydraulic conductivities. Six pressure cham

bers were used. Two chambers with ceramic plates having an air-entry value of 10.2 m were

used at pressures up to 10.2 m. Two more chambers having ceramic plates with an air-entry

value of 51.2 m were used at pressures of 20.5,30.7, and 40.9 m. Finally, two chambers with

plates having an air-entry value of 153 m were used at the maximum pressure of 153 m. The

hydraulic conductivity of the ceramic plates was inversely related to the air-entry values; thus,

the plates with the highest air-entry values had the lowest hydraulic conductivities. The 153-m
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high-pressure chambers could only accommodate 8, rather than 24, cores at a time and took the

longest time to equilibrate. Thus, only selected representative samples were tested at this

tension. In some cases, as few as lout of 4 cores from a particular sampling depth was

included. However, in other cases, all the duplicate cores were tested to assess the similarity of

their behavior at 153-m tension and to determine whether extrapolations could be made in the

cases where only representative cores were tested.

When the pressure plate apparatus was used, the samples did not have to be weighed

periodically to check for equilibration, as with the tension tables. The outflow of water from

the cores was collected in graduated cylinders to determine when the flow of water had ceased.

At the start of a given pressure step, the cores were place4 on the ceramic plates, which were

covered with water, creating a good seal between the core and the plate. The cores were

undisturbed until equilibrium was reached. To minimize evaporation from the samples, the

humidity was kept high by ponding water in the bottom of the pressure chamber.

After the water-retention measurements were completed, the cores were removed from ~eir

fiberglass shells and oven dried at 105° C. The cores were then weighed to fmd the dry weight

of the soil or saprolite core, so the water content at each pressure step could be calculated.

X-Ray Diffraction Tests

X-ray diffraction (XRD) was used to determine the bulk mineralogy of the soil and saprolite

samples. As the sample consistency varied from soft soil to only slightly altered rock, the

sample material was ground with a mortar and pestle to prepare it for XRD. Approximately 20-g

of material was crushed in a suspension of one part soil to four parts deionized water, then

wet-sieved through a no. 120 sieve, which has 0.125-mm openings. Five of the coarse sam

pIes with greater than 0.125-mm-size particles were also analyzed by XRD to verify whether or

not the fine fraction was a true representation of the mineralogy. Exc~ss water was centrifuged

from the fraction smaller than 0.125-mm, and the material air dried at room temperature, theIl;

crushed into a powder with a mortar and pestle. The powdered samples were then lightly

packed into bulk powder holders, maintaining random particle orientation.

The X-ray diffractometer used for the analysis was a Philips XRG-3100 generator with a

long, fine-focus, copper-target X-ray tube operated at 40 kV and 40 mAo The machine's

goniometer was equipped with a diffracted beam, curved graphite monocmometer, and theta

compensating divergence slit system, which can illuminate the same sample area at all angles.

Each bulk powder mount was scanned from 2° to 64° 28 at a rate of 1° 28/min. Peaks

characteristic of the minerals present were recorded on a strip-chart (diffractogram) recorder.
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The area under the major peaks was measured with a planimeter for each mineral identified on

the diffractogram.

Scanning Electron Microscopy

The scanning electron microscope (SEM) was used to examine a selected number of the intact

core samples that had been previously used for the water-retention tests. Small (approx. 10 mm

in diameter) pieces of the dried soil or saprolite material were used. The cores were broken

apart so that pieces with fresh surfaces could be studied.

We used an International Scientific Instruments SS-40 SEM with a resolving power of

400 nm and a maximum magnification of up to 200,OOOx; however, clear images could only

be obtained up to a magnification of approximately 20,OOOx. The instrument was operated at

an electron acceleration voltage of 20 kV. A Polaroid camera attached to the SEM produced

detailed scanning electron micrographs of the specimen surfaces. A micron scale was automati

cally displayed on each micrograph to show the magnification.

The SEM was also equipped with an X-ray energy dispersive spectrometer (EDS), which

determined the elemental composition of the samples. A display of the X-ray spectrum of the

elements present in each sample was recorded in counts and stored by a computer for printing

at a later time (Miller 1987).

The SEM and EDS were used in conjunction to produce micrograph images and elemental

analyses of the same areas. This approach gave visual pictures of the mineral surfaces, aggre

gate structures, pores, and pore linings. The elemental analyses accompanying the micrographs

helped to determine exactly what types of minerals were being seen in the micrographs.

Seventeen representative samples were selected from the four deep boreholes.

Particle-Density Measurements

Each of the 157 samples tested for bulk mineralogy was measured for particle density. The

same powdered material used for the XRD was also used for this test. Standards of the minerals

most commonly found by XRD were tested to verify the results. Using the Quantachrome Spy

2stereopycnometer and Archimedes's principle of fluid displacement, we determined the par

ticle density of the powder samples.

The method began with the weighing of approximately 10 g of powdered material. The

powder was placed in a holder and sealed in the stereopycnometer. The chamber holding the

sample was then purged with helium gas for 10 min to remove all air in and around the soil

sample. The sealed chamber containing the powder was raised to a pressure of 138 kPa, then

the gas pressure was allowed to equilibrate into another chamber of known volume. Knowing
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the volume of both chambers and the initial and final pressures allowed calculation of the vol

ume of sample powder from the equation

(1)

where Vp is the volume of the powder, Vi the initial volume of the chamber, Va the volume of

the gas added, Pi the initial pressure reading, and Pf the final pressure reading. The particle

density could then be computed by dividing the sample mass by the volume. Three trials were

conducted for each sample.

DATA ANALYSIS
Hydrologic Analysis

Data from the water-retention testing procedure identified several different hydrologic

characteristics. The particle-density tests and SEM results were important in the evaluation of

hydrologic properties and mineralogical results. The following section describes the methods

used to calculate the hydrologic results.

POROSITY. Assuming that the core samples were completely saturated after the vacuum

saturation procedure allowed a determination of porosity based on the amount of water lost

when the sample was dried. Porosity (111) can be expressed as

0= water mass/(water density)(core volume) . (2)

For this calculation, the density of water was assumed to be 1.0 Mg/m3.

To use the volume of water extracted as an expression of porosity required that no air space

initially be present in the core. To check this, the percentage of saturation of the "saturated"

cores was determined. The volume of solid material in each core was determined using the

particle density (Pp), where

. volume of solids =mass of solids/Pp , (3)

and the pore volume of a core was obtained by subtracting the volume of solids from the total

volume. The percentage of saturation (%S) was calculated by

%S =water volume/pore volume. (4)

The results of this calculation of initial percentage of saturation can be found in Miller (1987).

The range of initial percentage of saturation was 81.2% to 109.3%, and the average 98.9%. It

is believed that since all of the cores were saturated under the same conditions, they were all

very close to full saturation, with the variability arising from small errors in either the volume
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or particle-density results. The percentage of saturation results indicated that the cores were

very close to 100% saturation before the water extraction began, verifying the validity of this

approach to calculating porosity.
BULK DENSITY. Bulk densities (Pb) were calculated by

Pb =mass of solids/core volume. (5)

The mass of the cores was determined quite accurately, so the greatest source of error in bulk

density was the result of volume calculations.

WATER CONTENT. Water content may be expressed volumetrically (8) as

e= water volume/total volume

or gravimetrically (w) as

w = weight of water/weight of solids.

Bulk density is important because it relates the two:

(6)

(7)

(8)

Gravimetric water-content values were determined for field conditions at the time of sample

collection. The Agricultural Biochemistry Pesticide Laboratory values were converted to volu

metric water content, which is a more useful variable for hydrologic evaluation. The water

content samples were collected up to 0.5 m away from the intact core samples; thus, the relia

bility of applying these data to the intact core samples is uncertain. Variations between the two

samples in either gravimetric water content or bulk density would affect the results of the con

version to volumetric water content. The field-water content data will be discussed later in the

section on results. From this point on, the volumetric water content will be referred to simply

as water content.

FIELD SATURATION. The field-water content (8field) was used to find the percentage of

saturation of the soil or saprolite at the time the samples were collected. The percentage of

saturation (%S) is

%s= efield!~ . (9)

Percentage of saturation, or the degree of saturation, is important because the equations

describing flow in porous media differ, depending on whether flow is saturated or unsaturated.

WATER-RETENTION CURVES. The main result of the water-retention measurements was a

water-retention curve, ,or soil-water characteristic curve. The curve showed th~ relationship

between water content and tension (Fig. 4).
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Figure 4. Soil-water retention curve and illustration of Marshall method
division into equal water-content intervals and corresponding
tensions for sample no. D-4201A 25.9Ua

(10)

It was noted in the methodology section that not all of the samples were tested at the highest

tension of 153 m. For these samples, water-content values were extrapolated from their dupli

cate samples to extend the range of the moisture-retention curves to this tension:

(e4lb )el53b = el53a -8- ,
4la

where a is the tested sample at 153 m and b the untested sample. The data collected as core

weights were first converted to· water content by the methods described previously.

PORE-SIZE DISTRIBUTION. An estimate of the distribution of pore sizes in a core can be

determined from the water-retention curve. The capillary-rise equation relates the radius of

cylindrical pores holding water to the tension applied:

h =(2Y cos5)/Pw gr , (11)

where h is the hydraulic head (m), 'Y the surface tension of water (7.24 x 10-2 N/m at 22.2°C),

8 the contact angle between water and the soil surface (taken as zero), Pw the density of water

(0.998 Mg/m3 at 22.2°C), g the gravitational acceleration (9.80 m/s2), and r the effective pore

radius (m).
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This distribution only gives a good estimate of pore-size distribution for material that does

not shrink as water is removed. The soil and saprolite cores tested did not show any visible

change in volume during testing up to 153-m tension. The radius was effective for pores of

irregular shape. Hysteresis was not considered in this approach.

Pore sizes present in a natural soil or rock range over several orders of magnitude; thus, to

extract water from this range of pore sizes, the tension must also range over several orders of

magnitude. A useful way to represent pore-size range intervals is to establish a scale based on

the logarithm of tension rather than on the pore radius. An advantage of this approach is that it

allows use of the hydraulic conductivity calculation computer output (Miller 1987), which

linearly extrapolates many tension and water-content values between the pairs of data. Basing

the scale on tension makes it possible to find the water content that corresponds to any tension

and, thus, the pore-:size interval desired.

Another use for a tension-based pore-size distribution scale is defining macroporosity on

the basis of tension, rather than size. A macropore is defined here, as it is commonly defined,

as a pore that will empty at tension less than 0.5m (Beven and Germann 1982; Green et al.

1982). This approach makes no assumptions about the nature of flow in the macropores or

whether or not preferential flow is important in defining macroporosity. Brewer's (1964) sug

gestion of splitting the macropore size range into coarse, medium, and fine was adopted in this

study, although Brewer's exact limits for each range were not followed. Similarly, arbitrary

definitions were adopted for the terms mesopore and micropore. For this study, mesopores

included the intermediate-size pores that emptied at tensions in the range of 0.51 to 153 m and

micJ;opores were the very fine pores that did not empty at tensions up to 153 m.

Table 2 shows the pore-size classes and the tensions on which they are based. The pore

classes were broken into the same number of divisions as the original tension steps, so the

pore-size distribution should not have been more or less precise than the original data.

After the pore classes and tension steps were established, the water content at each step was

determined from the computer output. Linear extrapolations were made between the values

given, then the porosity fraction of a given pore range was computed as the change in water

content over one tension step.

HYDRAULIC CONDUCTIVITY ESTIMATES. ~any investigators have proposed methods of

calculating hydraulic conductivity based on water-retention data. Mualem (1986) and Nielson et

al. (1972) reviewed many of these approaches, all of which contain uncertainties that are com

pounded when applied to data from core samples that add the problem of representative scale.

