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ABSTRACT

Well injection of treated wastewater almost inevitably results in

aquifer clogging and reduced injection capaclLy. In Hawai'i clogging

has produced well overflows resulting in numerous public health, legal,

and financial problems. This study examines near-well processes, their

relationship to clogging, and technology appropriate under Hawaiian

hydrogeologic conditions for dealing with clogging.

The first phase, monitoring of functioning injection sites,

indicated that wells with poor quality injectant (average BODS and

suspended solids each greater than 30 mg/l) generally have a high

frequency of overflow. Although inconclusive with respect to clogging

mechanism, results demonstrated the need for detailed studies at an

experimental injection well system.

The second phase, performed at the experiental well sites for the

appropriate technology determination, had among its conclusions: need

for selecting high intitial injection capacity sites; need for periodic

well redevelopment, the most effective means being compressed air and

acid treatment followed by pumping; and need for standardization of pump

and injection tests and for reduction factors (functions of initial

injection capacity) to be applied to predict the maintainable capacity.

The third phase included examination of injection stratum sediment

and pore water sampled within one meter of the well. Results show that

filtration of suspended solids is not a long-term cause of clogging as

generally cited in the literature. It is probably a short-term cause at

the start-up of efluent injection. Once the microbial biomass becomes

established, it biodegrades the organic injected particulates. During



the same period the denitrifying bacteria become

v

sufficiently

established to produce significant amounts of nitrogen gas. The N
Z

gas

produces a gas-bound zone farther out in the aquifer as revealed by a

shift in the head gradient. Initially most of the head loss is

immediately adjacent to the well; after several weeks it shifts to a

region over one-half meter from the injection well. This nitrogen

gas-bound zone extends itself slowly farther out into the injection

stratum. Superimposed on this. but its effects masked in part by the

gas binding. is dissolution of the carbonate porous medium. which

results in a flattening of the hydraulic gradient in non gas-bound

regions.
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CHAPTER 1

INTRODUCTION

In the last three decades the use of injection wells for the

disposal of waste liquids has greatly increased. The waste can vary

from treated sewage effluent to toxic chemicals or cooling water,

radioactive materials or geothermal brines. In addition to waste

disposal, injection wells are used for artificial recharge of

groundwater bodies and for secondary recovery of petroleum in oil

fields. One thing almost all these injection situations have in common

is a progressive clogging of the well and accompanying loss of injection

capacity.

Past experience suggests that regardless of the type and quality of

injectant some degree of clogging is inevitable. Injection experiments

with tertiary-treated sewage effluent showed a reduction of as much as

90% in the injection capacity after just a few days (Vecchioli et al.,

1980). Recharge of drinking quality Lake Kinnereth water containing one

mg/l of organic suspended solids produced a gradual clogging of the

injection wells which could only partially be reduced by extended

pumping (Rebhun and Schwartz, 1968).

Injection well clogging is manifested as a reduction in injection

capacity. When clogging takes place, the porosity and hence the

permeability in the vicinity of the well decreases. A greater head

difference is needed to drive the injectant through this region and out

into the aquifer. If injection occurs under gravity flow conditions,

clogging may cause the well to overflow as head buildup exceeds the top
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of the well. When injection occurs by pressurized flow into a confined

formation, clogging may cause the pressure in the well and the

surrounding aquifer to increase so that undesirable leakage around the

well annulus and out of the confining formations results. The rate of

clogging-induced head buildup is a function of the quantity and quality

of the injectant and of the hydrogeologic characteristics of the

formation into which injection is occurring. In Hawai'i, as in other

coastal environments such as Florida and California, injection wells are

used as a means of disposal of treated sewage. The U. S. Geological

Survey currently has an inventory of more than 500 injection wells in

Hawai'i. These wells dispose of both industrial and municipal wastes.

However, the largest portion are used for the disposal of treated sewage

effluent (effluent which has normally undergone at least some degree of

biological treatment). The use of injection wells for waste water

disposal began in Hawai'i in the early 1960's and has become

progressively more and more popular in spite of the many accompanying

problems. This is in part due to the increased construction of

apartment complexes and hotels in non-sewered areas of the islands as

well as the low cost involved in well construction compared with such

alternatives as ocean outfalls or drainage fields. Often reuse projects

are not available and so simply putting the effluent into the ground

with the relatively small cost of drilling a few wells appears very

attractive. However, the attractiveness can quickly fade when clogging,

often fairly rapid, reduces the injection capacity far below the design

capacity. This can necessitate redrilling of the wells, the drilling of

new wells, or even converting to a completely different disposal system.

All three "solutions" have been practiced on O'ahu. In the meantime
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well overflows can pose a serious threat to public health as well as

aesthetic problems.

Twenty sites around O'ahu, representing a total of over sixty

wells, are known to use injection wells for the disposal of treated

sewage effluent. A detailed site description and injection history is

given for many of these by Petty and Peterson (1979). Their study

reports that almost 80 percent of the wells surveyed have experienced

injection problems to some extent. A number of them have experienced

well overflow. Many of these were put in before more stringent

regulations were introduced in the late 1970's and a number cannot meet

current injection capacity needs or effluent quality standards.

CAUSES OF CLOGGING

The causes of clogging can be broken down into three general

categories: physical, chemical and biological. It should be remembered

that these are not rigid categories and several basic clogging phenomena

may overlap two or more categories. Biologically mediated chemical

precipitation is an example of such overlap.

Physical Clogging

Filtration of suspended solids in the injectant at or near the well

face is often cited in the literature as the major cause of clogging.

Borrowing from the technology of sand filters, the filtering action is

thought to result from: (1) Straining, which occurs mainly at the well

interface where materials larger than the pore openings are strained

out; (2) Sedimentation, in which particles smaller than the pore spaces
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may settle out since each pore space acts as a tiny sedimentation basin,

a process which is enhanced by the fact that in radial flow from a well

velocities decrease with increasing radius; (3) Flocculation, which is

dependent on the chance of particle contact being made, the conditions

within the pores being such as to promote contact and flocculation, and

the enlarged flocs becoming entrapped in the interstices (Clark, 1977);

(4) Surface Attraction, a process in which surface forces can bind the

particles to the surfaces of the medium.

Another possible physical cause of clogging is gas binding of the

aquifer. Release of air or gases introduced with the injectant can form

bubbles which block the pore spaces. In particular, gases can be

released from solution if the groundwater temperature exceeds that of

the injectant.

Chemical Clogging

One requirement for all succe~::~~ injection operations is a fair

degree of chemical compatibility between the injectant and the native

aquifer water. If the two are chemically dissimilar there is a definite

risk of precipitation of chemical compounds which could plug the pore

spaces, or conversely a risk of solution of the porous material and

possible leakage of undesirable wastes to shallower zones or even

collapse of the well. Possible causes of chemical clogging include: (1)

reaction of the injectant with the formation water to form inorganic

and/or organic precipitates; (2) reaction of the injectant with the

rock matrix to form insoluble precipitates; and (3) changes in

temperature and pressure which change chemical equilibria thus causing

precipitation or polymerization of organic constituents. The porous
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matrix provides a vast amount of surface area that can serve as a

substrate for deposition of insoluble materials.

Ion exchange, which causes an expansion of clays and subsequent

reduction in porosity and permeability, can be significant when clays

are present in the aquifer and the injectant contains a greater

proportion of divalent cations than does the native water.

At the other end of the spectrum it is possible to cause solution

of the aquifer material, thus increasing porosity and permeability.

This has not been documented for sewage effluent injection where the pH

is generally in the 6.5 to 7.5 range. However it has been observed with

the injection of acid waste (pH 2.3) into a limestone aquifer where a

marked increase in injection capacity was noted (Faulkner, 1975).

Biological Clogging

The principal class of microorganisms in the vicinity of injection

wells is bacteria. Algae are sometimes mentioned but these are

generally blue-green algae which can respire in the absence of light and

which are really bacteria. Bacteria are generally in the 0.5-5

micrometer range so that they are much smaller than the pore spaces. In

nutrient-poor environments they tend to attach themselves to the porous

medium while in nutrient rich environments they tend to be free

floating. Clogging can result from the massive growth of organisms in

the porous medium; however, it is usually thought that such growth can

be controlled with adequate chlorination. There are a number of factors

which affect microbial growth, the most important of which are

temperature, pH, availability of key nutrients, oxygen supply, the

presence of toxins, and the type of nutrient substrate. The common
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range for pH in biological treatment of sewage is 6.5-8.5 and the

optimum range for anaerobic bacteria is 6.7-7.4 (Clark, 1977). Chlorine

disinfection is the standard means of controlling unwanted microbial

growth. At low concentrations the disinfecting species of chlorine

react to inactivate enzymes that are essential to the metabolic

processes of the bacterial cells. In high concentrations the chlorine

simply oxidizes the cell walls and the cells lyse. Particulate matter

in sewage effluent typically has high bacterial levels and in fact may

shelter the microbes from the effects of chlorination. Also the

particulate organic matter uses up the oxidizing capacity of the

chlorine residual, leaving less for disinfection. From this perspective

a low suspended solids concentration is also desirable. Sometimes

chemical precipitates biologically mediated by autotrophic bacteria are

suspected of contributing to clogging problems. Which precipitates will

form depends on the presence of certain essential substrates and on the

dissolved oxygen level. In anaero~ic environments ferric iron sulfide

is often cited as being a primary offender. In one experiment

(Ishizaki, 1967) a bottle of secondary-treated effluent containing no

iron sulfide was allowed to sit for a number of days; after six days an

iron sulfide concentration of 10 mg/l was observed. This would indicate

that an injection environment using secondary effluent would certainly

have the necessary constituents, including the sulfate reducing

bacteria, needed for iron sulfide precipitation. In addition,

biologically mediated gas evolution can cause gas binding of the aquifer

if the gas is produced in sufficient amounts to come out of solution and

form bubbles.
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PREVIOUS STUDIES

There have been several experimental studies done on wastewater

injection. A summary of these will be presented here, along with the

summary of some additional studies on treated sewage-porous media

interactions.

u. S. Geological Survey, Bay Park, New York

High quality tertiary treated domestic sewage was injected into a

fine to medium silica sand layer. Clogging was attributed mainly to the

filtration of suspended matter carried by the injectant onto the aquifer

face (Vellocchi et al., 1980). Turbidity was used as a means of

determining the very low suspended solids concentration in the

tertiary-treated sewage used as the injectant. The fine to medium sand

injection layer was expected to be very effective in filtering out

particulate matter. A given suspended solids load caused less head

buildup when specific capacity was high than when it was lower. This is

attributed to the formation of a filter mat which increased the

filtering efficiency. When the New York well was redeveloped by

pumping the first slug of repumped water was highly turbid, indicating

that most of the injected particulate matter was retained in the

vicinity of the well. The turbidity dropped off with further pumping,

disappearing within a few hours. In the first water recovered the

suspended matter was primarily inorganic (25% volatile).

Air entrapment was suspected of contributing to clogging. However,

when degasified water was injected at the New York site a rate of head

buildup in excess of the normal one was found. The experimental project
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at Bay Park, New York did very thorough chemical monitoring of the

injection area to see what changes took place in the aquifer both from

the point of view of aquifer clogging and of possible groundwater

pollution. The conclusion was that, while the physical clogging greatly

overshadowed the chemical, some chemical clogging probably did occur.

Chemical precipitates which can cement and seal the aquifer interstices

were felt to be of most concern; initially these were thought to be

mainly carbonates, sulfides, ands, and (iron-) hydroxides but

subsequently phosphates were added to the list. A great improvement in

specific capacity of 25-50% was noted after acid treatment which

indicated that chemical clogging was present and that those constituents

found in high concentrations were the cause of clogging by chemical

cementing (Vecchioli, 1980). The possible effects of bacterial clogging

were studied as well as the effects of bac~~ria on groundwater quality.