Any type of hydraulic conductivity calculation can only be considered an estimate of the true

field value. The advantage of the water-retention approach over direct-flow tests is that it is

much less sensitive to fractures or atypical large pores in the "undisturbed" core, which can
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TABLE 2. PORE-SIZE CLASSES BASED ON LOGARITHMIC TENSION STEPS,
WITH EXPERIMENTAL TENSION STEPS FOR COMPARISON

Pore-Size Tension Radius
Experimental

Class (m) (m)
Pore Category Tension Step

(m)

I 0.12 1.24 E-4 Coarse Macropores 0.102

n 0.24 6.06 E-5 Mediwn Macropores 0.256

III 0.50 2.96 E-5 Fine Macropores 0.512

IV 1.02 1.45 E-5 Mesopores 1.02

V 2.09 7.07 E-6 Mesopores 2.56

VI 4.28 3.46 E-6 Mesopores 5.12

VII 8.76 1.69 E-6 Mesopores 10.2

VIll 17.9 8.26 E-7 Mesopores 20.5

IX 36.7 4.04 E-7 Mesopores 30.7

X 75.0 1.97 E-7 Mesopores 40.9

XI 153.5 9.64 E-8 Mesopores 153.5

XII <9.64 E-8 Micropores

unduly influence direct-flow measurements. Any conductivity estimate based on water

retention measurements can only assume homogeneous and isotropic conditions within the

small sample tested. Many of the cores tested appeared heterogeneous; however, the calculated

conductivity values were representative of the entire sample, averaging out any heterogeneity.

The method chosen to estimate conductivities from the experimental water-retention data

was based on Marshall's (1958) method. The reason for this choice was that Marshall's

method is theoretically based and does not include any empirically derived alterations, as do

other methods. Also, many methods require the use of an experimentally derived matching

factor to adjust the calculated conductivities to match the value found at a particular water con

tent, usually saturation. A matching factor can also be used with the Marshall equation, but in

theory it is not required. Since the cores used in this study could not be used for accurate,

direct conductivity measurements, no matching factor was used.

Marshall's method makes use of the Hagen-Poiseuille equation for flow through a capillary

tube (Marshall and Holmes 1979):

(12)

where Q is the volume flow rate, r the tube radius, 11 the dynamic viscosity (9.533 x 10-4 kgm

IS-l at 22.2° C), and L the length. The method assumes that all pores are randomly distributed

within the matrix, and that pores of various radii are randomly interconnected to other pores. In
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this case, the smaller of two pores in sequence will control the rate of flow. For a total porosity

(<l» divided into n pore-class increments, the average cross-sectional area of a pore controlling

flow is

(13)

where 1trl is the average cross-sectional area of all flow tubes, and rn the pore radius of size

class n. Darcy's law and the capillary-rise equation are then used to develop a formula to relate

hydraulic conductivity and tension:

(14)

where K(8,h) is the hydraulic conductivity for a specified water content or tension, 8i the

water content corresponding to pore class i, hi the tension when pores larger than class i are

empty, and hn the tension that can empty the smallest pore class n. The equation demonstrates

that hydraulic conductivity decreases as water content decreases. This method determines both

the K(8) and K(h) relationships, which are essentially the same in this case, where hysteresis

was not considered.

What this method actually does is split the moisture-retentioncurve into small increments of

equal water content. For saturated conditions, all pores are considered full; thus, 81 =¢. For

unsaturated conditions, a number of pore classes, 81 to 8i, will be empty and not contribute to

water movement. 8i is a particular water-content value corresponding to tension hi. Therefore,

the pore classes contributing to the hydraulic conductivity will be 8i-l to 8n (Fig. 4).

The hydraulic conductivity was calculated using the FORlRAN program (see App. A) used

by Green and Corey (1971) and adapted from the Marshall method. The input requirements for

the program were the water content/tension data determined by the water-retention tests and the

physical constants shown in the K(8,h) equation. The program split the water-content range

into 50 equal increments and assigned corresponding tensions. It also enabled input of esti

mates of residual or immobile water: water held in dead-end pores, water bound to the surface

of minerals, and water contained in the mineral structure, which was lost in drying. For this

study, the water still held in the micropores at 153-m tension was considered to be immobile.

This could be an overestimate of the residual water, but the program was not sensitive to even

large changes in this value since these very fine pores contributed little to the overall

conductivity.

Several important pieces of information can be determined from the sample output of the

program (Miller 1987). Conductivity was calculated for any value of water content, of particu

lar interest being the saturated conductivity. Since the water content was determined for field

conditions at the time of drilling, the corresponding value of field hydraulic conductivity could
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be calculated, including the field tension at that water content. The final hydraulic conductivity

value determined was that at O.S-m tension. At this tension, the macropores, as arbitrarily

defmed, were empty. This conductivity represents what was probably the typical moisture state

in the unsaturated zone. At this small tension, the largest pores were empty and the medium

and fine pores were conducting most of the water.

ADDITIONAL CONDUCTIVITY ANALYSES. A basic statistical analysis was applied to the

conductivity output to determine average conductivities and to find the variability of values.

Values of saturated conductivity, O.S-m tension conductivity, and field conductivity were

obtained for each core sample. Since from 1 to 6 core samples were available from a particular

sampling location, the geometric mean was calculated to represent that depth when 2 or more

samples were available. The geometric mean was appropriate for this case because hydraulic

conductivities are more evenly distributed on a logarithmic scale than on an arithmetic scale.

For the same 2 to 6 samples, which were averaged, the coefficient of variation (CV) was then

calculated using CV = standard deviation/mean, where CV is expressed as a percentage. The

coefficient of variation allowed the comparison of variation expressed by the standard deviation

between groups having different means. The geometric mean and coefficient of variation were

computed over the entire depth of each borehole for the mean conductivity values from each

sampling depth.

Considering the soil and saprolite profile as a system of horizontal layers, the equivalent

vertical conductivity could be calculated. Each sampling location was taken to be the center of a

homogeneous layer having the average conductivity of the core samples from that depth. The

equivalent vertical conductivity was then calculated:

(15)

where Kz is the equivalent vertical conductivity, Zo the vertical thickness of layer n, and Kn the

hydraulic conductivity of layer n.

This computation was performed for the saturated conductivity and the O.S-m tension con

ductivity values in each borehole. It would not be appropriate to find an equivalent vertical

conductivity for unsaturated field conditions because a pulse of recharge water moving down

ward would change the water content and thus change the conductivity as it moved. The

equivalent vertical saturated conductivity was computed for the entire depth of each borehole

and, for comparison purposes, between the surface and a 12.2-m depth in each borehole, this

being the depth of the shallowest borehole. The O.S-m tension equivalent vertical conductivity

was computed for the entire depth of each borehole only.

ADDITIONAL HYDROLOGIC PARAMETERS. A number of investigators have proposed equa

tions to mathematically relate hydraulic conductivity to water content or tension (Bresler and
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Green 1982). The purpose was to produce additional parameters or indices that were meaning

ful in describing the hydrologic properties of soils. Two of the most common types of

equations used are exponential and power forms of the K(h) relationship. Each of the equations

can be converted to a linearized form:

Equation Linearized Form

K/Ks = exp[n(h - hJ] In(K/Ks) = ah - aha (16.1,.2)

and

Equation Linearized Form

K/Ks =(hJh)11 In(K/Ks) = 11 Inha -11 Inh , (17.1,.2)

where K is the hydraulic conductivity for any h, Ks the saturated hydraulic conductivity, h the

water tension, ha the air-entry tension, and a and 11 the fitted parameters. Where ha is one of

the fitted parameters, it may provide a rough estimate of air-entry tension.

Linear regression analysis was used to fit the computed K(h) data into the two linearized

equations. In this way, the two parameters a and 11 were determined. The two parameters

really represent the slope of the K(h) relationship expressed in either an exponential or power

form. The exponential form producing the a parameter has been the most widely used (Bresler

and Green 1982) and thus provides the better opportunity for meaningful evaluation by com

parisons with the other studies. Both equations produce an estimate of the air-entry tension of

the cores. The regression analysis was performed on the conductivity and tension values in the

tension range 0 < h < 10.2 m (100 kPa). This range was thought to include the tensions most

commonly found in the generally wet unsaturated zone.

SEM HYDROLOGIC ANALYSIS. The electron micrographs produced on the SEM allowed

detailed examination of the pore structure on a microscopic scale. The range of pore sizes that

could be viewed was millimeter to micrometer (1O-L lO-6 m). Because the pore-size distribu

tion had a range of 10-4 to 10-8 m, the pores visible were on the larger end of the scale and thus

conducted most of the water, unless saturation was very low. Pores in the micropore-size

range were too small to be examined by SEM methods.

Analysis af the mierographs with respect to hydrologic properties was largely qualitative in

nature. Visible evidence, which could better explain how various size pores were arranged and

the extent to which they were interconnected, was sought. Further quantitative analyses, such

as determining the number of pores per unit area, were not performed because of the scale

problem. Results obtained looking at an area only a few millimeters square would not be

representative even for the small core from which the sample came.
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Mineralogic Analysis

SEM MINERALOGIC ANALYSIS. The SEM allowed an analysis of mineralogical features on

a microscopic scale. Infonnation on mineralogy was obtained by two means: (1) the electron

micrographs, which allowed visual examination of the morphology of very small mineral

grains, and (2) the EDS elemental spectra, which helped to identify minerals based on their

elemental composition. The EDS also detected trace amounts of minerals undetectable by XRD.

The analysis focused primarily on the mineral linings of pores because pore linings would

be expected to exert the most influence on any solutes carried in the pore water. Other subjects

of interest were joints or fracture planes covered by mineral coatings. Evidence of the same

type of minerals in both the pores and joints was sought to determine if flow was occurring

preferentially in these areas.

The element peaks of the EDS elemental spectra were identified mainly on the basis of Ka
peaks and secondarily on the smaller K~ peaks. The K~ peaks were more often observed for

the elements with atomic numbers greater than 20. The elements that could be accurately

detected by EDS had atomic numbers 11 (Na) and higher. Limits of detection were about 3%

for Na, 1% to 2% for Mg, and less than 1% for Si through Ge. Elements whose atomic

numbers were greater than 32 (Ge) were detected by their L lines because the accelerating

voltage of the electron beam was insufficient to excite the K lines. Able to be detected accu

rately were all of the abundant mineral-forming elements besides 0, H, and C. The intensity of

the peaks was used as a semiquantitative measure of the elemental percentages.

BULK MINERALOGY ANALYSIS. The data obtained by XRD consisted of measurements of

the areas under the diffractogram peaks. The peak areas, in most cases, were representative of

mineral concentrations, if compared with standard minerals. Individual mineral peak areas were

nonnalized on the basis of the total of all peak areas. Mineral percentages were then estimated

on the basis of this total. Previous work by Jones* using mixtures of standard minerals estab

lished the accuracy of this method as within ± 25% of the amount of each mineral present.

Thus, a mineral concentration estimated as 10% could be as high as 12.5% or as low as 7.5%.

Peak identification was certain for the major minerals present as these showed large peaks,

which was consistent in many samples. Each mineral had one or more primary peaks and a

number of smaller peaks, all of which were used to positively identify the dominant minerals.

Small peaks were seen on the diffractograms, with peak areas corresponding. to mineral con

centrations of less than 1%. For the minor minerals, identification was somewhat speculative.

Since the other peaks were too small to use for confinnation, only the most distinctive peak

could be used for identification purposes.

*R.C. Jones (1987): personal communication.
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PARTICLE DENSITY. Three particle-density trials were run on each sample, and the mean

value was computed to represent the sample. Results of the different trials were so close that

further analysis of the variation in the results was considered unnecessary. The same particle

density value was applied to each of the two duplicate cores cut from a section 150 mm long.

RESULTS AND DISCUSSION
Porosity and Bulk Density

The porosities of all samples at all depths were very high (0.455-0.723), and the bulk densities

consequently low (0.85-1.63 Mg/m3) (Miller 1987). These values fell into the range ofporos

ity and bulk density typical for surface soils in this area. Green et al. (1982) reported porosities

of 0.478 to 0.706 and bulk densities of 0.86 to 1.53 Mg/m3 for central O'ahu soils.

In contrast, the porosities of unweathered Koolau basalt are lower and more variable.

Wentworth (1951) reported porosities of 0.052 to 0.514. The variability is a result of the

distinct physical differences between different lava-flow types. Dense aa flows have a very low

porosity, whereas pahoehoe flows and aa clinker beds are much more porous. Assuming a

typical particle density for basalt of 2.8 Mg/m3, this porosity range converts to bulk densities

of 1.36 to 2.65 Mg/m3, which is much higher than that found in the soil and saprolite zone.

A tremendous change in the porosity of basalt occurs as it is altered by weathering.

Porosity is greatly increased in the soil and saprolite zone, where weathering has been severe

and infiltrating rainwater has leached soluble ions out of the parent rock. When rainwater,

which is very low in dissolved solids, percolates downward, it tends to pick up ions through

mineral dissolution. The tendency for dissolution decreases with depth as the water moves

toward equilibrium with the minerals present. The net result is a downward flux of dissolved

ions and an overall loss of material. Because the basalt structure in the weathered zone is strong

enough to maintain its shape without being compressed, there is an increase in porosity caused

by weathering.

Even moderate weathering causes high porosities. The porosity for moderately weathered

saprolite near the bottom of the boreholes was ~ery high, generally greater than 0.6. However,

porosity did not always increase at shallower depths; instead, there was a trend for the porosity

to decrease slightly at depths above 5 to 10 m. Because weathering was much more severe

closer to the surface, the saprolite reached a stage where the original parent structure could not

be identified. At this point, the saprolite was altered to subsoil and some compaction may have

occurred, causing a slight decrease in porosity. In the subsoil, illuviation further decreased the

porosity as clay-sized particles migrated downward into this zone. Thus, porosity may help

indicate the depth of the defined boundary between subsoil and saprolite.
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We had anticipated that some compaction of the soils could have occurred when the sam

ples were collected with the Shelby tubes. If this had been so, the results would have shown

compaction with excessively high bulk densities and low porosities. However, all values found

were very near the expected range. The agreement between the results of this study and other

studies on surface soils helps to verify that the intact soil cores were in good condition and

remained reasonably "undisturbed."

Field Saturation

The percentage of saturation for field conditions at the time of drilling can be found in Miller

(1987). As expected, the majority of values fell within the 70% to 100% range. The profile

was quite wet, but for the most part, unsaturated conditions prevail. Also as expected, the cal

culations showed that samples were saturated at some depths known to contain perched water

at the time of drilling. Unfortunately, some of the calculated values were in error and show

saturation far above 100%, with the highest value being 179.8%, which casts doubt on the

accuracy of the field saturation results.

The experimental variables used to calculate the degree of saturation appeared to be reason

ably accurate, considering that the percentage of saturation at the start of the water-retention

tests was 109.3%, a result whose error may be found in the field gravimetric water-content

values. These results came from disturbed samples collected about 0.5 m away from the intact

cores tested here. The gravimetric water content was tested by two sources that generally

agreed, but that showed discrepancies in places. It cannot be said with certainty if the discrep

ancies showed real differences between the subsamples used in each test or if errors were

involved. It might have been that water content was highly variable in the subsurface, with

changes occurring on a scale of centimeters. If this is the case, then applying the values of

gravimetric water content to the intact cores may have caused errors. Thus, the results for field

saturation must be considered only estimates.

Saturated conditions in several of the boreholes were predicted from field saturation calcu

lations. However, with the exception of borehole DM-8, where perched water was encountered

at a depth of 14.6 m, field observations did not substantiate these results. The observation of

saturated conditions in the field required water to be standing in the borehole. Samples may

have been very close to saturation without perched water actually being observed. Saturated

conditions could also go undetected during drilling in materials with low hydraulic conductivi

ties, since water flow to the borehole might have been very slow. The field saturation calcula

tions showed that only borehole D-4101 had completely unsaturated conditions. The other

boreholes showed saturated conditions occurring in fairly distinct layers, with predominantly
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unsaturated conditions throughout. Boreholes D-4201A and DM-31 showed saturated

conditions in the surface soil at the time of drilling.

Despite the possibility of errors in these results, the field saturation calculations show what

typical moisture conditions in the soil and saprolite zone are like. The degree of saturation

within the geologic profile is highly transient in nature. Perched water tables are known to exist

in certain areas only when recharge rates are high. Any conclusions drawn from the field satu

ration conditions are limited by the fact that the data represent only a temporal segment of a

changing water-flow system.

Perched water tables are generally associated with low-permeability layers, which impede

downward water percolation. But the presence of saturated conditions does not automatically

indicate the presence of a low-permeability layer. A highly permeable layer with a low degree

of saturation can have a very low hydraulic conductivity. Perched water can occur for a time

above a poorly saturated layer until the layer is wetted by a front moving slowly downward.

The transient nature of the hydrologic regime makes specific interpretations of the hydrogeo

logic conditions difficult.

Water Retention

Water-retention measurements in terms of weight of the wet cores were converted to volumetric

water content values (Miller 1987). Water-retention curves are plotted in Figure 5 for some

typical samples from various depths in borehole DM-8.

Most of the water-retention curves show a fairly consistent slope, which indicates that the

release of water was generally very gradual as tension was increased. A sudden steepening of

the slope indicates a distinct air-entry tension value, common for coarse or highly aggregated

soils (see 0.6-m depth sample, Fig. 5). However, no distinct air-entry value could be deter

mined for most of the cores tested in this study, indicating that the samples had a wide range of

pore sizes.

All the core samples showed that a very high level of water was still held by the cores at

153-m tension. This water, which was held in the smallest pore spaces, was considered

immobile or residual water in the calculation of hydraulic conductivity. The values of residual

water content ranged from 0.255 to 0.537, with a majority of the samples in the range of 0.35

to 0.45. Since the range of porosities was 0.455 to 0.723, the amount of water still retained in

a sample at the end of testing was generally greater than the amount of water extracted.

Although the residual water in the samples does not contribute much to hydraulic conductivity,

it may provide a temporary reservoir for pesticides and other solutes, thus assisting in retarding

pesticide movement.
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Figure 5. Water-retention curves for four typical samples from various
depths in borehole DM-8

Pore-Size Distribution

The pore-size distribution results were derived from the water-retention data and showed

essentil;l1ly the same features. as the water-retention curves, but in a more convenient form

(Miller 1987). The pore-size distributions corresponding to the water-retention curves of

Figure 5 are graphed in Figure 6.

In Miller (1987), summations are given for total macroporosity, total mesoporosity, and the

sum of these two, which was the total porosity containing "mobile" water. Microporosity was

considered to be the equivalent of the residual or "immobile" water content. The mobile poros

ity, as it may be called, was the total pore space emptied up to the highest tension applied. The

results ranged between 0.055 and 0.395. These were the pores actually constituting the perme

ability of the material and, as they had a wide range of values, a similar range of permeabilities

could also be expected.

There was a definite trend for the mobile porosity to increase with depth. Most of the

values were less than 0.2 at depths less than 5 m, and greater than 0.2 at depths more than

15 m. This trend may not have existed in the tilled soil layer, or the top 0.5 m, where

somewhat greater macroporosities have been measured for similar soils (Green et al. 1982).

Reliable cores were not obtained near the soil surface in our study. A transitional zone occurred
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at depths of5to 15 m. There is an interesting correlation between this result and the earlier

observation that total porosity was lower at shallow depths due to illuviation and loss of the

original parent structure. There is no clear evidence that the amount of microporosity holding

the residual water changed with depth. Thus, since the total porosity was smaller at shallow

depths while the microporosity did not change, the mobile porosity also must have decreased at

shallow depths. Apparently, when the saprolite loses its structure and weathers further to

become subsoil, illuviation may fill in the larger pores with clay-size particles while retaining or

increasing the microporosity.

The values for macroporosity ranged from 0.003 to 0.126. Thus, where some samples

contained virtually no large pores, others had a high percentage of macropores. Duplicate

sample results did not agree in many cases, which suggests that the small cores do not contain

a representative volume of the heterogeneous soil or saprolite material. Because macroporosity

has a large effect on permeability, these discrepancies will likely be carried over into hydraulic

conductivity calculations.

Within the three classes of macropores, coarse, medium, and fine (classes I, II, and ill),

the porosity fraction was evenly distributed. Some of the samples had a large porosity fraction

in one or two classes, but there was no consistent trend to indicate that one of the macroporos

ity classes predominated.

Macroporosity did not show a correlation with depth, as did total mobile porosity. High

and low values of macroporosity were distributed throughout the vertical profile. It seems,

then, there was some correlation between mesoporosity and the trend of mobile porosity

increasing with depth. The range of mesoporosity values was 0.042 to 0.331, considerably

greater than the macroporosity values.

In general, the samples showed that the largest fraction of the total porosity was repre

sented by micropores, which, in nearly all samples, contained a larger fraction of the total

porosity than the total mobile porosity. The next largest fraction of the total porosity was repre

sented by mesopores, and macropores made up the smallest fraction of the total porosity.

Thus, the samples could be considered fme-grained, holding water in very fine pore spaces the

way a claY'Y~:)Uld, generally with low permeabilities. Howe~er, the total porosity of these

samples was so high that the macroporosity could be quite high in some samples, producing

the high permeabilities typical of coarse material.

Hydraulic Conductivity Estimates

The detailed hydraulic conductivity estimates calculated using the Marshall method are

presented in three appendices in Miller (1987). The appendices also contain the coefficient of
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variation results, which shows the degree of deviation between duplicate cores and between all

samples within a borehole. The geometric mean conductivities are plotted against depth in

Figures 7,8, and 9.

Saturated Hydraulic Conductivity

The computed saturated conductivities for all locations and depths ranged over five orders of

magnitude, from 10-3 to 10-8 m/s (Fig. 7). This wide variation reflected the extreme

heterogeneity of the geologic profile relative to hydraulic conductivity. The actual source of this

range in values was the wide variation among the samples in macroporosity, which strongly

influenced the conductivity calculation for saturated conditions.

The coefficient of variation values (Miller 1987) shows that large discrepancies occurred

between duplicate samples. The average coefficient of variation for a group of samples from

one depth was 65%. However, this should be compared to the coefficient of variation for all

samples in each borehole, which averaged 110%. The greatest variation in conductivity values

within a set of duplicate samples had a range of three orders of magnitude. Almost all of the

sample sets varied within one or two orders of magnitude, considerably less than the overall

variation of six orders. It is impossible to know how much of the variation between duplicate

samples was due to experimental error and how much to true variation between the samples;

but because the subsoil and saprolite materials appeared to be extremely heterogeneous, much

of the variation between duplicates was probably real.

Although the conductivity values tended to increase with depth, low conductivity layers

occurred at all depths. Some of the lowest conductivities occurred within the top 1 m of the

soil, a trend that was consistent with the increase in total mobile porosity with depth, as was

noted earlier.

The uncertainty of hydraulic conductivity computations based on water-retention data for

pore-size distribution was discussed in the section on methodology. Application of the

Marshall method to soil and saprolite having a wide range of pore sizes is particularly suspect,

as the method generally works best on sands. However, the use of relative values to detect

. changes in conductivity with depth Seems reasonable. The validity of the saturated conductivity

results can be evaluated in part by comparing the calculated values to those measured in the

field by other investigators. Mink (1982) reported hydraulic conductivities of the saprolite,

based on pump tests of a perched aquifer near the town of Kunia (Fig. 2). One well drilled to

32.3 m gave a value of 3.5 x 10-6 m/s; another well, drilled to 25.0 m, a value of 3.5 x

10-7 m/s. These values fall in the same range determined for saprolite by our study. Rotert

(1977) and Green et al. (1982) measured steady-state infiltration rates for surface soils at



30

0

-4

-8

-12

.s
::I: -16t-
a..'
w
0

-20

-24

-28

-32

1E-08 1E-07 11;-06 1E-05 1E-04 1E-03

HYDRAULIC CONDUCTIVITY (m/s)

7.1." Borehole D-4201 A

0

-4

-8

-12

K
::I: -16t-
a..
w
0

-20

-24

-28

-32

1E-08 1E-07 1E-06 1E-05

HYDRAULIC CONDUCTIVITY (m/s)

SOURCE: Miller (1987).