Even though the tertiary treated effluent has much lower nutrient levels

than secondary treated effluent, it still has sufficient nutrients to

suprort a large microbial population. In general the effluent was dosed

with 5-7 mg/l of chlorine with a contact time of two hours which left a

total chlorine residual of about 2.5 mg/l at the point of injection.

This was felt to disinfect almost completely the injectant and limit

microbial growth to a minimum in the vicinity of the well. No chlorine

residual was observed in the 20 foot observation well, so the available

chlorine does not persist long in the aquifer (Vecchioli, 1972).

Suppression of bacterial growth near the well was corroborated by the

fact that the first water repumped had a very low bacterial count.

About 1 % of these high level bacteria were denitrifying bacteria,

approximately the levels which could be sustained by the 0.4 mg/l of
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nitrate in the injectant. Water at the 20 foot well smelled of hydrogen

sulfide and tests for sulfate reducing bacteria, obligate anaerobes,

~cre positive.

In one experiment unchlorinated reclaimed water was injected and

the rate of head buildup was markedly greater than for chlorinated

injectant. Treatment by pumping and shock chlorination restored the

injection capacity to what it had been prior to the start of that

injection period.

Although it was not directly observed, a well mat of particulate

matter was thought to form similarly to the mats formed on the surface

of rapid sand filters. When the well was left without injection for a

five week period, a much greater improvement (from a specific capacity

of 15.2 to 26.0 gpm/ft) was noted on redevelopment by pumping. It was

assumed that microbial activity continued after the cessation of

injection, leading to the establishment of anaerobic conditions and that

decomposition of the mat continued under those conditions (Ehrlich,

1979).

The rapid reduction in injection

frequent well redevelopment necessary.

largely but not entirely restored by

capacity at this site made

The specific capacity was

pumping. The redevelopable

specific capacity decreased after each pumpage. Most of the restoration

occurred within the first hour or so of pumping when the bulk of the

suspended solids was removed. Additional restoration was achieved when

the pumping rate was increased abruptly or pumping restarted after a

short hiatus. While surging helped, the restorative effect diminished

with successive surges. Beyond this, not even surge-block swabbing with

air-lift pumping was able to improve specific capacity. This permanent
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deterioration was attributed to material tightly bonded to the aquifer

grains, such as cementing of sand grains by a chemical compound

(Vecchioli, 1972). When acid treatment with HCI was performed on the

well a much greater increase in specific capacity was achieved than had

been obtained by pumping alone.

California Water Pollution Control Board (CWPCB), Richmond, California

Diluted (10-27%) primary treated sewage was injected into a coarse

sand and pea gravel layer through a gravel-packed well (CWPCB, 1954).

Clogging was attributed mainly to suspended solids introduced with the

injectant. Uniform pressure rises were found under varying conditions

which led to the conclusion that clogging was directly proportional to

the amount of solids which entered the aquifer in any unit of time. It

was considered that except for the finest material (bacteria and similar

fines) all of the organic matter was caught at the well face.

Clogging began as soon as the suspended solids were introduced and

continued at a rapid rate for the first two days, after which a marked

decrease was noted. It was concluded that by that time the bacterial

population had grown sufficiently to lessen the clogging by biologically

decomposing the solids.

Chemical monitoring of the water was done from the perspective of

the pollution problem; however, chemical processes were not felt to

cause significant clogging. The study found that a few of the coliform

indicator bacteria travelled as far as 100 feet through the aquifer

initially, but that the distance of penetration was reduced once a

filter mat had formed around the well. The introduction of chlorine was

observed to have an almost immediate effect on reducing aquifer clogging
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so that biological clogging by massive growth of microorganisms was

suspected. Very high pumping rates were found necessary for adequate

redevelopment; moderate rates such as 1 to 2 times the injection rate

were not sufficient to remove clogging to a satisfactory degree. The

study pointed out that repeated redevelopment increased the chance of

well collapse by removing large portions of the aquifer material in

unconsolidated sediments. Shock chlorination treatments where massive

doses are injected into the aquifer have been found to be very effective

as a means of redeveelopment, particularly where much of the clogging is

thought to be biological in origin. At the California WPCB site dosages

ranging from 150-1100 mg/l were used

Petty and Peterson, Hawai'i

There has been one survey study done specifically on clogging of

Hawaiian injection wells (Petty and Peterson, 1979). It concluded that

physical clogging by the entrainment of injected particulate matter in

the pore openings is the major clogging mechanism. In addition, high

oil and grease levels were seen to correlate with clogging problems.

The report stated that malfunctions specifically associated with

chemical processes were not well documented in Hawai'i but that this

could be a factor, especially in wells finished in carbonate sediments.

Biological clogging was thought to be potentially a major problem since

chlorine residuals at many of the injection wells are typically low or

nonexistent. In addition to looking at injection well studies it is

important to review the literature on other interactions between sewage

effluent and porous media. This includes septic tank seepage fields,

surface spreading basins, and trickling filters in sewage treatment.
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Studying injection wells has the disadvantage that often the injection

zone is tens or hundreds of feet below the ground surface. Spreading

basins and septic tank leach fields experience clogging when sewage is

applied. In these situations the porous medium is much easier to

sample, being at or near the surface, so that analysis can be performed

to determine the cause of clogging.

McGauhey, Spreading Basins

In spreading basins it was found (McGauhey, 1968) that the

equilibrium infiltration rate is independent of the initial infiltration

rate and that it reaches a constant value, not related to the nature of

the soil itself. It was seen that a coarse soil behaved no better than

a fine grained soil once clogging had occurred. Clogging mechanisms

included the movement of fines, ion exchange causing the flocculation of

clay colloids, and biological clogging which was thought to be the most

important factor. This clogging was thought to be essentially a surface

phenomenon which involved the development of an organic mat. This mat

seldom exceeded one cm in depth and consisted of organic solids which

have been filtered out plus an overgrowth of bacteria which consumed the

dissolved and particulate organics. As the mat's porosity decreased, it

was able to filter out ever smaller particles. The infiltrative

capacity of the soil was reduced accordingly. It is this mat which

accounts for the relatively constant equilibrium permeability which is

little related to that of the supporting material. An exception to this

was coarse sands where the large pore size allowed penetration of the

particulates to a greater depth. The mat there extended 2-10 cm below

the surface and the reduction in infiltration rate was much less. Below
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this mat existed an anaerobic unsaturated zone where iron sulfide

deposits were found to a depth of 3-10 cm in fine soils and 10-100 cm in

coarse soils. The clogging effects were overcome by draining and drying

the soil for a period of time. This allowed oxygen to enter. permitting

rapid aerobic decomposition and the oxidation of iron sulfide to soluble

sulfates. This drying out redevelopment has to be repeated at regular

intervals.

Harkin. Septic Tank Seepage Systems

Many septic tank seepage systems are subject to clogging failure

(Harkin et al •• 1977). This has been attributed to a variety of causes.

Movement of smaller soil particles which are swept along with the flow

and then lodge in pore openings has been cited. Suspended solids in the

septic tank effluent. which average 150 mg/l. are filtered at or near

the soil surface and plug the pores. Bacterial cells are similarly

filtered out. and they can subsequently multiply rapidly. The formation

of an organic-bacterial crust or mat was observed in the soil just below

the gravel. Initially the soil in the drainage field had temporary

unsaturated periods. but as it became progressively clogged the

situati0n was switched over to one of continuous saturation. The soil

remained anoxic and anaerobic fermentation took place. Black insoluble

sulfides formed within the beds from sulfate reduction. There was also

the possibility of clogging from polysaccharide slimes produced by the

anaerobic bacteria (which appear to use them as a protective covering).
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Biofilm Theory

Biofilm theory and models for the utilization of organic substrate

by bacterial films have been developed over the last few years

(Williamson and McCarty, 1976). Biofilm theory was applied to an

injection well at Palo Alto, California to model the removal of organics

by biodegradation (Rittman et al., 1980). An assumption was that the

microbiology around an injection well is likely to be dominated by

bacteria which are attached to the surfaces of the porous medium and

form biofilms. This was based on the fact that the advanced-treated

wastewater has low organic levels (typically the TOC is 1-4

was concluded from this modelling that the depth of

mg/l). It

measurable

biological activity into the aquifer would certainly not extend as Ear

as one meter. This was somewhat qualified when applied to such gross

organic characterizations as COD in field situations, since COD has been

seen to slowly decrease beyond this one meter zone. This biodegradation

was attributed to suspended bacteria travelling along with the water.

Som~ bacteria were thought to be present in the water even when biofilm

activity was negligible. Those compounds which were easily

biodegradable were almost entirely removed in the near well zone, while

those less degradable experienced only mild decrease initially and then

persisted at approximately the same concentration. Monitoring of

organic biodegradation near the well site showed that it took about

three weeks to establish the bioEilm and, after that, an approximately

steady state organic removal existed.
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A general summary of the conclusions that can be gleaned from the

literature of injection well studies includes:

(1) The major cause of clogging is filtration by the porous

media of suspended solids introduced with the injectant. The

deleterius effects may be lessened in certain situations by the

biodegradation of particulate organic matter by bacteria. A well

mat is thought to form in the porous medium immediately adjacent to

the well. (2) Chemical processes, mainly cementing by

precipitates, probably playa minor role.

(3) Extensive bacterial growth can also block the pore

spaces, but that this problem can be eliminated by adequate

chlorination.

A review of the additional studies of effluent-porous media

processes reveals:

(1) An increased awareness of the existence of a biologically

active system where biodegradation of organics is a major function.

(2) Emphasis on iron sulfide as a major cause of pore

blockage.

(3) Re-emphasis that most of the clogging occurs at or very

near the free water-porous medium interface as with an organic mat.

The above findings, particularly the three from the injection well

studies, were the preconceptions with which I embarked on the study. An

initial part of the research was spent overcoming several of these

preconceptions, for, as will become clear from the results of this

study, many of the above conclusions are incorrect for Hawaiian

injection situations.
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CHAPTER 2

PURPOSE AND SCOPE OF STUDY

Injection well clogging has been studied from a variety of

perspectives. There are, however, several aspects which have only been

partially examined. One unresolved question is what technologies are

appropriate for Hawaiian hydrogeologic conditions. Hawaiian injection

strata, if they are basalt or the caprock limestone, are generally much

more permeable than most mainland U.S. injection strata. However,

injection wells in Hawai'i are usually located near the shoreline making

the depth to the water table from the ground surface small, thus

allowing relatively little head buildup. In addition, tidal

fluctuations in the aquifer can further reduce the space available for

head buildup. Another factor affecting Hawaiian injection wells, where

the emphasis is on waste disposal, is that the injectant quality is

lower than in mainland injection situations where the emphasis may be on

artificial ground water recharge or where the lower permeability

injection stratum simply does not permit lower quality injectant due to

clogging.

Another unresolved question is what processes take place in the

near vicinity of the well where most of the clogging occurs, and what

are their relationships to clogging. This study will elucidate these

two aspects of clogging, each of which will be treated in a separate

section of the report.
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PURPOSE

There are a variety of factors which can affect injection well

performance: hydrogeology of the injection stratum, water table

fluctuations (particularly tidal), depth to water, injectant quality,

injection schedule, well construction and maintenance practices.

The first portion of the study considers what technology is

appropriate for Hawai'i and has the following specific goals:

1. Determine the injectant quality parameters that affect the

rate of clogging;

2. Evaluate the efficacy of different redevelopment techniques;

and

3. Establish the means of predicting how much injection

capacity should be designed into an injection system taking

into account future clogging.

The results of most studies of injection wells indicate that

clogging takes place in the very near vicinity of the well, generally

within the first meter. In the past, however, there has been no direct

examination of this clogged zone. Most of the evidence about the causes

of clogging has been derived from observation wells several meters from

the injection well or on water and solids pumped out of the wells.