7.2. Borehole D-42018

1E-04 1E-03

Figure 7. Profiles of saturated hydraulic conductivity vs. depth,
central O'ahu, Hawai'i



0

-4

-8

-12

§:
:x: -16I-
Cl-
UJ
0

-20

-24

-28

.32

1E-08

0

-4

-8

-12
~'

.§.
:x: -16I-
Cl-
UJ
0

-20

-24

-28

-32

1E-08

1E-07

. 1E-07

1E-Q6 1E-05

HYDRAULIC CONDUCTIVITY (m/s)

7.3. Borehole 0-42138

1E-Q6 1E-05

HYDRAULIC CONDUCTIVITY (m/s)

7.4. Borehole 0-4101

1E-04

1E-04

1E-03

1E-03

31



32

0

-4

-8

-12

g
:I: -16I-
a.
w
0

-20

-24

-28

-32

1E-08

0

-4

-8

-12

g
:I: -16I-
a.
w
0

-20

-24

-28

-32

1E-D8

1E-07

1E-07

1E-06 1E-05

HYDRAULIC CONDUCTIVITY (m/s)

7.5. BoreholeD-4111W

1E-Q6 1E-DS

HYDRAULIC CONDUCTIVITY (m/s)

7.6. BorE:lhole DM-8

1E-04

1E-04

1E-03

1E-03



0

-4

-8

-12--.§.

i= -16
a..
w
0

-20

-24

-28

-32

1E-08 1E-07 1E-06 1E-QS

HYDRAULIC CONDUCTIVITY (m/s)

7.7. Borehole DM-31

1E-04 1E-Q3

33



34

0

-4

-8

-12

g
::I: -16I-a..
w
0

-20

-24

-28

-32

1E-10 1E-09 1E-08 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

8.1. Borehole 0-4201 A

1E-06 1E-05

0

-4

-8

-12

g
::I: -16I-a..w
0

-20

-24

-28

-32

1E-10 1E-09

SOURCE: Miller (1987).

1E-08 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

8.2. Borehole 0·4201 B

1E-06 1E-05

Figure 8. Profiles of O.5-m tension hydraulic conductivity vs. depth,
central O'ahu, Hawai'i



35
0

-4

-S

-12

E
:I: -16f-c..
W
0

-20

-24

-2S

-32

1E-10 1E-09 1E-OS 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-06 1E-05

8.3. Borehole D-42138

0

-4

-S

-12

E
:I:

-16f-
c..
W
0

-20

-24

-2S

.1E-051E-061E-oS 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-09

-32 -!-------r-------r-----r-------r------4
1E-10

8.4. Borehole D-4101



36

0

-4

-8

-12

g
::I: -16I-a.
w
0

-20

-24

-28

-32

1E-10 1E-Q9 1E-08 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-06 1E-05

8.5. Borehole D-4111W

-12

g
::I:

-16I-a.
w
0

-20

-24

-28

1E-051E-061E-08 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-09

-32 -1-----...,-----...,-----...,------r------f
1E-10

8.6. Borehole DM-8



0

-4

-8

-12

g
:x: -16I-
Cl.
w
0

-20

-24

-28

-32

1E-10 1E-09 1E-oa 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

8.7. Borehole DM-31

1E-oG 1E-DS

37



38

0

-4

-8

-12

g
::J: -16I-a..
w
0

-20

-24

-28

-32

1E-15 1E-13 1E-11 1E-09 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-05 1E-03

9.1. Borehole 0-4201 A

O-r-----------..,.=---------------,
-4

-8

-12

g
::J:

-16I-
a..
w
0

-20

-24

-28

1E-031E-051E-11 1E-09 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-13

-32 -f--..,..--r---r--r--..,.---,----,r---,---~-_r_-..,..-__j

1E-~5

Sou~: Miller (1987).
9.2. Borehole 0-4201 B

Figure 9. Profiles of field-moisture hydraulic conductivity vs. depth,
central O'ahu, Hawai'i



39

0

-4

-8

-12

I
:I: -16l-e..
UJ
Cl

-20

-24

-28

-32

1E-15 1E-13 1E-11 1E-09 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-05 1E-03

9.3. Borehole 0·42138

O..,..---------m----------------.....,
-4

-8

-12

I
:I:

-16l-e..
UJ
Cl

-20

-24

1

-28

1E-031E·051E-111E-09 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-13

- -32 -t---r----r----,..-~---r-__,-~r__-r__-.,._-_r_-...,._-_i

1E-15

9.4. Borehole 0-4101



40

0

-4

-8

-12

g
:r:

-16I-
a.
w
0'

-20

-24

-28

1E-031E~051E-11 1E-09 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-13

, -32 -t---.---,---,----r--r---,r---,--,.--.---,--.,.---I
1E-15

9.5. Borehole 0-4111 W

0

-4

-8

-12

g
:r:

-16I-
a.
w
0

-20

-24

-28

-32

1E-15 1E-13 1E-11 lE-09 lE-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-05 1E-03

9.6. Borehole OM-8



41

-28

-20

§:
~ --16
ll.

~-

-12

-8

-4
o~--===========:=::e-I

--24

1E-031E-Q51E-11 1E-09 1E-07

HYDRAULIC CONDUCTIVITY (m/s)

1E-13

-32 +---.--.....--....--...--~-~-.--,r----,r-.....,---r-~

1E-15

9.7. Borehole DM-31

several central O'ahu sites. The results of their double-ring infiltrometer tests showed hydraulic

conductivities for field saturated conditions in the range of 4.2 x 10-7 to 1.6 x 10-5 mis, which

is within the range of values computed in our study. A final check can be made by comparing

the hydraulic conductivity of unweathered basalt with that of soil or saprolite, which should be

lower. On the basis of numerous pump tests, Mink and Lau (1980) estimated the average

conductivity value for the basal aquifer basalt to be 7.1 x 10-3 mis, which, as expected, is

higher than any result computed here. The saturated hydraulic conductivity estimates produced

in our study seem to be realistic values, agreeing well with the field-scale results of other

investigators.

Other investigators found that hydraulic conductivity values calculated by the Marshall

method were higher than values obtained by direct conductivity measurements of soil cores

(Nielson, IGrlffiam, and Perrier 1960). Compounding this discrepancy between calculated and

field results, Watts, Huckle, and Paetzold (1982) found that conductivity measurements on

core samples produced results much higher than did field tests. However, based on our core

sample data, the hydraulic conductivity values calculated by the Marshall method agreed well

with field-scale conductivity measurements.

The equivalent vertical conductivity results for saturated conditions shown in Table 3 do

not represent realistic values for unsaturated field conditions. However, the results enable
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TABLE 3. VERTICALRYDRAULIC CONDUCTNITIES RANKED FROM mGHEST TO LOWEST

BOREHOlE PROFlLE DEPTII
EQUIVAI.ENf VERTICAL

SAlURATED CONDUCIlVITY (m/s)
12.2-m Depth - Entire Depth

GEOMEfRlC MEAN
CONDUCTIVITY

(x 10-5 m/s)

D-4201A

DM-31

D-4201B

DM-8

D-4101

D-4111W

D-4231B

30.5 m

19.8 m

30.5 m

29.0 m

15.2 m

12.2 m

30.5 m

6.40 E-5

1.06 E-5

8.48 E-6

1.00 E-5

2.95 E-6

1.98 E-6

6.40 E-7

4.40 E-5

1.58 E-5

1.49 E-5

3.58 E-6

3.40 E-6

1.98 E-6

1.48 E-6

5.43

3.55

'6.52

,3.47

2.68

1.90

1.80

NOTE: Each of the three values was considered in determining the ranking.

comparisons among the boreholes of vertical permeability. The ranking of the different areas

gives an idea of the relative downward conducti~ity of water at each location. As might be

expected, reasonably good agreement is seen between D-4201A and D-4201B, which were

located less than 50 m apart. No substantial difference in equivalent vertical saturated

conductivity was apparent between the fields overlying Koolau basalt and those overlying

Waianae basalt:

HYDRAULIC CONDUCTIVITIES· AT O.5-m TENSION. The computed 0.5-m-tension hydraulic

conductivities ranged over six ordersof magnitude (10-5-10-10 in/s; Fig. 8). These values had

the same range ofvariation as the saturated conductivity values, but were, on the average, two

orders of magnitude smaller.

The average coefficient of variation between duplicate samples was 41 %, considerably

lower than that for the saturated conductivity results. The amount of mesoporosity apparently

was more cOIisistentthan macroporosity between duplicates. The coefficient of variation for all

samples in each borehole averaged 130% for the 0.5-m-tension conductivity values; an 'overall

variation just 'slightly greater than the variation for saturated conductivity.

"'The, equivalent vertical conductivity resultS for 0.5-m-tension conditions shown in Table 4

represent the wet but unsaturated conditions believed to be typicai of field conditions. The

ranking by borehole location of the relative ability to transport water downward under unsatu

rated conditions is similar to but slightly different froIll the ranking under saturated conditions.

The ,equivalent vertical conductivity results presented here should represent the average

conductivity encountered by a pulse of recharge water moving downward under typical unsatu

rated conditions. If this is a reasonably good assumption~then these unsaturated vertical

conductivity values can be used to estimate the traYel time for water moving from the siuface to
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VERTICAL UNSATURATED HYDRAULIC CONDUCTIVITIES,
RANKED FROM mGHEST TO LOWEST

. BOREHOLE,
EQUIVALENrVERTICAL

PROFILE CONDUCITVITY AT O.5-m TENSION (m/s)
DEPIH Entire Depth

GEOMEfRIC MEAN
CONDUCTIVITY

(m/s)

, , D-4201A

D-4201B

DM-8

DM-31
, ,

D-4101

D-4111W

D-423lB

30.5 m 1.34 E-1 1.95 E-7

30.5 m 5.73 E-8 1.60 E-7

29.0m 5.31 E-8 2.60 E-7

19.8 m 4.51,E-8 1.05 E-7,

15.2 m 2.88 E-8 1.67 E-7

12.2 m 1.69 E-8 9.55 E-8

30.5 m, 1.51 E-8 6.50 E-8

NOTE: Equivalent vertical and geometric mean values considered when determining ranking.

the lower part ofthe saprolite, about 30 m deep. Assuming that a unit gradient exists for verti

cal flow under uniform moisture tension conditions, and selecting a typiCal value of 0.2 for the

mesoporosity mobile water, the average water velocity (v) is

K
v =0.2 . (18)

For travel to a depth of 30 m, this calculation gives a range of aveiagetravel timesdf 1.4lo

12.6 yr, assuming there is sufficient recharge at the surface to sustain the water flow.- The

saprolite extends to a depth of 30 to 50 m; thus, this travel time could be extended slightly to

represent the flow time to the base of the saprolite. The hydraulic conductivity is much higher

in the unweathered basalt below the saprolite zone; thus,' a relatively short period" would be'

required for the flow to reach the water table. It is known that some contaminants have entered

the groundwater at detectable levels within about twenty years of their first application. Given

this fact, the travel time estimates appear realistic and support the- validity of the hydraulic'

conductivity estimates.

FIELD MOISTURE HYDRAULIC CONDUCTIVITY. The hydraulic conductivity results for field

moisture conditions are de~ndent upon the_grayimetric_w.ater_content_data'.'--A-s-iI1iliG-atoo-elU"l-ie-f'---,-----1

the accuracy of these data is in some doubt; and the reliability of applying the data to nearby

samples under these heterogeneous conditions is also questionable. The gravimetric water

content was multiplied'by the bulk density to obtain volumetric water content (eq. [8]). Bulk

density was found to be highly variable between sampling depths; thus, actual variations in the

bulk density between the water content samples and the intact 'cores may have caused errors in

the volumetric water content results. A small change in water content corresponds to a very
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large change in either hydraulic conductivity or tension. Despite the possible inaccuracies, these

results depict the conductivity profile under some typical field moisture conditions, although

the conditions represent the flow characteristics of only one segment of a changing, dynamic

system.

The field conductivity results included calculated moisture tensions that corresponded to

field saturation conditions (Miller 1987). The tension values showed an extremely wide vari

ability, ranging from 0 to over 153 m, the highest tension for which data were available. These

extremely high tension results almost certainly did not accurately represent the tensions actually

present in the field. Under natural conditions, wet soil will drain to a wetness known as field

capacity, often defined as the moisture content at 3-m tension. The maximum tension that can

likely be produced under field conditions by gravitational forces in capillary water is about 5 m.

To achieve greater tensions, evaporation must further reduce the water content. Because it is

unlikely that significant evaporation occurs below the 2- to 3-m depth, it is not plausible that

extremely high tensions could be produced deep in the profile. The 153-m tension value is

commonly defined as the wilting point, the tension at which plants can no longer extract water

from the soil. It is not possible that this tension could have been reached deep in the subsurface

in these areas, which generally have high recharge.

As described earlier, field-water-content values might be too extreme at the high and low

ends. This suggests that the field saturation results, obtained from field-water contents data, are

subject to uncertainty. Likewise, the soil-tension values calculated from the field saturation

results are also subject to error. Thus, the hydraulic conductivity results should be considered

only rough estimates. Despite this shortcoming, the data still allow an examination of the type

of flow conditions present in the subsurface.

Because hydraulic conductivity falls rapidly as water content decreases, the range of con

ductivities for variable field conditions is much greater than for saturated or constant-tension

conditions. In this case, some layers are saturated while others are considerably drier. The

computed conductivity values ranged over twelve orders of magnitude, from 10-4 to 10-15 m/s

(Fig. 9). The average coefficient of variation for all samples from each borehole was 208%,

about twice the range of variation found for the saturated and 0.5-m-tension conductivity

values. The average coefficient of variation between duplicate samples was 69%, slightly larger

but very close to the average variation for saturated conductivity.

No consistent trend could be observed in the relationship between field hydraulic conduc

tivity and depth. High- and low-conductivity layers occurred intermittently throughout the

profile, and variability over short distances was extreme.

The effect of the degree of saturation on hydraulic conductivity was so strong that the

percentage of saturation became the dominant factor controlling field conductivity. Compared
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to the water content, penneability of the material became relatively unimportant in determining

the hydraulic conductivity. Under these circumstances, the greatest amount of water movement

occurred in the layers most highly saturated, regardless of the penneability. This implies that if

certain layers are saturated or have a higher water content than the underlying layers, the flow

within the wet layers could be predominantly horizontal. The direction of flow would depend,

of course, on both conductivity and the hydraulic gradients, vertical and horizontal.

Although horizontal flow may occur within the subsurface, the volcanic geology of this

region does not suggest that unifonn layers are laterally continuous over large areas. Lava

flows fonn narrow irregular layers. The most frequently occurring lava-flow unit is less than

30 m wide and 3 m thick (Mink and Lau 1980). Also, individual lava flows are extremely

heterogeneous within themselves. Thus, water flowing horizontally would probably find a

high-conductivity conduit to lower depths before travelling a great distance.

Hydrologic Effects on Contaminant Movement

Profiles of trace pesticide concentrations (Fig. 10) were compared to profiles of saturated

conductivity (Fig. 7) to detennine relationships between the two. The saturated hydraulic

conductivity (Ks) can be converted to penneability (k) using the equation

(19)

where Pw is density of water, g acceleration of gravity, and ~ water viscosity. Penneability
i

describes only the physical properties of the porous material and does not depend on the prop-

erties of the fluid or the degree of saturation, as is true of hydraulic conductivity. Since

penneability and saturated conductivity are directly related, saturated conductivity was used for

comparison rather than either of the other conductivity values studied.

An important hydrologic consideration outside the scope of this report is the effect of rain

fall distribution on pesticide transport below the surface soil. Oki (1987) simulated the

downward transport of pesticides under varying rainfall conditions and found that large rainfall

events within a few days of pesticide application could leach significant amounts of pesticides

--'b~e""lo"_'_w-'-'theIOOLzOne.__Because-EDB_and_DBG~e-h-ighl-y-volati-le;-theirconcentrattonswithin a

month's time after application are quite low in the surface soil, and what remains is strongly

sorbed by organic carbon. Thus, while areas that receive high rainfall would likely have pesti

cides transported into the subsurface, the rainfall pattern within the few days 'after application

would be of equal or even greater importance than total annual rainfall. EOB andOBCP were

applied prior to planting only once every three or four years, the length of the planting cycle for'

pineapple. All fields sampled were treated with either EDB or OBCP until 1983.
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All of the boreholes sampled, except those in fields D-4101 and D-4111W, showed trace

levels of the pesticides. There are at least two possible reasons why no pesticides were detected

in these two fields. These fields had some of the lowest vertical conductivities found in this

study. Only conductivities in field D-4213B were lower. Of all the fields sampled, they also

had the lowest rainfall (D-4101, 900 mm/yr; D-4111W, 800 mm/yr), which might have

reduced the movement of pesticides below the root zone.

Field D-4201 showed concentrations of EDB, DBCP, and TCP in the parts-per-billion range

in both boreholes A and B, which ranked, respectively, first and third in equivalent vertical

saturated conductivity. This field also received the greatest rainfall (2 000 mm/yr), which may

have promoted the transport of large quantities of pesticides below the surface soil.

D-4201 showed a unique difference in occurrence between DBCP and TCP, which were

used for many years and then discontinued in 1977, and EDB, which was applied just once, in

1981. DBCP and TCP were first found at 15.2 min D-4201A and 10.7 min D-4201B, and then

were present to the bottom of the boreholes. EDB was detected in each borehole as a well

defined pulse, which appeared to be moving downward and undergoing dispersion. In

D-4201A, the pulse was detected between 6.1 and 13.7 m, and in D-4201B, between 7.6 and

24.4 m. All three chemicals were generally found to be evenly spread through the portion of

the profile where they are found. There is no indication that the pesticides were moving

predominantly through the high-conductivity layers or that the pesticides were possibly being

trapped or delayed in the low-eonductivity layers.

Borehole D-4213B showed levels of DBCP and TCP in nearly the same concentrations as

did D-:4201A and B, but no EDB was detected below the surface soil. This field received

slightly less rainfall than D-4201 (1 300 mm/yr). TCP was found at all depths below 9.2 m,

and DBCP below 18.3 m. This borehole had the most uniform conductivity profile observed, so

no correlation could be found between pesticide concentration and conductivity.

Borehole DM-31 showed only DBCP in detectable concentrations and only below 18.3 m,

near the bottom of the borehole. DM-31 had the second highest equivalent vertical saturated

conductivity, which would promote pesticide transport; however, the rainfall in this area was

fairly low (950 mm/yr).

Among the seven boreholes, DM-8 was ranked fourth in equivalent vertical saturated con

ductivity (Tab. 3). This field also had average rainfall conditions (1 000 mm/yr), giving

borehole DM-8 the median value for both hydrologic properties. EDB, DBCP, and TCP were all

detected at levels slightly less than those found in D-4201. It is odd that DBCP and TCP were

found in such high concentrations in this area since their use was limited in Del Monte fields.

The pesticide concentration profiles were spread quite evenly across layers of differing

conductivities, even though the hydrologic heterogeneity was very strong. There is no apparent
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correlation between the conductivity profile and the paths of solute movement. The pesticides

appeared to be moving downward and dispersing throughout the profile. No evidence is

apparent that the solutes were being blocked by impeding layers. Nor is there evidence that

horizontal water movement was preventing pesticides from moving downward. It must be

concluded that the solute movement was predominantly vertical, and there can be little doubt

that the finding of pesticides 6 to 30 m below the surface of these fields resulted from the

agricultural application of these chemicals.

Parameters Fitted to Conductivity Equations

The results of the regression analyses used to fit parameters to the two K(h) equations are

presented in Miller (1987). It was hoped that these parameters would be useful in describing

the hydrologic properties of the soil and saprolite materials. Although Bresler and Green

(1982) found that the (X. parameter was more useful than hydraulic conductivity fOf discriminat-

ing between soils, our results were disappointing. The r2 (closeness of fit) values, which fell in

the range of 0.845 to 0.999, showed 'that the power equation fit well. The e~ponential

equation, however, fit poorly, with r2 values in the range of 0.432 to 0.956. This result was

unfortunate since the exponential equation is more common,' and the (X. parameter from the

exponential equation has come to be more meaningful than the 11 parameter from the power

equation. Both (X. and 11 showed an extreme amount of variation between duplicate samples,

much greater than the variability in hydraulic conductivity, which was much less between

duplicate samples than for all samples within a borehole. For (X. and 11, there seemed to be little

more agreement between duplicates than between samples chosen at random.

The (X. parameter measures the importance of capillarity, as compared with gravity effects

on water movement in soils. The value of (X. will be small in fine-textured soils, where capillar

ity dominates, and large in coarse-textured soils, where gravity dominates. The range of most

soils is 0.002 to 0.1 cm- I (Bresler and Green 1982). The results from this study put (X. in the

range of 0.003 to 0.012 cm-I . So, as a general conclusion, it appeared that the soil and sapro

lite materials were dominated by capillary effects. This was consistent with the other results of

----this-study;-namety0har-hydraulic-conductivities-were-fairly-Iow-and-rhat-rhere-was-a-high----

degr~eof residualor'immobile water strongly held in very fme pores.

Distinct Bir-entry values were difficult to determine from the water-retention curves because

they generally did not show a sharp break at the air-entry tension. Thus, it was hopedthat the

power equations would produce good estimates of air-entry tension. However, the air-entry

tension results obtained from these equations were not reasonable because many of the values

were negative, which would indicate air entry before the moisture extraction even started.
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Furthennore, the exponentialequation produced air-,entry tension values 'between 2 and 17 m,

which are much too high since it is. known that a good deal of water is extracted at tensions

much lower than this.

Bulk Mineralogy

The bulk mineralogy indicates the overall composition of the soil and saprolite. It is important

to know what materials will be encountered by contaminant& entering the subsurface.

Mineralogy is also important because it indicates the degree ofweathering of the soil and

saprolite, and this in turn may relate to the physical structure, which controls water transport.

The results of the X-ray dififaction analyses are presented in Miller (1987), and the elemen

tal composition of each mineral is given in Table 5. The minerals are discussed here under three

groupings: primary minerals, clay minerals, and secondary oxides and hydroxides.

PRIMARY MINERALS. The parent basalt rock consisted of primary minerals and vitreous

materials. Only very small amounts of primary minerals were found in the samples analyzed,

indicating that intensive weathering had occurred.

Feldspar. Identifying feldspar species was not of significance to this study; hence, no effort

was made to distinguish between differe~t types of feldspar. Feldspar was only found in bore

hole D-4111W, where it was detected, in small amounts below 6.1 m, increasing to over 20%

at 12.2 m, the deepest sample tested. The presence of feldspar indicated that the saprolite layer

was thinner in borehole D-4111W than in any of the others. However, 12.2 m did not

represent the bottom'of the saprolite zone since secondary mineral~ comprised over half of the

sample.

.Pyroxene. No effort was made to 'distinguish betw~en the'different varieties of pyrox~nes

because they were found only in very small amounts. With the exception ofborehole DM-31,

pYroxene was usually detected in concentrations less than 2% and was not found throughout

each profile, but only in a few scattered samples. Because pyroxene was found in more

samples and at shallower depths than feldspar, it appeared to be somewhat more resistant to

weathering.