Observations from this study have shown that such means are inadequate

to characterize the clogging processes. The repumped water is not

representative in all aspects of the pore water where that water was at

the start-up of pumping. This is particularly true with respect to

suspended particulates in the pore water. Because the major changes in

water quality occur in the first meter or so from the well, observations
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at greater distances lose detail about the time, distance or sequence in

which certain processes occur. The second portion of the study

considers the clogging mechanisms and has two specific goals:

4. Examine near well processes; and

5. Elucidate mechanisms of clogging.

SCOPE OF STUDY

In order to achieve these goals, the six major tasks listed below

were delineated and accomplished.

1. Monitor functioning well sites. There are a number of small

to medium size sewage treatment plants around Q'ahu that use

injection wells for the disposal of their effluent. These

include plants in condominiums, hotels and small municipal

regions. The performance and injectant water quality of

selected plants were monitored.

2. Establish experimental well systems. lfuile much can be

learned from examining functioning well sites, it is

necessary to have a number of wells which can be studied

from before the start up of injection and which can be

manipulated in different ways that might interfere with the

daily functioning of an injection well already in use.

Suites of injection and observation wells were established

at two different sewage treatment plants on O'ahu.

3. Ascertain the hydrogeologic characteristics of the injection

formations at the experimental well sites. This was

primarily done prior to the start up of injection. The
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characterization included the spatial extent and lithology

of the injection stratum, its hydraulic conductivity and

storativity, and the chemical quality of the native ground

water. This knowledge is fundamental to understanding the

changes which took place later on. Pump or injection

testing is the standard method for evaluating the injection

capacity of an aquifer. The maintainable capacity, however,

is only some fraction of that capacity indicated by aquifer

testing. Tests were run on each well to determine the

initial capacity for comparison with the maintainable

capacity after a prolonged period of injection.

4. Monitor the injection head and injection rates at the

experimental wells as a function of time. Clogging caused

by effluent injection was measured by the decrease in

injection capacity which is a function of head and flow

rate. The rate of decrease of injection capacity, in

addition to giving information about the rate of clogging,

can also give information about the processes occurring.

Besides the head in the main well, the heads in observation

wells were also monitored in order to follow changes in the

near-well head distribution.

5. Evaluate rehabilitation techniques as a means of restoring

lost injection capacity. To maintain a reasonable level of

injection capacity, periodic restorative measures must be

practiced. Physical, chemical and biological methods, often

in combination, were tested and the amount and duration of

the improvement were determined.
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6. Analyze water and sediment quality in the vicinity of the

experimeutal wells. This task included the following

subtasks:

a. Profile the water quality in the well. This was to see

if there

stratify

aquifer.

were significant variations which might

the injectant quality upon entrance into the

Such variations could lead to differential

clogging rates at various depths in the injection

stratum.

b. Analyze the redeveloped water recovered by pumping from

the well. The redeveloped water carried a high solids

load. Analysis of this material can give information

about near well processes.

c. Analyze the cores taken adjacent to the wells.

Examination of the porous medium samples taken from the

injection stratum in the near well region adds a whole

new body of information as to what processes are

occurring.

d. Analyze pore water. Water taken from the formation at

the time of coring and later from the installed

observation wells was analyzed for a number of

constituents to determine what changes take place with

distance from the well.
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CHAPTER 3

DESCRIPTION OF SITES

The well sites included in this study fall into two major groups:

functioning injection sites around the island of O'ahu and the two

experimental well fields. Sites in the first group were selected from

small to medium sewage treatment plants that use injection wells as the

means of disposal for their effluent. These sites were selected to be

representative of the different injection situations around O'ahu. A

majority of the well systems had hitories of problems. However, two

sites with trouble-free histories were included for comparison. The

sites in the second group were set up at existing municipal plants which

provided secondary-treated effluent and where space was available and

suitable injection strata existed.

Functioning Injection Wells Monitored

Ten sites were chosen from among approximately twenty that use

wells for effluent disposal on the island of O'ahu. Those were

monitored during 1980-1981 for injectant quality and well performance.

Location: A map and list of the monitored effluent sites along with

their locations are given in Plate I.

Hydrogeology: The injection strata are in the limestone sedimentary

caprock which extends over much of the perimeter of Oahu. The one

exception to this is Makaua Village where injection is into basalt,

possibly a dike zone. Permeabilities can be expected to be quite high

when the receiving formations are coral reef or rubble. Coralline
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Monitored Effluent Injection Sites
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Injection Sited

1. Ewa Villa
2. Ewalani
3. Haleiwa Surf Hotel
4. Kahuku Sugar Mill
5. Kulana Village
6. Makaua Village
7. Mokuleia Sands
8. Paala Kai WWTP
9. Pat's at Punaluu

10. Waimanalo WWTP

Location

'Ewa Beach
'Ewa Beach
Haleiwa
Kahuku
'Ewa Beach
Ka'a'awa
Mokule'ia
Waialua
Punalu'u
Waimanalo
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sands, which are used when hetter formations are not available, are

considerably less permeable. The basalt should be quite permeable;

however, injection into a dike compartment would greatly reduce the

formation's ability to receive injectant.

The wells all lie within 750 m of the shore, with the majority

within 200 m so that tidal variations certainly affect the groundwater

table. This also means in many cases that the depth to water table is

small, on the order of one to one and one half meters.

Treatment Plants: All these plants provide a minimum secondary

biologica.l treatment. One, Paala Kai, has post-secondary treatment of

the effluent by a rapid sand filter.

A more complete description of each of these sites (except for

Paala Kai) and their injection history is given by Petty and Peterson

(1979).

Experimental wells were set up at Waimanalo and Paala Kai and

should not be confused with the plant disposal wells monitored above.

The experimental well sites are described below.

Waimanalo Site

The Waimanalo experimental wells are on the site of the Waimanalo

Wastewater Treatment Plant which provides secondary treated injectant.

These wells were drilled specifically for this project in December,

1979.

Hydrogeology: The geologic cross section is fairly constant within the

area occupied by the wells. It consists of a 1.2 m layer of dense,

dark, impermeable clay overlying a fine carbonate sand layer extending

from 1.2 m to 2.7 m. This is underlain by a medium carbonate sand layer
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extending from 2.7 m to 4.2 m, which is followed by a clayey coral

rubble layer which is assumed to be fairly impermeable due to its high

clay content. There may be small variations in depth or thickness of a

particular stratum from well to well, but the above figures give an

accurate general picture. Appendix 1 gives the driller's logs for the

Waimanalo wells. Plate II gives typical grain size distributions, done

by sieve analysis, for the two sand layers. The hydraulic conductivity

of the sand layers was determined by pump test (see Chapter 5) to be

around 3.5 x 10-4 mise This formation is representative of some of the

least desirable receiving formations currently used for waste disposal

in Hawaii. A float gage placed on one of the wells showed no short term

variations in water level so tidal effects are not felt despite the

proximity of the ocean. This shallow aquifer is not in hydraulic

connection with the ocean, whereas a deeper aquifer at 30 to 60 mused

for injection by the treatment plant is.

Groundwater Quality: Groundwater in the injection stratum was high in

Total Dissolved Solids (1466 mg/l), alkalinity (603 mg/l), chlorides

(320 mg/l), and pH (7.9) (see Chapter 5) relative to the treatment plant

effluent. This water was sampled from one of the shallow wells prior to

the start up of injection. There may be temporal variations in the

groundwater quality, just as there are in the groundwater level, but it

was not possible to check for these. Irrigation of the large grassed

area at the treatment plant is done using the effluent which may have an

affect on the groundwater quality.

Well Construction: Five experimental wells, three 0.10 m diameter and

two 0.15 m diameter with depths ranging from 5 to 7 m below ground

surface, were drilled in December 1979 and utilized for injection
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experiments from May 1980 to June 1982. Observation wells labeled "0"

were installed at the same time as the main wells adjacent to Well 4-5

and Well 6-2. A map of the well layout and sampling sites is given in

Plate III. The location of background samples C, D, and N are also

shown along with the depth at which they were taken. Plate IV shows a

vertical section through the three wells where sediment sampling was

done. These wells are also the ones which have observation wells. The

portion of the well casing which is slotted is also indicated in this

figure.

The main wells and the observation wells beginning with "0" were

cased with PVC casing. Those wells starting with "4" were 0.10 m in

diameter and the ones starting with "6" were 0.15 m in diameter. The

"0" observation wells had an inner diameter of 0.07 m. The "E"

observation wells, which were installed after almost a year of

injection, were cased with 0.08 m ABS casing. Pipes in the injectant

pumping and distribution system were all PVC. The discharge pipes

extended about 1 m into the wells, generally below the water surface

during injection to minimize air entrainment.

Injectant: The injectant at this location was, relative to the field

monitored sites, good quality secondary treated domestic sewage with the

BODS averaging about 10-15 mg/l and suspended solids about 5-15 mg/l.

The chlorine residual at the time of injection averaged around 1.5 mg/l,

although there were substantial fluctuations depending on the amount of

flow from the treatment plant. The effluent was pumped directly from

the chlorine contact chamber without any filtering. Injection took

place from about 7:30 a.m. to 2:30 p.m. daily, with the wells sitting
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Plate IV

Cross-section at Waimanalo Wells 4-4, 4-5, and 6-2,
including Observation Wells and Sampling Sites
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idle overnight.

well.

Paala Kai Site

29
-4 3Normal flow rates were approximately 1 x 10 m /s per

The Paala Kai experimental well is at the Paala Kai Wastewater

Treatment Plant in Waialua. The well is one of ten drilled for

treatment plant effluent disposal. However, it had not been connected

to the injection system because its capacity was deemed too low.

Hydrogeology: The injection stratum consists of very permeable, hard

carbonate rock which had most probably been coral reef. It extends from

11 to 14 m below ground surface. It is overlain by about 4 m of soil

and 7 m of clayey medium carbonate sand with coral fragments. The

overlying sand layer becomes progressively more rubbly with depth,

turning into consolidated beach rock just above the injection zone.

Appendix 2 gives the driller's log for this well. The first 11 m below

ground surface are fairly impermeable. The receiving formation is much

more permeable than the one at Waimanalo and has a hydraulic

conductivity (as determined by pump testing - see Chapter 5) of about

0.01 mise It is representative of some of the better sedimentary

receiving formations on Oahu.

Groundwater Quality: The formation water obtained at the time of

sampling was probably not typical of the native groundwater, as the

wells sampled were down gradient from a seepage pond being used by the

treatment plant to dispose of its effluent. The following range of

values were found (see Chapter 5) from four contemporaneous samplings at

two depths, 4.6 and 10.7 m (15 and 35 ft.) in two wells (Wells 3 & 9):

total dissolved solids, 745-858 mg/li alkalinity, 190-282 mg/l;
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mg/l; pH, 6.8-7.1; BODS' 3.4-10.8 mg/l; and

It was used for injection experiments from August 1981 to

nitrate-nitrite, 2-4 mg/l.

Well Construction: The well used in this study was drilled along with

other wells in 1979 to be used for the disposal of the treatment plant

effluent. It was abandoned because of apparent low capacity but this

may have been the result of inadequate development at the time of

drilling. The well upon redevelopment proved to have quite a high

capacity.

June 1982.

The main well has 0.10 m PVC casing, and the pumping and

distribution pipe is also made from PVC. The well is 14.6 m deep and

has a thin gravel pack around it. Four observation wells were drilled

in June and July 1981 prfor to the commencement of injection. They are

cased with 0.08 m ABS casing with the exception of PEl which has 0.05 m

PVC casing. Plate V gives a map of the layout of the wells, and Plate

VI gives a cross-section. The discharge pipe extends well below the

water table, was initially 4.5 m long, and was extended to 10.5 m in May

1982.