-----,C·r~st{)ba~ite-.lo-velean-ie-f0ek-s,en-s-te:tbaHte-occurs-most-comnronly-a-s-ilrft11ings 10 gas

cavities, forming as a late prOduct of crystallization (Deer, Howie, and Zussman 1980) or as a

post-depositional alteration product (Wilding, Smeck, and Drees 1977). Cristobalite was fou~d

in a sarnpie at the 24.4-m depth in well D~4213B, but it occurred mainly in the lower portions
. .

of boreholes D-4111Wand D-4101. In D-4101, cristobalite was found at a depth of 16.8 m at

the high concentration of 15%. Such an occurrence suggests that D~4101, like D-4111W, had 'l
fairly thin saprolite zone, c6mpared to the other, deeper boreholes, ~hich contained extremely
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TABLE 5. IDEALIZED FORMULAS FOR MINERALS IDENTIFIED
BY X-RAY DIFFRACI10N

Mineral

Anatase

Cristobalite
Feldspar

Gibbsite

Goethite
Halloysite

Hematite

Dmenite

Kaolinite

Maghemite

Magnetite

Nontronite

Olivine

Pseudobrookite
Pyroxene

Quartz
Rutile

Todorokite

Fonnula

Ti02
Si02
NaAlSi30 s, CaAl2Si:Ps

Al(OHh
FeO(OH)

Al~i20S (OS)4 • 2H:P

PeA
FeTi03
Al2Si20 S (0H>4

Y-F~~

F~04

FeAlo.33Si3.6,ou)(OHhNao.33 • H20
(Fe,Mg)~i04

~TiOs

(Ca,Fe,MghSi20 6
Si02
Ti02

(Mg,Mn,Ca)MnsOll • 4H20

small amounts of primary minerals. In D-4111W, cristobalite was found below 6.1 m in the

same samples containing feldspar, which suggests that a less weathered zone contains both

these primary minerals. The concentration of cristobalite at 6.1 m was over 20%, decreasing

gradually with depth. There seemed to be an inverse relationship between the concentrations of

feldspar and cristobalite, which suggests that cristobalite was forming as a secondary mineral.

However, because saprolite has a very low silica content, it is unlikely that silica would be

precipitating out of solution.

Quartz. The quartz in surface soils of the Hawaiian Islands occurs as an aeolian deposit

(Jackson et al. 1971). It is transported as tropospheric dust, which is washed out of the air by

rain, causing it to concentrate most in areas of highest rainfall. Since the quartz is sedimentary

in origin, its classification as a primary mineral is somewhat arbitrary. However, since it is not

being formed by precipitation as a secondary mineral, classification in the primary mineral

category seems logical.

Quartz was found in all the boreholes at low concentrations, of which the highest was

15%, found at the O.3-m depth in D-4201B. This mineral was abundant in the surface soil and

was also found in the subsoil, usually to a depth of 3 to 6 m. Quartz was also detected at con-
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centrations less than 1% from 9.2 to 10.7 m deep in borehole DM-31, and 14.0 m deep in

D-4201A. Quartz is deposited on the surface, so these subsurface layers were probably

surfaces that had been buried by younger ash falls, lava flows, or alluvial materials. Quartz is

extremely resistant to weathering, so it can persist for long periods in such subsurface layers

without being leached away.

Olivine. Hawaiian basalts typically have a high olivine content, but olivine is one of the

most easily weathered primary minerals of those found in this study. Olivine was detected at

trace levels (less than 1%) at various depths throughout the profile in boreholes D-420lA,

D-4201B, D-4213B, and DM-8. The identification of olivine was somewhat uncertain since its

concentration is so low. Olivine was probably the source of some of the iron present in the

secondary minerals found in this study.

Ilmenite. ilmenite is found as a trace mineral in many types of igneous rocks. Although it is

usually found in small concentrations, it is very common. Ilmenite, like several other of the

titanium-bearing minerals, is extremely resistant to alteration due to its low solubility.

ilmenite was the most abundant Ti-bearing mineral found in this study, with concentrations

varying throughout the profile to as high as 20%. There was neither any apparent correlation

with depth nor any loss due to weathering at the shallower depths.

Pseudobrookite. Pseudobrookite is formed most often in volcanic rocks by gaseous activity

during the late stages of cooling in a manner similar to that of cristobalite (Palache, Berman,

and FrondeI1944). It was detected here in only about half the samples, and at fairly low con

centrations, the highest being 14%. Often found in zones several meters thick, it was absent in

other zones. There was no consistent relationship with depth. Its detection in the surface soil of

boreholes DM-8 and DM-31 suggests that it is strongly resistant to weathering.

CLAY MINERALS. The clay minerals (phyllosilicates) are secondary in that they are formed

by chemical weathering of the parent basalt. It should be noted that clay minerals are formed in

place and are seldom transported to lower horizons. Although sedimentary clay deposits have

very low permeabilities, the presence of high concentrations of clay minerals in the saprolite

does not indicate low permeabilities since the original basalt structure is still preserved.

Kaolinite and Halloysite. Kaolinite and dehydrated hallo)'site cannot be easily_disJinguisheJu-i-----1

from one another by XRD because of their common 7Apeak. Therefore, their total combined

concentration is reported here. Many samples displayed a strong lOA peak, indicating the

presence of hydrated halloysite. In all cases, the areas under the 7 and lOA peaks were

combined and reported as kaolinite and halloysite. Kaolinite and halloysite have the same ideal

composition except that hydrated halloysite contains a layer of water between the alumino-

silicate sheets. Both minerals are formed by the weathering of primary minerals containing

silica and alumina, such as feldspars.
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Kaolinite and halloysite together were more abundant overall in. the samples studied than

any other mineral. The smallest concentration found in any sample was 6%, the greatest 73%.

Kaolinite and halloysite exhibited a strong tendency to increase in concentration with depth

(Fig. 10). Several of the boreholes showed a rather sudden increase from low concentrations

of about 10% to 30% to high concentrations of about 30% to 70%. This jump occurred at a

depth of 7.6 m in D-420lA and B, 6.1 m in D-42l3B, 16.8 m in DM-8, and 13.7 m in

DM-31. The point at which the increase occurred was deeper in the two Del Monte boreholes

because alluvial deposits overlie the basalt in this region.

Nontronite. Nontronite belongs to a group of expansive clays classified as smectites.

Nontronite was detected below the 6.1-m depth in borehole D-4111Wand in the deepest

sample (18.3 m) in D-4101. It was found only in samples containing significant amounts of

primary minerals, either feldspar or pyroxene. Nontronite is known to be a common weather

ing product of high-Fe basic rocks (Borchardt 1977). In this case, it appeared that nontronite

was the first secondary mineral produced, as it was so closely associated with the primary

minerals.

Where nontronite was found, its concentration was very high (29-51 %). It was not

detected in smaller concentrations at shallower depths. Nontronite may be the first alteration

product of the primary minerals but is easily weathered to other, more resistant minerals.

SECONDARY OXIDES AND HYDROXIDES. The oxides are generally stable minerals

representing the end products of intense weathering. During the weathering process, the

primary minerals easily lose the cations Ca, K, Mg, Na, and, depending on weathering

intensity, Si. The more immobile cations AI, Fe, Mn, and Ti are left behind and form stable

oxide and hydroxide minerals common in highly weathered soils.

Gibbsite (Aluminum Hydroxide). Gibbsite is common in soils of humid, tropical regions,

where weathering has been extreme. It is the end product of advanced weathering of kaolinite

and halloysite, which, under continued leaching by percolating water, will desilicate. The

concentrations of gibbsite and kaolinite typically exhibit an inverse relationship, which was

quite evident in this study. As was noted earlier, the kaolinite concentration was low at shallow

depths and increased sharpl)' below 7 to 16 m. Conversel)'~ibbsite concentrations were hig,=h _

at shallow depths (about 10%-30%), dropping to very low at greater depths.

An interesting example of the gibbsite-kaolinite relationship was found at the l4.0-m depth

in well D-4201A. The ratios of kaolinite to gibbsite were high in samples 14.0U and l4.0M,

but low in sample 14.0L. The 14.0L sample most likely represented a surface that underwent

extensive weathering and was later covered over by ash, lava flows, or alluvial materials

(represented by samples 14.0U and l4.0M). Aeolian quartz was also detected in this layer,

indicating that it was once exposed at the surface for a considerable time.
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Hematite (Iron Oxide). Hematite was the most abundant nonclay mineral found in this study.

It typically made up 20% to 30% of the composition and was found at concentrations as high

as 49%. The concentrations were always high, 30% to 40%, in the surface soils. There was

some tendency for the concentration to decrease with depth, although high-concentration layers

were found deep in the profile. The greatest decrease in concentration with depth was seen in

boreholes D-4111W, D-4101, and DM-31. In D-4111W and D-4101, the hematite was least

abundant at the depths where feldspar,cristobalite, and pyroxene were present, the weathering

having been less intense.

Under most soil conditions, goethite is thought to be the final stable iron oxide product

(Schwertrnann and TaylQr 1977). However, there is evidence that hematite may be more stable,

especially for the small particle sizes and warm climatic conditions that prevailed during the

formation of these soil and saprolite cores. In this study, it appeared that hematite was more

stable than goethite since goethite concentrations were much lower in the highly weathered

surface soil than hematite concentrations.

Hematite concentrations were low, less than 10%, in some layers where the

kaolinite/halloysite concentration was very high, more than 50%. Some of these zones must

have been much lower in Fe than the average of the entire profIle.

Go~thite (Iron Oxyhydroxide). Goethite is commonly the most abundant form of iron oxide

in soils (Schwertrnann and Taylor 1977). However, in this study, goethite was found to be

less abundant than either hematite or magnetite/maghemite. The highest concentration was 10%

in the surface soil and 21% in the subsurface. The goethite concentration was quite variable and

showed no consistent correlation with depth.

Goethite seems to have a weak inverse relationship with hematite, most likely as a result of

dehydration of goethite to form hematite. Furthermore, high goethite concentrations tend· to

occur when the kaolinite/halloysite concentration is high, an indication that it is found in less

weathered zones.

Magnetite and Maghemite (Iron Oxides). It is very diffIcult to distinguish between these two

minerals by XRD techniques; thus, the results are reported as the total combined concentration.

Magnetite is a prim~ mineral found in all b...as.alt&,-.bllLsinc_eJDaghemitejs-a-secQIldary-min~r-al-----1

formed by oxidation of magnetite, the two are included in this section. Both minerals have the

same atomic structure, but maghemite is the more fully oxidized form. Magnetite and

maghemite were the second most abundant iron oxides found in this study, the highest concen-

tration found being 35%. There appeared to be no consistent change in concentration with

depth, although in borehole D-4101, magnetite/maghemite showed an inverse relationship to

hematite. There, magnetite/maghemite generally increased in concentration with depth, while

hematite decreased.
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Rutile (Titanium Oxide). Rutile can occur either as a primary or secondary mineral. As a

primary mineral, it is found most commonly in intrusive igneous rocks, which suggests that in

these extrusive lavas, it may be a secondary mineral. Rutile can be formed as an alteration

product of ilmenite or as an alteration of hematite or magnetite, both of which commonly

contain trace amounts of Ti.

In this study, rutile was found in very small concentrations. The highest concentration was

8%, but in most of the samples, no rutile at all was detected. Rutile was found in samples at

various depths and showed no tendency to increase in concentration at shallower depths, which

might be expected of a secondary Ti mineral. However, if the rutile was occurring as a primary

mineral, it more likely would have been found in the least weathered layers, which contained

. feldspar or pyroxene.

Anatase (Titanium Oxide). Weathering produces anatase from ilmenite or Ti-bearing

magnetite. In this study, anatase was found in the greatest concentrations in the surface soil and

subsoil. It was also detected in trace amounts, usually less than 3%, in some samples as deep

as 30.5 m. The greatest concentrations of anatase occurred in the same samples where gibbsite

was most abundant, indicating an intense degree of weathering.

Since anatase is primarily a product of ilmenite weathering, an inverse relationship between

the two would be expected. However, since the highest concentration of anatase was only 7%,

it was not possible to observe significant corresponding changes in the ilmenite concentration,

which was much higher.