Injectant: Effluent from the treatment plant was very good quality,

having been filtered through a rapid sand filter after receiving

biological secondary treatment. The BODS and suspended solids both

averaged less than 5 mg/l (Don Heal, plant operator, personal

communication). There is about a 75% reduction in suspended solids in

the sand filter but only a small reduction in BODS. Initially injection

was done for only about seven hours per day; however, the well was soon

switched over to continuous injection. When there were low flows

through the plant, particularly at night, there were long periods



o
a:
J:
u..
w
lD..
:>
oJ

s..
~

Plate V

Paala Kai Well Layout

Chlorine
Contoct
Chamber

N =

• Observotion well
• I"Jectlon well

31



Plate VI

Cross-section at Paala Kai Experimental Well
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without injection, because the holding chamber that the effluent is

taken from was pumped dry. This also occurred for short periods at

numerous times during the day. Flow rates during injection ranged from

1.9 to 7.6 x 10-3 m3/s at this well. The well received 150 to 190 m3 of

effluent per day.

. -
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CHAPTER 4

MONITORING OF FUNCTIONING INJECTION WELLS

This chapter presents the field monitoring of functioning injection

wells around the island of O'ahu: the methods used, the results

obtained, and the conclusions to be drawn from those results.

METHODS

Water Quality Sampling at Functioning Injection Systems

Single grab samples were taken on approximately a monthly basis

from February through August 1980 and occasionally after that through

December 1981. The samples were taken at the well head whenever

possible. When that was not possible, they were taken from the chlorine

contact chamber or the final clarifier. Samples were generally taken

with a plastic bottle attached to a long pole and transferred to plastic

bottles plus one glass bottle for Oil and Grease determination. The Oil

and Grease sample was preserved with 5 ml of 6N HCl. All samples were

kept iced until returned to the laboratory within a maximum of three

hours. The pH and Total Residual Chlorine measurements were done in the

field at the time of sampling. The other analyses were done at the WRRC

Water Quality Laboratory, UH. An effort was made to vary the time of

sampling to include both low and high flow effluent. On June 17, 1980 a

twelve hour periodic sampling was performed at Ewa Villa to check daily

fluctuations under various flow conditions.
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Monitoring Functioning Well Performance

The well system treatment plant operator at each site was

interviewed as to operational practices and history of well and plant

performance in order to get a general picture of which sites were having

problems and the nature of the problems. The operators were

specifically asked about any remedial steps taken. At the time of

effluent sampling visual examination was made of the area around the

well for evidence of overflow. At most of the sites it was impossible

to get an accurate ffieasurement of flow rate or head buildup.

RESULTS

Water Quality Sampling at Functioning Injection Systems

A summary of the monitored O'ahu injectant quality is given in

Table 1. The data from which this summary is drawn are given in

Appendix 4. The averages given are from single grab samples taken at

various times of day and so may not represent the actual average

effluent quality for a given site. It should, however, give a good

indication of the range of values which would be found.

Effluent quality at a given plant can vary greatly from one

sampling time to another. This depends on the quality of the sewage put

into the -plant and on how well the plant is functioning at the time.

However, the results do indicate that certain plants, such as Paala Kai

WWTP and Waimanalo WWTP, have consistently lower concentrations of such

undesirables as BODS' suspended solids, and oil and grease than other

plants. Other sites such as Ewa Villa, Ewalani, and Haleiwa Surf have

much higher concentrations of these undesirables.
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Additional effluent quality data were obtained for the Waimanalo

WWTP and Paala Kai WWTP from the City and County of Honolulu. The

Waimanalo WWTP wells monitored in this portion of the study are the deep

wells used by the treatment plant for effluent disposal and should not

be confused with the shallow experimental wells which were installed at

that site.

A number of standard effluent analyses were performed on the

samples collected. Of particular interest were BODS' Suspended Solids,

Oil and Grease, pH, Total Chlorine Residual and Coulter Counter 

Particle Size Distribution. The BODS gives an overview of how clean the

effluent is and particularly of what the organic input into the

injection system will be. The suspended solids level is of interest,

along with the Coulter Counter - Particle Size Distribution, since the

particulate matter in the injectant is generally felt to be a major

contributor to clogging by blocking the pore spaces. The pH is

significant when carbonate dissolution is a possibility. Total Chlorine

Residual needs to be monitored as chlorination is a means of controlling

massive microbial growth in the porous medium which can cause clogging.

The following analytical techniques were used in analyzing these

samples: Alkalinity, Biochemical Oxygen Demand five day (BODS)'

Residue (Total Dissolved Solids - TDS, Suspended Solids, Total Solids),

Oil and Grease, Nitrate/Nitrite, Chloride, pH, Total Chlorine Residual,

and Coulter Counter Particle Size Distribution. The analytical

techniques and methods used are described in Appendix 3.



Table 1

Oahu Injectant Quality: February 1980 - December 1981

Ewa Villa Ewa1ani Haleiwa Kahuku Ku1ana Makaua Hakul.e La Paa1a Kai Pat's at Waimanalo
Surf Sugar Mill Village Village Sands WWTP Punaluu WWTP

Number of
Samples 7 7 9 8 7 9 9 4 9 10

BODS 41 52 33 6 15 27 25 10 9 13
(3-86) (19-100) (5-70) (1-12) (8-20) (8-61) (6-100) (5-19) (3-23) (2-32)

Suspended 81 81 38 29 13 44 23 9 10 10
Solids (23-214) (16-239) (6-86) (2-60) (4-24) (1-260) (4-57) (3-15) (1-22) (4-29)

Dissolved 543 606 574 430 594 351 597 509 314 296
Solids (490-613) (512-678) (411-776) (365-550) (563-632) (282-454) (482-795) (318-738) (267-408) (148-358)

Oil and 4 3 9 9 3 4 7 2 5 3
Grease (1-7) (3-4) (5-19) (3-18) (2-3) (0-11) (2-17) (1-4) (2-8) (1-5)

pH 7.3 7.2 7.2 7.7 7.3 7.2 7.1 7.0 6.9 6.8
(6.9-7.6) (6.9-7.7) (6.7-7.7) (6.7-8.3) (7.1-7.7) (6.6-7.9) (6.7-7.5) (6.4-7.4) (6.4-7.6) (6.0-7.6)

Alkalinity 152 121 133 38 182 88 30 141 38 72
(122-178) (68-218) (38-159) (7-59) (101-210) (53-127) (3-68) (91-198) (16-72) (28-133)

Chlorides 180 130 190 90 150 90 190 140 70 70
(140-340) (50-170) (120-260) (90-100) (80-180) (70-110) (110-220) (120-170) (40-100) (50-80)

N02/N03 0 5 0 8 2 3 17 2 7 8
(0-2) (1-9) (0-1) (5-11) (0-9) (0-11) (7-23) - (1-18) (0-12)

Total
Chlorine 0.2 0.1 0 0.7 0 0 0.2 1.1 0 1.5
Residual (0-0.4) (0-0.3) 0 (0.2-1. 3) 0 0 (0-0.4) (0.5-1.5) 0 (0-4.5)

Averages, with ranges in parenthesis.
All values in mg/l except for pH and number of samples.

LV
o..J
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Effluent quality was monitored over a 12 hour period at the Ewa

Villa site in order to have an idea of possible daily variations. Plate

VII shows the most significant variations. The complete data are given

in Appendix 4. No significant variations were noted in dissolved

solids. alkalinity. nitrate/nitrite. chlorides. total chlorine residual

or pH. However, there were marked variations in suspended solids. BODS

and oil and grease. The high concentrations correspond roughly to peak

flow periods from this extended aeration plant. Even at a given plant

there can be wide variations in effluent quality over a short period of

time depending on input quality and flow rates.

In order to get an idea of the particle size distribution. samples

were run through a Coulter Counter. which is an electronic particle

counter. The particles counted range in size between 1.59 and 25.4

micrometers. Plate VIII gives the particle distribution according to

the number of particles in a given diameter range. While this is only

one of nine samples that were run during the project, all samples showed

a very similar distribution, highly skewed toward smaller particles.

Plate IX gives the volumetric particle distribution for the four samples

of field effluent monitoring. The data from which these distributions

were calculated are given in Appendix 5.

Results from the Coulter Counter analysis of the particle diameter

distribution show that about 90% of the particles are smaller than 4

micrometers making them much smaller than the pore openings in the

porous media. This is down in the size range of bacteria. and it is

possible that many of the particles are microbes washed through from the

biological treatment process. The particle volume distribution shows no

consistent pattern. even between plants with similar suspended solids
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Plate VII

Daily Variations in Effluent Quality
Ewa Villa, July 17, 1980
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loads. A study of the Mililani WWTP. O'ahu (Lau et al •• 1978) found a

bimodal particle volume distribution grouped around 2 and 20

micrometers. No such consistent pattern was found in the samples

analyzed here. In comparing the particle diameter distribution with the

particle volume distribution it becomes clear that while the larger

diameter particles are few in number. their portion of the total

particulate volume can be quite significant.

Monitoring Functioning Well Performance

A number of the wells showed no problems during this period. while

others overflowed continuously. Still others showed periodic overflow.

responding for a period of time to well redevelopment and then starting

to overflow once more. Table 2 gives the observations from monitoring

done in 1980-1981.

Table 2

Performance of Monitored Injection Sites on O'ahu

INJECTION SITES

1. Ewa Villa
2. Ewalani
3. Haleiwa Surf Hotel
4. Kahuku Sugar Mill
5. Kulana Village
6. Makaua Village

7. Mokuleia Sands
8. Paala Kai WWTP
9. Pat's at Punaluu

10. Waimanalo WWTP

COMMENTS

Periodic overflow
Periodic overflow
No Problems
No problems. closed 1981
Continuous overflow
Continuous overflow corrected

in 1981 with new wells
No problems during this period
No problems. startup 1981
Periodic overflow
Overflow beginning late 1981.

corrected May. 1982

Since a wide variety of factors are involved at many of the

injection sites. it is difficult to say which effluent quality

parameters are most directly related to well performance and clogging.
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Furthermore, several of the wells were already overflowing at the time

of commencement of this study, and it is impossible to know antecedent

effluent quality conditions. Suspended solids and BODS are the

parameters most consistently associated with clogging. A number of the

sites do not meet the current EPA standards for secondary effluent (30

mg/l BODS and 30 mg/l suspended solids). Three of the four wells not

meeting EPA standards have experienced well overflow. To look at it

another way, three of the six wells that have overflowed during this

study are unable to meet EPA standards. To test the effects of

different effluent qualities on the rate of clogging, much poorer

quality effluent was injected at one site, Paala Kai, for several weeks

in November-December, 1981. Generally the effluent was filtered through

the rapid sand filter and chlorinated to about one mg/l Total Chlorine

Residual. However, during these weeks the injectant was taken prior to

filtration and chlorination so that both BODS and suspended solids were

about triple their normal low levels. During this period clogging took

place somewhat faster. With the usual filtered and chlorinated

effluent, loss of specific injection capacity was about 1.g x 10-4

m3/s/m/day; with unfiltered, unchlorinated effluent it was about 2.3 x

While the poorer quality effluent did cause an

increase in the rate of clogging, it was not as much as had been

expected for such a great deterioration in injectant quality.

CONCLUSIONS

While it is difficult to draw any specific conclusions from the

results, it is clear that those plants with cleaner effluent generally
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have fewer problems. Every effort should be made to meet the EPA

standards of 30 mg/l for BODS and suspended solids. This implies

careful plant operation and adequate training of operators.