Todorokite (Manganese Hydroxide). The exact composition and occurrence of todorokite are

uncertain (McKenzie 1977), but since the XRD peaks have been determined, the identification

of todorokitein this study was fairly certain. Todorokite was detected only in the surface soil

of boreholes D-4111Wand D-4101, where the concentrations were 3% and 6%, respectively.

It is assumed that todorokite is a secondary mineral since it was detected only in the surface

soil.

PARTICLE DENSITY. The overall particle density for a sample depends on the density of its

minerals. Table 6 lists the particle densities of the minerals found in order of generally most

----,abundanuo-generally-least.abundanLMinerals...loward_the_endoLtheJist.hadJitt1e_influence_on~ _

the overall particle density. The lightest minerals were the clays and gibbsite; much heavier

minerals were the Fe and Ti oxides.

The results of the particle-density tests are presented in Miller (1987). Values were in the

range of 2.78 to 3.23 Mg/m3. The values were higher at the shallower depths, decreasing with

depth. Fe and Ti were concentrated in the soil and subsoil since many of the other elements

were leached out, resulting in high particle densities. At greater depths, the particle densities

were lower since there was a much greater abundance of clay minerals.
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TABLE 6. APPROXIMAlE PARTICLE-DENSITY VALUES OF MINERALS
RANKED FROM MOST TO LEAST ABUNDANT

Particle Particle
Mineral Densitl, Mineral Densitl,

(Mglm) (Mglm)

Kaolinite 2.6 Anatase 3.9

Halloysite* 2.1 Pseudobrookite* 4.4

Hematite 5.2 Feldspar 2.6

Maghemite 4.9 Pyroxene 3.4

Magnetite 5.2 Cristobalite 2.3

ilmenite 4.7 Rutile 4.2

Gibbsite 2.4 Quartz 2.6

Goethite 4.3 Todorokite* 3.7

Nontronite* 2.5 Olivine 3.7

SOURCE: Deer, Howie, and Zussman (1980) for unmarked minerals; Berry et al. (1974) fot asterisk-marked minerals.

The particle-density results in themselves are not particularly significant for either miner

alogic or hydrologic interpretation. The importance of the test was that it enabled calculation of

the degree of saturation of the intact core samples.

Mineralogic Effects on Contaminant Movement

The minerals in the soil and saprolite profile have the potential to sorb some organic chemical

contaminants, thereby preventing or delaying their transport to the groundwater. A few organic

chemicals are strongly attracted to the electrically charged surfaces of minerals. However, the

chemicals of interest in this study-EDB, DBCP, and TCP-are nonionic and moderately

nonpolar, so they will not be attracted to mineral surfaces by electrostatic forces.

A possible mechanism for adsorption of these pesticides onto mineral surfaces is very weak

van der Waals forces. One type of van der Waals force is an induced dipole, by which a

charged or polar surface creates a weak: dipole in an otherwise nonpolar molecule. It is not

likely that van der Waals forces wilLcause-significa.nLadsorption-Of-these-pestiGides-,--but-if-the-y'-----'

were to have some effect, the minerals most important would be those with the greatest surface

areas. The surface areas of the higher surface area minerals found in this study are presented in

Table 7. The other primary minerals and oxides have much lower surface ·areas, which are

dependent only on the particle size.

Of the minerals found in this study, nontronite has by far the greatest surface area and

greatest potential for pesticide adsorption. However, in boreholes D-4111W and D-4101,
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TABLE 7. MINERAL SURFACE AREAS OF CLAYS AND IRON OXIDES

Nontronite

Goethite

Hematite

Halloysite

Kaolinite

Surface Area
(m2/g)

694

23-177

34-45

21-43

5-39

Reference

Schwertmann and Taylor (1977)

Schwertmann and Taylor (1977)

Gast(1977)

Dixon (1977)

Dixon (1977)

NOTE: Minerals listed are only those detected in this study.

where nontronite was found, no pesticides were detected. This suggests that nontronite may

not be an important adsorbent of EDB, DBCP, or TCP, or that since these two fields received

little rainfall, significant amounts of pesticides may not have leached into the subsurface.

Examination of the pesticide concentration profiles (Fig. 10) shows that the highest

concentrations were found in the surface soil; this is due to sorption by organic carbon.

Sorption by minerals was probably insignificant in the root zone~ The organic carbon content

averaged about 4% in the root zone, decreasing sharply to less than 1% below the 1- to 2-m

depth. The concentration fell gradually to 0.1% at about 6 m, continuing to decrease with depth

to values around 0.01%. This pattern was very similar in all the boreholes. However, despite

the moderate levels of organic carbon (1.0%....Q.1 %) in the subsoil zone (1-6 m), no pesticides

were ever detected there. Thus, it is unlikely that the even lower levels of organic carbon

deeper in the profile were responsible for the presence of pesticides at depths of 6 to 30 m.

Some weak sorption by minerals could have been retarding slightly the downward movement

Of pesticides.

The division between the upper zone, where no pesticides were detected, and the lower

zone, where pesticides were found, occurred at a d€(pth where profound changes in the miner

alogy and soil or saprolite structure also occurred. This simply might have been a coincidence,

and the result of advection due to inftltrating water, which leached the pesticides to a depth of at

least 6 m since their application. However, because the correlation is so distinct, it is worth

investigating.

The pesticide-free upper zone, which could be considered the subsoil, was characterized by

high concentrations of secondary oxide minerals, of which hematite was the most abundant.

The gibbsite and anatase also present at these shallow depths indicated a high degree of weath

ering. In this upper zone, the structure of the parent basalt had been lost, which determined the

boundary between saprolite and subsoil. Table 8 gives the uppermost depth in each borehole

where the original basaltic pore structure was discernible. The boundary between saprolite and
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TABLE 8. UPPERMOST DEPTH OF OBSERVED PARENT
BASALT STRUCTIJRE. MARKING DNISION
BETWEEN SAPROLIlE AND SUBSOIL

Borehole Depth (m)

D-4201A 6.1

D-420lB 6.1

D-4213B 6.1

D-411lW 6.1

D-4101 9.2

DM-8 12.2

DM-31 13.7

subsoil also corresponded closely to the depth at which a sharp increase in the

kaolinite/halloysite concentration was observed. Because no pesticides were detected in the

subsoil zone, secondary oxide minerals may not have caused significant pesticide sorption and

the loss of the parent basalt structure may have also affected pesticide fate.

Pesticides were detected only in the moderately weathered saprolite material at depths

below 6 m. In this zone, kaolinite and halloysite were the dominant minerals and usually had a

combined concentration of between 30% and 70%. Figure 10 shows the close correlation

between kaolinite and halloysite content and pesticide concentration. The increase in pesticide

concentration with depth corresponded very closely with the increase in kaolinite/halloysite

concentration. Boreholes D-4111Wand D-4101, the only boreholes where no pesticides were

detected, had the lowest concentrations of kaolinite and halloysite.

Kaolinite and halloysite have fairly low surface areas, and hence are not likely to cause

significant adsorption. However, the pesticides may have been physically trapped in micro

pores by halloysite. Pignatello, Sawhney, and Frink (1987) found that EDB physically trapped

in micropores was difficult to chemically extract from soil in laboratory tests. However, after

the soil was pulverized in a ball mill, the EDB was readily released. Halloysite often occurs in a

------ftubular-or-sphere>idal-morphology,with-the-intenor-being-hol!ow-$ixon-and-Me*.ee-±99-4)'-,-----1

and shows interlayer porosity, with thin openings between the atomic structural layers (Dixon

1977). Interior diameters of halloysite particles vary from 10-6 to 10-8 m, which we have

defined as the fine mesopore to micropore range. Unfortunately, these micropores were too

, small to be observed with the SEM techniques used in this study. Pesticides may have been

diffusing into the small dead-end pores inside halloysite grains, where they were temporarily

trapped, isolated from the main water flow. If this was the case, the pesticides could potentially
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diffuse out again since they were not strongly bound to the mineral surfaces. This would have

caused pesticides to gradually leach out of the profile over long periods. The quantity of pesti

cides released could be significant because the concentrations were at the parts-per-billion level

in the saprolite and groundwater levels in the parts-per-trillion range are of concern. The impact

of temporarily trapped pesticides on groundwater quality will depend on the rate of diffusion

out of the micropores. If the release is slow relative to the rate of water recharge, the pesticides

maty be diluted to undetectable levels.

SCANNING ELECTRON MICROSCOPY. The detailed SEM results are presented by Miller

(1987). The micrographs studied were mainly of saprolite material, rather than soil or subsoil,

as the saprolite contained more interesting structural features and was also the zone where the

pesticides had been detected.

Every sample studied by the SEM was unique, making the results difficult to summarize.

The various samples showed different pore configurations and mineralogic compositions. A

wide variety of mineral morphological forms was found. Because only a limited number of

samples were examined, many more interesting discoveries could have been made by looking

at additional samples. The saprolite material was extremely heterogeneous in pore structure and

mineralogy.

Many features of the pore structure evident in the SEM micrographs would not be known

solely from the pore-size distribution. Most of the macropores were round or oval and isolated

from each other, but some were directly connected by open channels. This illustrates that

macroporous flow occurs along preferential flow paths, producing a wide range of flow

velocities in the system and, thus, significant dispersion. The abundant mesopores seen

suggest that the saprolite could easily conduct water through the matrix material under unsatu

rated conditions, when the macropores were empty.

Pore linings that appeared very porous could easily allow flow from the macropores into

mesopores and micropores. Other pore linings that appeared less permeable would limitflux in

or out of the macropores. Coatings along planar fractures indicated that water flowed

preferentially along joints. Flow along fractures and in macropores may allow some

contaminants carried in water to move rapidly downward, while another portion of the solutes

may move much more slowly diffusing into mesopores and micropores.

The mineralogy of pore linings and surface coatings was highly variable. Some pores were

lined with kaolinite and halloysite, while others were lined with iron oxides. Some of the pore

linings showed very high surface areas, particularly the needle-like form of halloysite; other
'\

linings were smooth. Unexpected trace elements were detected solely by the XRD analysis. The

ionic composition of the pore water must have been quite variable, depositing different

minerals in various regions.
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Relationship Between Hydrology and Mineralogy

The degree of weathering affected hydrologic and mineralogic properties of the saprolite

material. Intense weathering at shallow depths increased the concentration of secondary oxide,

hydroxide, and oxyhydroxide minerals, composed primarily of the elements Fe, Ti, and AI.

Secondary oxide minerals filled in much of the macropore and mesopore fractions of the total

porosity, either through mineral precipitation or illuviation. Thus, the increase in secondary

oxide minerals was associated with a decrease in the total mobile porosity, or the percentage of

water extracted in the water-retention tests up to 153-m tension. Because hydraulic conductivity

depends on the pore-size distribution, a decrease in the macroporosity and mesoporosity will

result in lower hydraulic conductivities.

The relationship between mineralogy, total mobile porosity, and hydraulic conductivity is

illustrated in Figure 11. Plotted against depth are the percentage of secondary oxide minerals,

the total mobile porosity, and the saturated conductivity, averaged for each sampling depth in

borehole D-4201B. Secondary oxide minerals included gibbsite, hematite, goethite, rutile,

anatase, and todorokite. Maghemite was not included because its concentration could not be

separated from the concentration of the primary mineral magnetite.

Secondary oxide minerals made up approximately 20% to 40% of the saprolite material

more than 8 m deep. Above this, in the subsoil, the composition was 50% to 80% secondary

oxide minerals. The total mobile porosity showed an inverse relationship to the percentage of

secondary oxide minerals. In the saprolite, the total mobile porosity was approximately 0.2 to

0.3 m3/m3• In the subsoil, the total mobile porosity ranged from 0.05 to 0.15 m3/m3• Besides

this general relationship, a close correlation was not shown at each data point, partly because of

the original pore-size distribution of the parent material. The total mobile porosity is influenced.

not only by the degree of weathering, but also by the macroporosity and mesoporosity of the

parent material. Thus, an extremely close correlation between the percentage of secondary

oxide minerals and the total mobile porosity would not be expected.