The inconclusive data point out the lack of understanding of the

role that organic loading, suspended solids, oil and grease, and

microbes play in clogging. It was not possible simply by monitoring

existing well systems to make any definite statements about what was

causing clogging. This pointed out the necessity of having an

experimental well system which could be manipulated to test different

hypotheses and where a more careful examination of the clogging

processes could be performed.
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CHAPTER 5

APPROPRIATE TECHNOLOGY DETE&~INATION AT EXPERIMENTAL WELL SITES

Experimental well sites were set up at Waimanalo WWTP and Paala Kai

WWTP to be used in experiments to determine what technology was

appropriate to Hawaiian hydrogeologic conditions. This included

developing techniques to determine how much injection capacity should be

designed into a well system and evaluating different well redevelopment

techniques for their efficacy in reversing the effects of clogging.

METHODS

Pre-injection Aquifer Testing

Prior to the start-up of injection at Waimanalo and Paala Kai both

pump tests and injection tests were performed.

Waimanalo Pump Test: The wells were pumped at rates of g.5 to 10.t x

10-4 m3/s for periods varying from 15 to 30 minutes, until they appeared

to stabilize (i.e., no further change in drawrlown). The depth to water

was measured with a tape measure or an electric circuit depth-to-water

probe just prior to the start of pumping and then at intervals that were

very short in the beginning when most of the change occurrerl, but became

progressively longer. If the well had observation weI Ls their drawdowns

we re also monitored similarly. The "steady state" values were us ed in

the capacitv determinations. Once the pump was turned off, the recovery

of the drawdown in the well and in any associated observations wells was

recorded. Pump test data were employed llsing hath the Thiem Equation
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Method to determine the hydraulic conductivity and

storativity of the aquifer.

Waimanalo Injection Tests: Freshwater from the municipal system was

used to inject
-3 3

at rates of 1.1 to 1.9 x 10 m Is for periods varying

from 10 to 80 minutes until the well stabilized. Head buildup and

recovery were monitored by the same method as described above for

drawdown.

Paala Kai Pump Test: The well was pumped at 4.1, 5.7 and 6.3 x 10-3

m3/s for 10, 15, and 30 minutes respectively. The drawdown and recovery

were monitored in the main well (PK-l on Plate V) and in two additional

wells (#2 and #3) at 15.4 m and 31.2 m from the injection well. Pump

test data were employed using Jacob's Method to determine the hydraulic

conductivity and storativity of the aquifer.

Paala Kai Injection Test: Municipal freshwater was injected at a rate

of 5.4 x 10-3 m3/s for 30 minutes, although the well had essentially

stabilized after 2 minutes. Head buildup was monitored in the main well

only using the electric circuit depth-to-water probe.

Monitoring Flow Rate and Head Buildup

In order to determine the injection capacity and its changes with

time, the flow rate to the wells and the head buildup were measured.

Initially this was done quite frequently, on almost a daily basis, and

later on approximately a weekly basis. The flow rate was measured by an

impeller flowmeter inserted in the pipe of the distribution system about

0.5 m from the discharge to the well. The flow could be regulated at

each well by a valve, so that if it became necessary to decrease the

flow because the well was about to overflow, this could be done easily.
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The head buildup was determined by measuring the depth to water in the

injection well and the depth to the water table. At Waimanalo the depth

to the water table was measured in Well 6-1 which was not being used for

injection. At Paala Kai the depth to the water table was measured in

the main well during periods of non-injection. This was done

approximately monthly, but as there were only small changes in the water

table, this was deemed sufficient.

Redevelopment Experiments

Flow and head buildup measurements were taken just before and just

after redevelopment to determine the amount of improvement obtained.

Details on redevelopment (duration and amount of chemicals applied)

appear in Tables 0 and 8.

Pumping: The wells were pumped at the maximum rate possible, usually

for 30 minutes. At Waimanalo the maximum rate was limited to that which

would just keep the wells from running dry, generally
-4

3.2 to 9.5 x 10

3 Pilala the limiting factorm Is. At Kai was the size of the pump, which

could produce about 7.6 x
-3 3 The Paala well10 m Is. Kai was never

pumped dry. The intake hose was generally just a short distance from

the bottom of the well.

Air compressor: TI1e hose of an air compressor producing an airflow of

either 1.3 was placed down the well, sometimes with

lengths of PVC pipe attached to the end, illthough this proved

unnecessary. The end of the hose or pipe was moved periodically up and

down the well in an attempt to clean up specific zones of the injection

stratum. Water and suspended matter that were blown out of the well

were allowed to lie on the ground around the well head.
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Chemical treatments: The chemicals were placed in the wells, frequently

with injection of .76 to 1.13
3m of effluent to insure that they

Acid:

Chlorine:

travelled further out into the formation. With some chemicals different

concentrations were tested. The chemicals were left in the wells for 1

to 7 days without' any injection. In most cases after chemical treatment

the wells were pumped out prior to resuming injection operations. In

some cases, however, injection was restarted without pumping out the

wells to observe the effects of purely chemical treatment. If the wells

were pumped out after treatment, this was usually done at the maximum

possible rate for about 30 minutes.

The following chemicals were tested:

Commercial Grade 32% HCI - sold as Muriatic Acid

by pool supply stores.

Sodium Hydroxide: Reagent grade NaOH pellets.

Both calcium hypochlorite and sodium hypochlorite

powder as sold by pool supply stores were tested.

Hydrogen Peroxide: 35% (Food Grade) Hydrogen Peroxide.

Detergent: Alconox commercial dishwashing detergent.

SHUR-GO: This commercially marketed product which is an

extract from micro-organisms and kelp has,

according to the manufacturer, enzymes and

micronutrients which aid in the breakdown of

organic matter and stimulate bacterial

biodegradation. Water samples were pumped out

briefly and analyzed for microbial hiomass (see

Appendix 3 for complete description of ATP

analysis) to check for bacterial stimulation.
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Letting well sit idle: Flow to a particular well or a group of wells

was stopped for periods of time ranging from 7 to 30 days.

RESULTS

Pre-Injection Aquifer Testing

Injection and pump tests were run on the Waimanalo experimental

wells in January 1980 shortly after they were dri.lled. Pump tests were

run on the Paala Kai experimental well in February 1981. Table 3 gives

the hydraulic conductivities and storativities determined from the pump

tests.

Table 3

Pump Test Determined Hydraulic Conductivities
and Storativities

Well

Waimanalo
4-5
4-5
6-2
6-2

Paala Kai
PK-l

Hydraulic

Conductivity
-4mls x 10

8.8
1.5
7.6
3.7

120

Stora t i vity

0.0043

0.014

0.008

Method

Jacob
Thiem
Jacob
Thiem

Jacob

The two methods used gave different values, in part due to the lack

of precision inherent in pump testing and in part because the Jacob

method is a transient method and the Thiem method is a steady state

method. Since the pump tests were performed for only short periods of

time, the Jacob method probably gives a more accurate estimate.



50

The hydraulic conductivity at Paala Kai is one to two orders of

magnitude greater than the hydraulic conductivities determined at

Waimanalo. This means that for the same thickness of injection stratum

(which is approximately the case for these two sites) the injection

capacity would be expected to be one to two orders of magnitude greater,

and clogging could be expected to be less severe.

In addition to the January 1980 tests, in May 1980 another series

of fresh water injection test was performed immediately prior to the

commencement of effluent injection. Results of the January and }~y

injection tests are given in Table 4 along with the results of effluent

injection. Also included are the relationship between the results of

effluent injection and the May injection test. The results are given in

terms of specific capacity, which is the flow rate divided by the amount

of head buildup or drawdown, since different flow rates are often used.

Specific capacity is expected to be reasonably constant for a given

formation. Some variations from constancy are due to greater well

losses at high flow rates. The "approximate steady value" in the last

column refers to the injection capacity to which the well leveled off

after several weeks of injection.

A number of pump and injection tests have been performed on the

Paala Kai well since it was drilled in 1979. The results are given in

Table 5.

The short term approximate steady value for the effluent injection

capacity is about 55% of the July 1981 injection test value. The long

term approximate steady value is around 33% of the }~y 1981 injection

test value; this is the more appropriate value to use, since mud which



Table 4

3 -4Waimanalo Injection Capacity (m Islm x 10 )

January January Hay % of 8 hr of % of Approx % ofFresh Hater Fresh Water InitialWell Pump Injection Injection Effluent May Effluent Hay Steady May
Test Test Test Fresh Injection Fresh Value Fresh

4-3 11.8 11. 2 4.7 4.3 44% 3.1 32% 0.8 8%

4-4 12.8 12.0 11.2 4.5 40% 2.1 18% 1.4 13%

4-5 10.1 10.6 8.1 2.3 28% 1.7 21% 1.0 13%

6-2 9.5 10.8 8.3 3.1 38% 2.1 24% 0.8 10%

6-3 21. 7 18.2 15.9 8.1 51% 5.8 36% 1.4 9%

U1
I-'
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seeped into the well during drilling in June 1981 was removed by

redevelopment.

Table 5

Paala Kai Injection Capacity

Specific Capacity

Performed By 3 -3Test Date (m /s/m x 10 )

Pumping Roscoe Moss 10/79 4.00
Pumping WRRC 01/81 8.94
Pumping WRRC 02/81 7.18
Pumping WRRC 02/81 9.32

Fresh Water Injection Roscoe Moss 10/79 1.76
Fresh Water Injection Belt Collins 10/80 3.58
Fresh Water Injection WRRC 05/81 6.29
Fresh Water Injection WRRC 07/20/81 2.21

Initial Effluent WRRC 07/20/81 1.80
Approx. Steady Value WRRC 08/ Ii /81 1.24

The standard means of evaluating the injection capacity of a new

well is by running a pump test or injection test on it. Pump tests are

often run because there is no water source available for an injection

test. Injection tests are generally considered to give lower values

than pump tests, presumably due to air entrapment. Injection test

specific capacities at the USGS Bay Park, N.Y. study site were 10-30%

lower than the corresponding pumping ones (Vecchioli, 1972). The

Waimanalo results, however, show both lower and higher values for pump

tests compared to injection tests. At Paala Kai, the 5/81 WRRC

injection test indicates a capacity that is 12 to 32% less than that

indicated by the earlier WRRC pump tests.

To nroject the total injection capacity for the Waimanalo site

based on the January 1980 injection tests, the total specific injection
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capacity of the five wells is multiplied by the allowable head buildup

space, 1.5 m, to give an approximate total injection capacity for the

site of 9 x 10-3m3/ s . A similar calculation for Paala Kai based on the

5/81 fresh water injection capacity and considering that the depth to

the water table is 3.0 to 3.4 m would give an injection capacity of 16 x

If the July figure is taken instead, the

I I d . would be 5 x 10-3m3/ s .ca cu ate capac1ty

At both sites there was a drop in injection capacity between the

initial injection testing and the testing just prior to the start up of

effluent injection. At Waimanalo in the four intervening months that

the wells lay idle, part of the injection capacity was lost. This was

perhaps due to the wells not being grout-sealed for several months and

water and clay travelling into the injection formation along the outside

of the casing. At Paala Kai the large drop in injection capacity

between May and July, 1981 was most likely caused by mud flowing into

the main well during the drilling of nearby observation wells. The main

well was not redeveloped after the observation well drilling. Also, at

Paala Kai there are wide variations between the earlier testing (1979

and 1980) and the January-May 1981 tests. TIlese may be due to the well

not having been properly redeveloped after drilling. Another

possibility is that variations in testing techniques produced the

disparities in the results. This points out the need for recognition

that different testing conditions lead to different conclusions and the

need for standardization of testing practices.

l{hen effluent injection commenced, both Paala Kai and Waimanalo

showed a large immediate drop in injection capacity. At WaimRnalo there

was an immediate reduction to about 40% of the capacity indicated by
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At Paala Kai the injection capacity

dropped immediately to about 80%. It is unclear what causes this marked

loss in injection capacity upon the commencement of effluent injection.