As expected, the profiles of saturated hydraulic conductivity and total mobile porosity were

very similar. The only discrepancy between the two profiles was caused by variations in the

---~relative-amount-of-macroporosity-ormesoporosity:-HydraulwcumluCliviry-shuwed-thesame

relationship as total mobile porosity to the degree of weathering and decreased at shallower

depths as the percentage of secondary oxide minerals increased.
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Figure 11. Relationships in borehole 0-4201 B among degree of weathering
(as indicated by concentration of secondary oxide and hydroxide
minerals), total mobile porosity (rnacropore and mesopore), and
saturated hydraulic conductivity



67

CONCLUSIONS

The hydrogeology of the unsaturated zone in central O'ahu is very complex. Hydrologic and

mineralogic properties are extremely heterogeneous. The system is in a continually changing

dynamic state, with both saturated and unsaturated flow occurring. The degree of weathering

of the soil and saprolite is quite variable in different locations. On a microscopic scale, the min

eralogy is highly diverse, with a variety of minerals forming in different microenvironments.

Because of the extreme spatial variability of hydrogeologic properties, deterministic modeling

of solute transport in the unsaturated zone would be difficult. Stochastic modeling may be a

more feasible approach to accommodate spatial variability. One goal of this study was to assist

modeling efforts by providing a unique set of data on the hydrogeologic properties of central

O'ahu's subsoil and saprolite.

Porosity was consistently high in all the samples tested, generally greater than 0.5. The

water-.retention data and the subsequent pore-size distribution results showed wide variation in

pore sizes among the samples tested, with the main differences appearing in the larger size

ranges. Some samples had macroporosities greater than 0.1; others had virtually no macro

pores. Macroporosity tended to increase with depth because the vesicular basaltic structure Was

retained in the saprolite and diminished in the subsoil with clay illuviation and compaction. All

samples showed a high percentage of micropores.

The saturated hydraulic conductivity values determined by the Marshall method ranged over

six orders of magnitude (lQ-L IQ-8 mls). Although the Marshall computational method was not

expected to yield accurate hydraulic conductivity estimates, the relative values were very

informative. The estimates obtained appeared reasonable, as they agreed well with the field

measured hydraulic conductivities determined by other investigators for soil, saprolite, and

basalt. The applicability of the results to field scale is limited since the calculations were·

performed on data from small core samples. However, this indirect calculation method has

definite merit because any direct conductivity test performed on small cores would give

questionable estimates of field conductivity, and any type of in situ test is impractical at these

depths in the saprolite.

In general, conductivities were lowest in the subsoil, increasing somewhat with depth in

the saprolite. Surface-soil conductivities were not obtained in this study. The change in

hydraulic conductivity between the saprolite and subsoil coincided with a change in mineralogy

between the zones, which occurred at a depth of 5 to 10 m. Saprolite, which retains the

structure of the parent basalt and thus has higher conductivities, was characterized by high

concentrations of kaolinite and halloysite, as well as other secondary clay minerals that are

easily weathered and undergo alteration at shallower depths. The subsoil was extremely

•
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weathered and had lost all parent basalt structure. The infilling of large pores by illuviation

produced lower permeabilities. The subsoil contained predominantly secondary oxide minerals,

which represent the stable end products of intense weathering.

Macroporous flow occurs along joints and in channels connecting large pores. The result is

a wide variety of flow velocities in the infiltrating water, which leads to great dispersion.

Because of preferential flow paths, the minimum possible travel time for solutes to reach the

groundwater may be much shorter than those predicted with bulk hydraulic conductivity esti

mates. Some solutes may be diffusing into the micropores, only to re-enter the preferential

flow paths at a later time, causing additional contaminants to leach to the groundwater.

The variability of hydraulic conductivities in different layers throughout the profile suggests

that horizontal flow could occur in the highly permeable layers when saturated conditions are

present. The extreme variation of saturated hydraulic conductivity over depths of a few meters

at some sites suggests that transient perched water bodies likely exist during periods of high

recharge. This is consistent with limited observations of perched water in the Pearl Harbor

recharge area. However, the basaltic lava flows are generally not laterally continuous over long

distances. Thus, although some horizontal flow could occur over short distances, this is

probably minor and vertical flow probably predominates. The dominance of vertical flow is

also supported by the pesticide residue profiles, which are evenly distributed across high- and

low-conductivity layers, indicating that downward solute movement is not inhibited by low

conductivity layers or channeled through high-conductivity ones. Since unsaturated conditions

predominate and the flow is mainly vertical, there can be little doubt that the pesticides found 6

to 30 m below the surface of pineapple fields are from the standard pesticide applications in

pineapple culture.

The mineralogy of the unsaturated zone appears to play an important role in controlling the

fate of EDB, DBCP, and TCP in the subsurface. The pesticides were detected only in the sapro

lite, which had a high concentration of halloysite and kaolinite. Despite this correlation, the

residual pesticide profiles may be controlled primarily by water-flow patterns associated with

the unique water recharge at each site. However, the morphology and atomic structure of

halloysite provides a plausible mechanism for retardin contaminants. Hallo site forms hollow

tubular and spherical grains and has interlayer micropores in its structure. Additional high

magnification transmission electron microscope work could be used to study the structure of

halloysite from these samples in greater detail. Micropores can physically entrap the contami

nants even though the pesticides are nonionic and nonpolar and thus will not be significantly

adsorbed on mineral surfaces. Since the pesticides are not strongly bound, they can diffuse out

of the micropores and continue downward in the flow system. Pesticides currently found in the

saprolite at parts-per-billion concentrations might have an impact on groundwater quality where
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contamination in the parts-per-trillion range is considered significant. The future impact of

residual pesticides on groundwater quality will depend on the rate of release of entrapped

pesticides and the degree of dilution by infiltrating water.
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LIST OF SYMBOLS

d interatomic spacing (nm) V volume (m3)

g gravitational acceleration (m/s2) w gravimetric water content (kg/kg)

h hydraulic head or tension (m) z height (m)

ha air-entry tension (m) a. fitted parameter
k permeability (m2)

K hydraulic conductivity (m/s)
'Y surface tension of water (N/m)

Ks saturated hydraulic conductivity (m/s) B contact angle between water and
soil surface

Kz equivalent vertical hydraulic
conductivity (m/s) 11 fitted parameter

L length (m) e volumetric water content (m3/m3)
n number of pore-class increments

N order of reflection (integer) "- X-ray wavelength (m)

P pressure (Pa) Il dynamic viscosity (kgm-ls-l)

Q flow rate (m3/s) Pb bulk density (Mg/m3)

r radius (m)
particle density (Mg/m3)Pp

%S percentage of saturation (%)

v average water velocity (m/s) Pw density of water (Mg/m3)

CV coefficient of variation (%) ep porosity (m3/m3)
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APPENDIX A. FORTRAN HYDRAULIC CONDUCTIVITY PROGRAM

INPUT VARIABLES:

ST = Sample identification
TIIETA = Water content data (cm3/cm3)

DP = Desorption pressure (em water)
N = Number of input data points
NC = Number of pore-class increments (max 50)
TMAX = Maximum water content (cm3/cm3)

SCON = Experimentally determined saturated conductivity (em/min)
RESWAT = Estimate of residual water
EXPON = Exponent chosen for porosity term
SURTEN = Surface tension of water (dyne/em)
VlSWAT = Viscosity of water (dyne*/em2)

DENWAT = Density of water (g/em3)

GRAVTY = Acceleration of gravity (em/s2)

DIMENSION,THETA(51),DP(51),SPCH(51),CCAL(51),CMAT(51),DPI(51),
1TINC(51)

CIIARACTER*14 FILEIN,FIt.EOUT,ST
WRITE(* ,*)'ENTER THE INPUT FILE NAME:'
READ(*,'(AI4)')FILEOUT
WRITE(*,*)'ENTER THE OUTPUT FILE NAME:'
READ(*,'(AI4)')FILEOUT
OPEN(5,FILE=FILEIN)
OPEN(6,F1LE=FILEOUT,STAlUS='NEW')

86 READ(5,*) ST
READ(5,*) N,NC,TMAX,SCON,RESWAT
READ(5;*) SURTEN, DENWAT, VISWAT, TEMP,GRAVITY
READ(5,*) EXPON
READ(5,*) (THETA(J)J=I,N)
READ(5,*) (DP(J)J=I,N)
ACF= 30.*SURTEN**2/(VISWAT*DENWAT*GRAVTY)
RNC=NC
STDINC = (fMAX-THETA(l»/RNC
TINC(I) = THETA(I)
DPI(I) = DP(l)
NCPl = NC+l
00 3 I = S,NCPl
TINC(I) = TINC(I-l) + STDINC
004 J-l,N
:r-A(J-)~GE~G(I-»G0--l'e5 

4 CONTINUE
DPI(I) = «(fINC(I)-TIIETA(J-l»/(fHETA(J)-THETA(J-l»)*

1(DP(J)-DP(J-1»+DP(J-1)
3 CONTINUE

DPI(NCPl) = 0.0
00 178 1= I,NC
DPI(I) = (DPI(I) + DPI(I+l»*O.5

178 CONTINUE
ANC = (fMX - O.O)/STDINC
CLS = (1.0/ANC)**2
KL=NC
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DO 176 J= l,NC
NL=NCP1- J
PCH = 0.0
DO 1751 = J,NC
PCH = PCH + (2*1 + 1 - 2*J)*(1./DPI(NL»**2

175 NL=NL-1
SPCH(KL) = PCH
COTINC = TINC(NCP1) = RESWAT
CCAL(KL) = SPCH(KL)*ACPCOTINC**EXPON*CLS
KL=KL-1

176 CONTINUE
FACTOR = SCON/CCAL(NC)
DO 179 1= l,NC
TINC(I) = TINC(I+1)
DPI(I) = (DPI(I) + DPI(I+1»*0.5

179 CMAT (I) = FACTOR*CCAL(I)
DPI(NC) = 0.0
WRITE(6,90)ST

90 FORMAT(20X,A141)
WRlTE(6,180) N,TMAX,SCON,ACF

180 FORMAT('O',' N = ',13,' TMAX = ',F5.4,' SCON = "
1F6.4,' ACF = ',FS.11)

WRlTE96,121)SURTEN, DENWAT, VISWAT, RESWAT, TEMP, GRAVTI
121 FORMAT(lX,'SURTEN=',F5.2,' DENWAT=',F5.3,' VISWAT=',F7.6,

1 RESWAT=',F5.3,' TEMP=',F4.1,'C' GRAVITI=',F5.11)
WRlTE(6,127) EXPON, FACTOR

127 FORMAT(' ','EXPONENT =',F5.2,29X,'FACTOR = ',F6.4.) .
WRITE(6,174)

174 FORMAT('O','CLASS' ,3X,'PRESSURE',6X,'THETA' ,9X,'MATCHED K',
15X,'CALCULATED K'/2X,'(I)' ,3X,'(CM WATER)' ,4X,'(BY VOL)',
27X,'(CM/MIN?',8X,'(CM/MIN)'/

WRITE(6,177)(I<DPI(I),TINC(I),CMAT(I),CCAL(I),1=1,Nc)
177 FORMAT(' ',I3,4X,OPF7.1,8X,OPF5.3,7X,lPE9.2,7X1PE9.2)

WRITE(6,125) (J,THETA),DP(J),J=l,N)
125 FORMAT('O' ,TI,'INPUT DATA FOR THE ABOVE OUTPUT'//lX,T4,'J'TlO,

1 'THETA',T20,'PRESSURE'//(lX,TI,13,TlO,F4.3,TIO,F7.1»
GO TO 86

2 CONTINUE
STOP
END

NOTE: Based on Marshall (1958) method and adaptedfrom Green and Corey (1971).