One possibility is a change in soil structure in the receiving formation

due to a change in ionic composition of the water. Another suggestion

by Baffa (1970), who also found a large immediate drop in injection

capacity, is that the the lower surface tension of sewage effluent

causes it to interact differently with porous media than does fresh

water. Lower surface tension can promote bubble formation so that gas

binding of the aquifer could be greater with effluent than fresh water.

At Waimanalo, after only about 8 hours of effluent injection, the

injection capacity was further reduced to about 25% of the fresh water

injection capacity. The injection capacity at which the wells appeared

to level off after a few weeks was about 10% of the fresh water

injection capacity. At Paala Kai the approximate steady state capacity

was about 33% of the initial fresh water injection capacity. Thus the

final "maintainable" injection capacities are much lower than those

indicated by the pre-injection aquifer testing.

Injection Capacity as a Function of Time

The injection capacity of the well is given in terms of the

specific capacity, and changes in the specific capacity have been

followed with time. Plate X gives the initial injection history of the

five experimental Waimanalo wells. Plate XI gives the complete history

of one well; the other four followed very similar patterns. Plate XII

is the specific capacity versus time plot for the Paala Kai well.
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Plate X

Initial Injection Capacity, Waimanalo Wells
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Plate XI

Injection History, Waimanalo Well 6-3

~ ;;; 0• " ~ il
z

• ~. 0 Z a

£ ~ .
> §' ..0z

&
. -'

z i
f
l

~

~

" ..-.
;~!li ...

:l : ~ ..
00..

u Z0
~.,

"
>e
Z

......
~

~ :
:l. ~

U
0

iii
o_ N

CD CD CD
(1'1 (1'1 (1'1

~....
:II 0",

"...
;

~..... ~
t -,..

~
/0

-' :~
:II. <>:-...

~
0

'"
~

Z .
~

f ~
-'

e

l{
~..

~.. I- :.: z..
" '!:II

0 0 0 0

(?_OT X urs/ ill) &~pede::> ;)HpadS
£:



10 Air Compressor

x~ . Pumping

___......... ,Non-,nJeCI,on ~.
C"") • • • ' Pumping I • I

-"" .....o.........-l'•

InJee,ion With unfiltered
Unclllo,inolea ElIluenl

Acid Treatment
ana Pumping

f-?
I

Pumping :

r-------..l

H
::lw.
(1)
n
rt
t-'.
0
::l

::r:
t-'.
en
rt
0 "d
'1 ......
'< III

rt
(1)

FEB "d
llJ >::
III H
...... H
III

:;<:
llJ
t-'.

:lC
(1)
......
......
"d
:;<:
1

......

AUG

JAN 1982

JUL

SOdium Hydto"ide
and Pumping

DEC

JUN

NOV
1981

MAY

OCT

6

8

AU" SEPT
:>-.
~

'M
U
CO tl
Po
CO Air Compressor

U

U 6
,

oM
I

..... I

'M
I

U .jl
I

Q) I 0

Po Non-Injection I
tf) • I

C
.. • • •

0
FEB MAR APR

'"C"l
I
o
.-i ..

1982

Ul
-...J



Those rare

58

Changes with time were in part brought about by redevelopment, which was

performed periodically on each of the wells.

Injection capacity almost always decreases with time.

exceptions, such as when acidic organic waste was injected into a

Florida limestone aquifer causing solution of the carbonate and an

increase in injection capacity (Faulkner, 1975), are not found with the

injection of treated domestic sewage where the pH is close to neutral.

Whatever dissolution of the injection formation that does take place is

not sufficient to counteract the clogging which is caused by other

processes.

This almost inevitable loss of injection capacity points out the

need for periodic well redevelopment and for taking future clogging into

account when designing the total facility injection capacity. These two

needs have frequently not been met in the past and have played a major

role in well system failure.

A typical specific capacity versus time curve shows a rapid initial

drop which gradually tapers off into a fairly steady slow decrease. The

wells never really stabilize to a steady value but will continue to

decrease as long as injection continues. The rapidity of the loss of

injection capacity is a function of the hydrogeologic characteristics of

the injection stratum and of the quality of the injectant. Roth the

initial and total loss of injection capacity was much greater at

Waimanalo where the injection formation was significantly less permeable

than at paala Kai. The experiment previously merltioned with two

injectants of different quality at Paala Kai showed that poorer quality

effluent causes the well to clog at a faster rate.
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Efficacy of Redevelopment Techniques

Since loss of injection capacity continues, it is necessary to

redevelop the wells periodically to regain some of that loss if a

reasonable injection rate is to be maintained. For a number of years no

redevelopment of sewage effluent injection wells was practiced in

Hawai'i. It is only in the last couple of years that a few of the wells

have begun to be treated to restore injection capacity. Redevelopment

by air compressor with a very occasional chemical treatment seems to be

the predominant technique used.

A number of different redevelopment techniques were tested at the

Waimanalo site. These, along with their effectiveness, are summarized

in Table 6. Effectiveness of a technique will depend in part on how

clogged the well was originally. However, these wells were clogged to

approximately the same degree (as reflected by their specific injection

capacity) prior to each redevelopment, so that a comparison between

various redevelopment methods is valid. In addition to the initial

improvement, it is important to determine how long that improvement

persists. For this reason, the percent improvement twenty days after

redevelopment is also given. Some of these values are negative; in

other words, the injection capacity is lower after twenty days than at

the time of redevelopment.

As part of the SHUR-GO treatment water was pumped three times from

the well and analyzed for bacterial levels. The results are given in

Table 7.



Table 6

Effectiveness of Redevelopment Techniques for the Waimanalo Experimental Wells

Specific Capacity Specific Capacity Improvement
Well Treatment (m3/s/m x 1O-~) Improvement After 20 Days After 20

Before After (m3/s/m x 1O-~) Days

Redevelopment II, June 1980, 28 days of injection

4-3 .93 1.47 58% 1.14 22%
4-4 Air compressor 3.3 x 10-2 m3/ s 1.66 2.32 40% 1.86 13%
4-5 .83 2.07 150% 1.14 38%
6-2

for 15 minutes 1.14 2.01 76% 1.68 47%
6-3 1.97 4.24 116% 2.24 14%

Redevelopment 12, July 1980, 27 days of injection

4-3 .99 1.47 48% 1.14 15%
4-4 Air compressor 4.7 x 10-2 m3/s 1.82 2.71 49% 2.24 23%
4-5 .93 1.84 98% 1. 32 42%
6-2 for 15 minutes 1.59 2.11 32% 1.66 4%
6-3 2.21 3.35 51% 2.77 25%

Redevelopment 13, September 1980, 67 days of injection

4-3
4-4
6-2
6-3

Pumping at maximum rate without
running well dry for 30 minutes

.85
1.43

.99
1. 76

1.18
2.17
1.26
2.77

39%
52%
27%
58%

.87
1. 37

.89
1.35

2%
-4%

-10%
-24%

4-3
4-4
6-2
6-3

Redevelopment 04, October 1980, 35 days of injection

Wells chemically treated, allowed to sit
6 days, pumped out

600g Ca-hypochlorite put down well & stirred
500g NaOH injected
600g Ca-hypoch10rite injected to 500 mg/!
l800g Ca-hypochlorite injected to 1500 mg/t

.75
1. 37

.83
1.36

1.66
2.42
2.17
3.93

122%
77%

163%
188%

1.24
2.21
1.55
2.77

67%
62%
88%

103%

Redevelopment 15, January 1981, 71 days of injection

4-3 1.18 1.97 67% 1.28 9%
4-4 Air compressor 4.7 x 10-2 m3/s 1.61 2.38 47% 2.05 27%
4-5 1.06 2.24 112% 1.41 59%
6-2 for 15 minutes 1.06 1.61 53% 1.18 37%

2.26 3.85 71% 2.42 7% 0\6-3 0



Table 6. (Continued)
for the

Effectiveness of Redevelopment
Waimanalo Experimental Wells

Techniques

Well Treatment
Specific Capacity

(m3/s/m x 10-~) Improvement
Before After

Specific Capacity
After 20 Days

(m3/s/m x 10-")

Improvement
After 20

Days

Redevelopment 16. February 1981, 35 days of in1ection

4-2
4-4
4-5
6-2
6-3

Pumped at maximum possible rate for
30 minutes

1.28
1. 76
1. 35
1.20
2.19

1. 76
2.38
1.80
1. 35
3.42

37%
35%
34%
12%
56%

1.12
1. 76
1.26
1.22
2.15

-13%
0%

-6%
2%

-2%

4-3
4-5
6-3

Redevelopment d7, May 1981, 74 days of in1ection

Wells chemically treated, allowed to
sit 24 hours, not pumped out

3.8 x 10-3m3 32% HCl injected
750g NaOIi injected
1000g Na-hypochlorite injected

Redevelopment #8, June 1981, 25 days of in1ection

1.01
1.06
1.66

2.09
1.45
2.48

106%
37%
50%

1.80
1.24
2.44

78%
18%
48%

4-3
4-5
6-3

9 days of non-injection,
not pumped out

1.80
1.24
2.42

2.03
1. 74
2.53

13%
40%

4%

1.64
1.18
1.97

-9%
-5%
-1%

-------------------------------------------------------------
Redevelopment 19, July 1981, 33 days of injection

Wells treated and pumped out poorly,
.19-.38m3 (50-100 gal)

4-3 7 days of non-injection
4-5 1000g Na-hypochlorite injected, left 24 hrs
6-3 1000g Na-hypochlorite injected, left 7 days

1.45
1. 35
2.42

1.97
1.86
2.50

27%
38%

3%

1.86
1.35
2.07

29%
0%

-15%

4-3
4-4
4-5
6-2
6-3

Redevelopment 810, October 1981, 80 days of injection

Wells chemically treated. left 24 hrs.
pumped out well, .76-1.51m3 (200-400 gel)
except for 6-3

1000g Na-hypochlorite injected
1000g Ca-hy~och1orite injected
3.8 x 10-3m 32% HCl injected
1000g Ca-hypochlorite injected
SIiUR-GO dripped into well several times
daily for many days

1.66
1.95
1.08
1.45
1. 76

2.17
3.25
2.59
2.48
3.27

31%
67%

140%
71%
86%

1.59
2.11 .
1.86
1. 76
2.55

-4%
9%

73%
21%
45%

'"f-'



Table 6. (Continued) Effectiveness of Redevelopment Techniques
for the Waimanalo Experimental Wells

Well Treatment
Specific Capacity

(m3/s/m x 1O-~)

Before After
Improvement

Specific Capacity
After 20 Days

(m3/s/m x 10-4)

Improvement
After 20

Days

Redevelopment Ull, November 1981, 43 days of injection

4-4
6-2

1000g Na-hypochlorite in well, left 24 hrs
pumped out

1.97
1.41

2.69
2.09

37%
46%

2.26
1.78

15%
26%

Redevelopment '12, December 1981, 72 days of injection

Wells chemically treated, left 48 hours
4-3 and 4-5 pumped out well, 6-3 not
pumped out

4-3 2.65 x 10-2 m3 35% 11202 put in well 1.57 1.55 -1% 1.04 -34%
4-5 1.23 x 10-2m3 35% 11202 put in well 1. 35 1. 32 -2% .95 -29%
6-3 0,38 x 10-2m3 35% "202 put in well 1. 76 1.43 -19% 1. 76 0%

Redevelopment 013, April 1982, 156 days of injection

4-4
6-2

Non injection for 7 days followed by
pumping out

1.24
.91

2.07 (1.00) 67%
1.68 (.81) 84%

1.53
1.25

23%
36%

Redevelopment #14, June 1982, 188 days of injection

4-3
4-5
6-3

1000g detergent injected
left 24 hours
pumped out

.87

.79
1. 39

1.28 (.62)
1.37 (.66)
2.24 (1.08)

48%
74%
61%

'"N
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Table 7

Bacterial Levels in SHUR-GO Treated Well

Pumped Sample

Pre SHUR-GO
Day 4
Day 21

ATP-biomass Index
(ng/ml)

35 + 6
0.3 + 0.0
0.4 '+ 0.2

Many of the same redevelopment techniques as tested at Waimanalo

were performed on the Paala Kai well. The results of the Paala Kai

tests are given in Table 8.

Physical Techniques: Methods used to increase the capacity of wells can

be broadly classified as physical, chemical or biological. The most

common form of well redevelopment seen in the literature is by flow

reversal, either by pumpage or by blowing the water out with an air

compressor. Flow reversal is thought to function by dislodging

entrapped particles and removing them from the injection stratl~ with

the water.

Of the two purely physical techniques, blowing the well out with an

air compressor is substantially more effective than pumping the well out

for Hawai La n hydrogeologic conditions. At Waimanalo the air compressor

treatment showed an average improvement of 70%, with 25% improvement

still remaining after twenty days, while the pumping showed only a 40%

average improvement with -5% after twenty days. \fhat this means for

these wells is that in order to mainti'lin a given capac ity, it probably

is necessa ry to pump these wells out every fifteen days, while air

compressor redevelopment would have to be done only every 30-40 days.

The greater effectiveness of the air compressor may he due to the
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Table 8

Effectiveness of Redevelopment Techniques for the Paala Kai Experimental Well

Length of Specific Capacity Specific Capacity Improvement
Injection Treatment (m3/a/m x 1O-4) Improvement After 20 Daya After 20

{!Jay a} Bi!f()re After (m3/ s /m x 1O-4) Days

Aug. 1981

Sept. 1981

Oct. 1981

21 Non-injection for 30 daya 12.2 13.9 14%

6 Pumped 1.9 x 1O-3m3/s 11.4 19.3 69%
for 30 min.

14 Pumped 7.9 x 1O-3m3/ s 13.5 29.8 122% 17.2 28%
for 40 min.

Nov. 1981

Dec. 1981

Jan. 1982

April 1982

May 1982

June 1982

28

47

25

34

32

29

Air compressor, 4.7 x 10-2m3/s
for 30 min.

Pumped 7.6 x 10-3m3/s
for 45 min.

3.8 x 10-3m3, 32% HCl injected,
left 24 hrs, pumped out

Air compressor, 4.7 x 10- 2m3/s
for 30 min.

700g Na-hypoch1orite injected,
left 24 hrs, pumped out

1000g NaOH injected, left
24 hrs, pumped out

15.5

13.2

14.9

21.5

36.2

41.4

97.9

21.9

41.4

65.6

45.1

46.0

531%

66%

178%

205%

25%

11%

41.4

17.2

34.8

41.6

167%

30%

62%

15%

0'
.p-
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surging action as the water tended to shoot out of the well in great

bursts followed by a few seconds of quiescence. Another possible

explanation was that it was never possible to get very substantial flow

coming out of the wells while pumping them as the wells would rapidly

-4 3
run dry if pumped at any more than 3-9 x 10 m Is. When surged by rapid

increase of the pumping rate. a great increase in dark color and

particulate matter. similar to that produced at the startup of pumping.

was noted. Thus. surging while pumping probably has a greater cleansing

affect than just pumping at a constant rate. In some wells, sheets of

slime have been observed to be blown off the well casing during

redevelopment by air compressor. but no such slime was observed with

these wells.

At Paala Kai air compressor redevelopment was far more effective

than pumping. The second air compressor redevelopment performed five

months after the first was not able to restore the well to the injection

capacity that the previous treatment had. Pumping at higher flow rates

had a more restorative effect than at lower rates. The increased

pumping rate in October 1981 over September 1981 doubled the improvement

in injection capacity. However, pumping at the same high October 1981

rate two months later could not clean the well up as mllch. The December

19R1 improvement in injection capacity was only about half of what it

had been in October 1981. There was progressively more non-removable

clogging material in the injection stratum with time.

Chemical Techniques: A variety of chemical treatments have been used.

especially as a means of recovering the injection capacity not

recove rab Le by pumping.
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At Waimanalo, treating the wells chemically followed by pumping

generally produced a greater and longer lasting improvement than either

physical technique. The wells would probably need to be treated on a

90-100 day schedule if chemical treatment were included. It was found,

however, that merely putting the chemicals into the well was not enough

to cause a major improvement. It was necessary to pump the wells out

after letting the chemicals remain in the injection stratum for a day in

order to get significant improvement. It also

effective to inject the chemical farther out into the

appears to be more

stratum, despite

the dilution effect, rather than just putting a given quantity of

chemical into the well bore and letting it remain there to penetrate

only that part of the injection stratum immediately adjacent to the

casing. The chemical treatment lost some of its efficacy as time went

on. For instance, the calcium hypochlorite treatment was twice as

effective in October 1980 as in October 1981.

Of the various chemicals tested, hydrochloric acid was the most

effective. Acid treatment functions by dissolving away chemical

precipitates, be they chemical deposits or cements that block the pore

spaces or the porous medium itself. Since the wells had PVC casing

there was no problem of casing corrosion; however, acid treatment in

steel casings could create problems. Water pumped out afterwards had a

sulfurous odor. This was presumably from the dissolution of iron

monosulfide which has malodorous hydrogen sulfide as one of its

products.

Shock chlorination, using hypochlorite powder commonly used for

swimming pools, also proved quite effective. Hypochlorite is a strong

oxidizing agent, and it oxidizes and solubilizes reduced compounds such
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as organic matter or iron sulfide. It was found that the higher the

concentration of chlorine, the greater the improvement in injection

capacity. The redeveloped water that was pumped out was clear, as

opposed to untreated redeveloped water which was dark, with a high

suspended solids concentration. Of the two kinds of chlorine used, the

calcium hypochlorite gave better results than the sodium hypochlorite

despite the fact that the calcium hypochlorite contained a large

quantity of calcium carbonate filler which does not dissolve readily.

Somewhat less effective, but still better than pumping alone, were

treatments with sodium hydroxide and with detergent. Both would

solubilize organics, particularly oil and grease. The water pumped

after the detergent treatment remained a dark brown color much longer

than was normal for repumping alone.

Treating the wells with hydrogen peroxide made them worse rather

than better. Hydrogen peroxide is a strong oxidizing agent and

solubilizes organic matter. "202 has been successfully used in treating

septic tank seepage systems (Harkin et al., 1977). When the hydrogen

peroxide was applied to the wells, a frothy brown foam bubbled out.

l.Jhile this might not be a problem in a septic tank system where the

gases could escape, bubble formation in a confined aquifer could cause

gas binding of the porous medium which could only be removed very

gradually.

The SHUR-GO treated well showed a marked improvement after just a

few days of application. According to the manufacturer, Hi Bar Ltd., it

contains enzymes, wetting agents and critical nutrients for the growth

of bacteria. Stimulation of the microorganisms is thought to promote

greater biodegradation of clogging organics. While the product did not
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maintain its high initial improvement, the specific capacity did level

off at a value higher than before treatment. Water repumped from the

treated well was much clearer than normal. It was analyzed for

bacterial levels, and the results indicated a reduction in microbial

population rather than an increase. Perhaps some process other than

bacterial stimulation is causing the increase in injection capacity.

Of the chemical treatments tested at Paala Kai, hydrochloric acid

was by far the most effective, and was more effective than pumping

alone. Shock chlorination and sodium hydroxide produced some

improvement, but probably not much different from what could have been

produced by pumping alone. Part of this may be due to the fact that the

wells were still relatively clean at the time of redevelopment.

One difficulty with redevelopment, particularly where chemicals are

involved, is the disposal of the water removed. Means of disposal

should be designed into new injection systems. When such treatments as

acid stimulation or shock chlorination are used, it would be unwise to

recycle the repumped water through the treatment plant since this could

cause plant upset.

Biological Treatment: Extended periods of non-injection have been

observed in the literature to have a restorative effect on injection

capacity. During that time it is thought that the microbial population

increases and biodegrades away the accumulated organic suspended solids.

Letting the wells rest at Waimanalo for a period of time was not

effective on its own; however, resting followed by pumping was more

beneficial than either pumping or resting alone. If there is breakdown

of the clogging materials during the rest period, these degraded

materials must be removed hy pumping in order to restore injection
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capacity. At Paala Kai letting the well rest without injection for a

month produced only a small improvement which disappeared after only a

few days. Again it appears necessary to pump the wells out after a rest

period.

In all cases the improvement achieved by redevelopment is not

permanent, as clogging will recur and subsequent redevelopment will be

necessary.

CONCLUSIONS

There are a number of steps which can be taken to insure that an

injection well system will be maintained in the best working condition

possible over a number of years.

The site should be selected with care, making sure that the stratum

is sufficiently permeable and that

buildup. Injection strata with low

initial injection capacity, such as

there is adequate space for head

hydraulic conductivity and low

the one used for the \.,raimanalo

experimental wells, should probably not be used for wastewater disposal

in the Hawaiian Islands. The clogging is too rapid and severe and

redevelopment is only moderately effective. High hydraulic

conductivity/injection capacity sites such as Paala Kai should be sought

out since at these sites clogging proceeds more slowly, loss of

injection capacity is less, and the wells respond well to redevelopment.

While injection or pump testing is clearly necessary to obtain an

idea of the future effluent injection capacity, the indicated value

should not be taken as the long-term capacity of the wells. If only a
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pump test can be run, the capacity determined should be reduced by a

factor to indicate what the corresponding injection test would have

produced. At Paala Kai the fresh water injection test averaged a 25%

lower specific injection capacity than the pump tests. Reducing the

pump test results by 25% should give a closer estimate of the fresh

water injection capacity. The observations from Paala Kai here are used

rather than those from Waimanalo, since Paala Kai is more typical of

injection situations on O'ahu. For hydrogeologic conditions distinct

from those in Hawai'i, an appropriate reduction factor would have to be

determined.

The injection test results must undergo a reduction if they are to

provide an accurate capacity to be used in the determination of the

number of wells needed and in the injection system layout. The

understanding that clogging is inevitable must be taken into account.

In order to be able to predict a "maintainable" injection capacity, a

reduction factor must be employed. This factor must be related to the

hydrogeologic characteristics of the receiving formation. As can he

seen by comparing the Waimanalo and

fine-grained, less permeable material

severely than the more permeable one. At

injection capacity was approximately a

the Paala

clogs more

Paala Kai

third of

Kai results, the

quickly and more

the maintainable

that indicated by

injection testing. At Waimanalo the maintainable injection capacity was

only about one tenth of what had originally been indicated. The

reduction factor can be placed on a sliding scale depending on the

initial capacity of the well. Table 9 gives injection test reduction

factors for Hawa Li a n hydrogeologic conditions based on the results from

Waimanalo and Paala Kai. In designing the well system capacity, the
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As a

precautionary measure against well overflow, the system should be

designed to handle double the maximum expected inflow rate, so there is

a means of disposal available during well redevelopment and other

maintenance practices and for unforeseen contingencies.

Table 9

Injection Test Reduction Factors
for Injection Capacity Determination

Test Flow Rate
3 -4(m /s x 10 )

>60
30-60
15-29
>15

% of Tested

Capacity

33.3%
25%
20%

Should not be used
for injection

An additional conclusion from the Paala Kai injection capacity test

data is the need for standardization of the testing format. A suitable

format for Hawai'i would be:

Duration of Test: Several hours or until the water level

stabilizes, if stability requires more time. In Hawai'i

water levels in pump and injection testing generally

stabilize in a matter of minutes.

Flow Rates: As similar as possible to those anticipated under

operating condition

Allowable Head Buildup: Buildup to within one meter of the ground

surface.

Data to be Reported:

1. Datum point for all water level measurements;
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2. Initial depth to groundwater table;

3. Injection (or pumping) rate;

4. Water levels in well through the test and for one half

hour after termination of injection (pumping);

S. Tidal cycle conditions during test if well is affected by

tidal variations.

It is necessary to redevelop the wells on a regular basis,

preferably before they become too badly clogged. To do this it is

necessary to monitor the flow and head buildup with time to determine

the frequency with which redevelopment is needed. Records should be

maintained of the flow rate to each well and of the injection head

buildup. Most well disposal systems in Hawai'i are not designed to

measure flows to individual wells (and usually not even the total flow).

Frequently access to the well heads is difficult, hampering the taking

of water level data. Plants in the future should be designed to allow

for ease in both measurements.

Well redevelopment should be done either on a regularly scheduled

basis or when the well falls below its "maintainable" capacity. Records

should be kept of all well maintenance operations. The well system must

be designed to facilitate redevelopment and to collect and dispose of

redeveloped water.

Of the redevelopment techniques tested, the most effective were

blowing the well out with an air compressor and treating the well with

acid followed by pumping. Perhaps some combination of the two, such as

alternating between the air compressor and the acid stimulation, would

prove to be the most productive over the long run. In non-carbonate
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injection strata the acid treatment may prove to be less effective than

it has at the two experimental well sites.

With chemical treatment or with a period of rest it is necessary to

pump the well out afterwards to get a significant restorative affect.

Systems designed to inject alternately between separate sets of wells,

thus ensuring a rest period, would do well to include some provision for

pumping.

Diminishing returns should be expected for repeated application of

a given redevelopment technique, as more of the clogging material

becomes difficult to remove. This was seen repeatedly at both Paala Kai

and Waimanalo where a given technique was used twice with an intervening

time period of months; the second trial with the technique produced

significantly less improvement. Thus, even with careful periodic

redevelopment, a well will only have a finite lifetime. This fact which

should be taken into account when designing the systems. Space should

be available at the site to put in addition wells when necessary.
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CHAPTER 6

NEAR-WELL PROCESSES AND THEIR RELATIONSHIP TO CLOGGING

This phase of the study deals with the examination of the region

within two meters of the well to dete~mine which physical, chemical and

biological processes are occurring and to define their relationship to

clogging. In order to accomplish this, a number of different

observations and analyses were performed, including: 1) measurements of

head distribution in the injection strata; 2) groundwater flow tracer

tests between the injection and observation wells; 3) determination of

water quality profiles within the injection wells; 4) analysis of water

pumped from the injection wells (redeveloped water); 5) analysis of

sediment cores taken from the injection strata; and 6) analysis of water

collected from the injection strata (pore water). The entire complement

of observations and analyses were performed at the Waimanalo

experimental site, while many but not all were also performed at the

Paala Kai experimental site.

METHODS

Head Distribution in the Injection Stratum

Monitoring the head distribution adjacent to the wells was done

with flow, depth to water and groundwater table measurements as

described previously in "Monitoring Flow Rate and Head Buildup" in
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Chapter 5. In addition, the depth to water was also measured in the

observation wells wherever they were present.

Tracer Test

In order to trace effluent flow between the injection wells and

observation wells a concentrated sodium hypochlorite (1 Kg in 20 liters

of water) was poured rapidly into the well during injection. \mter

samples were collected from the observation wells with a nickel-plated

brass thief sampler at various times thereafter and analyzed for Total

Chlorine Residual (see Appendix 3). At times it was necessary to dilute

the samples with distilled water when their concentrations were beyond

the range (0 to 3.0 mg/l) of the test kit.

Well Profiles

In order to determine the vertical concentration distribution of

various water quality constituents in the injection well column, water

samples were collected from various depths in the well and analyzed.

Dissolved oxygen and water temperature were measured in situ with a

probe lowered into the well; other analyses were performed on water

samples collected with a thief sampler. The analyses conducted

included: Dissolved Oxygen and Temperature, pH, Suspended Solids, Per

Cent Volatile of Residue, Total Chlorine Residual, and ATP-Biomass Index

(see Appendix 3).

Redeveloped Water

In order to examine the water in the formation immediately adjacent

to the injection wells and to determine the nature of the high
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pump

redevelopment, water was periodically pumped from the injection wells

and samples were collected for analysis. At the start-up of pumping the

water ran clear for a brief period as the wellbore was being emptied and

then turned very dark colored. The appearance of the dark colored water

was taken to indicate the first water pumped from the aquifer. Samples

were also taken after various volumes of water had been pumped. While

these samples could be considered "pore waters", as discussed in a later

section, their discussion has been separated out into this section since

their manner of collection (and hence possibly their quality) is

distinct from those discussed later. Many of these samples were

collected after extended periods of pumping so that they had travelled

substantial distances through the aquifer on their return to the

injection well. The "pore water" samples were collected after brief

periods of bailing or pumping of the observation wells so that the pore

water had only travelled a short distance to its sampling point. The

following analyses were performed: pH, Total Chlorine Residual, Residue,

Per Cent Solid of Residue, Alkalinity, Chlorides, BODS' Oil and Grease,

Nitrate/Nitrite, ATP-Biomass Index, Standard Plate Count, Organic

Carbon, Particulate Nitrogen, Iron, Aluminum, Sulfur, Sulfide, Scanning

Electron Microscope-Energy Dispersive Analysis of X-rays (SEM-EDAX),

X-ray Diffraction, and Inductively Coupled Plasma Spectroscopy (ICP)

(see Appendix 3).

Sediment Cores

Core samples were taken from the upper part of the injection strata

with a hand-auger corer, and the depth below ground at which the sample
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was taken was measured along the stem of the auger with a tape measure.

In the case of Well 4-5, the entire sampling hole was dug with the hand

auger. This was done in October 1980 after 5 months of injection.

Those holes dug adjacent to Wells 4-4 and 6-2 had the upper 1.6 m

drilled with a truck-mounted power auger. Those were dug in April 1981

after about 11 months of injection. The following analyses were

ATP-Biomass Index, Oil and Grease, ICP, Acid

X-ray Diffraction and SEM-EDAX Analysis,

on samples: Carbon,Inorganic

Photomicrographs (seeand

Carbon,

Aluminum, SEM-EDAX, X-ray

Phosphorus, Bulk Density,

Insoluble Fractions for

Organic

Sulfur,

Particulate

Iron,

Ash,

these

Nitrogen,

Per Cent

performed

Particulate

Diffraction,

Appendix 3).

Pore Water

Samples of pore water were collected by a variety of methods. The

native groundwater samples collected before the startup of injection

were taken from the pump discharge while pumping Ivaimanalo Well 6-2,and

at Paala Kai with a thief sampler in Wells 3 and 9 belonging to the

treatment plant. Water taken in the core holes at the time of coring

(before casing was emplaced) was sampled with a small electric vacuum

pump to which a plastic intake tube taped to a pole was attached. Water

from the observation wells was sampled either with a thief sampler or

from the pump discharge after sufficient bailing removed the water

originally in the well bore. The following methods were used to analyze

these samples: pH, Alkalinity, Chlorides, BODS' Nitrate/Nitrite, Total

Dissolved Solids, Dissolved Nitrate/Nitrite, Dissolved Ammonia,

Dissolved Phosphate, Total Dissolved Nitrogen, Total Dissolved
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Phosphorus, Dissolved Organic Carbon, Particulate Organic Carbon, Total

Phosphate, Total Nitrate/Nitrite, Total Nitrogen, Sulfate, Sulfide,

Dissolved Silica, Aluminum, Iron, ICP and Gas Chromatography (see

Appendix 3).

RESULTS

Head Distribution in the Injection Stratum

With a number of observation wells close to the injection well it

is possible to monitor the head distribution within the injection

stratum in the near vicinity of the well, and to observe its evolution

with time. Plate XIII shows the head distribution in the vicinty of

Waimanalo Well 4-5 as obtained from well 4-5 and the "0" observation

wells, 041 and 042 (located approximately one and two meters from well

4-5). The head distribution curves represent four different times in

the well's injection history (in 1/80 during freshwater injection

testing prior to effluent injection, in 5/80 after one day of effluent

injection, in 7/81 after approximately one year of effluent injection,

and in 6/82 after two years of effluent injection). Plate XIV shows

similar injection head distributions as a function of distance and time

in Waimanalo Well 6-2, again using the "0" observation wells. In both

Plates XIII and XIV specific piezometric surfaces are shown (i.e., the

specific head is equal to the head buildup divided by the injection

rate) so that comparison can be made between the head distributions even

when differeates are used. The curves between the observation points

are arbitrarily drawn and the positions of the piezometric surfaces are

known with certainty only at the observation wells.



79
Plate XIII

Specific Piezometric Surface,
Waimanalo Well 4-5 with "0" Observation Wells
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Plate XIV

Specific Piezometric Surface,
Waimanalo Well 6-2 with "0" Observation Wells
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Plates XV and XVI show the head distribution history for Waimanalo

Wells 4-4 and 6-2, this time using the "E" observation wells which were

installed after about one year of injection and within less than one

meter of the injection wells (see Plates IV and V) in order to examine

very near-well processes. Since these wells were installed after a

prolonged period of injection, initial conditions are not known. Thus

the initial head surface on these figures is the piezometric surface at

the time of digging and coring prior to the emplacement of the

observation well casing. For comparison. Plate XVII shows the head

distribution curves at Waimanalo Well 6-2 as obtained from both the "0"

and the "E" observation wells.

Plate XVIII shows the specific piezometric surface in the vicinity

of the paala Kai injection well PK-l at various times during its

injection history. These times include the initial freshwater injection

test, twice shortly after the startup of injection, and twice after

prolonged periods of injection.

The head distribution curves in these figures indicate that a

maturation process occurs in the injecton stratum over the first several

weeks after the start-up of injection. The piezometric surface at the

time of the fresh water injection test for each of the wells was a very

normal appearing cone of impression. The major head loss was observed

immediately adjacent to the well and the gradient levelled off with

distance. In the first few days after the start-up of injection, head

loss increased immediately adjacent to the well. This increase in head

loss indicates a decrease in hydraulic conductivity which is a

reflection of clogging. Those areas that have increased head loss are

the ones where clogging occurs. Initially, clogging took place
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Plate XV

Specific Piezometric Surface,
Waimanalo Well 4-4 with "E" Observation Wells
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Plate XVI

Specific Piezometric Surface,
Waimanalo Well 6-2 with "E" Observation Wells
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Plate XVII

Specific Piezometric Surface,
Waimanalo Well 6-2 with "0" and "E" Observation Wells

N

N
III
o

I
I

I
I

I
I

I
I

I
I

I

f ;;;
0

I,-..
I,g I

I
r-i I
r-i I

QJ I
::=: I

Ie I
0 I
l-4 I
~ I

QJ I
IU It:: I

t1l 0 I.u 0 I0til
~ I.,..,

:=l ( ...../sw ,,,,,,,
;;;.,
'"I

I
I
I
I

N, III

'"\ ,
\

\
\
\

'".. III

C\I '"CD iii...... ......
CD ,..



85

Plate XVIII

Specific Piezometric Surface, Paala Kai Well PK-I
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immediately adjacent to the well and there is little indication of any

clogging beyond the first observation well (at 0.6 m at Paala Kai and at

1.0 m at Waimanalo). As the injection proceeds there is a shift outward

of the clogging. Head loss remains significant adjacent to the well but

there was also a marked increase in head loss beyond the first

observation well. This outward progression of clogging proceeded at a

more gradual pace thereafter. Ultimately there was almost no head loss

in the zone nearest the well (first 0.6 m) where almost all of the

initial head loss took place.

Plates XIII and XIV show these initial changes at Waimanalo

clearly. However, the first "0" observation well is located too far out

to pick up the flatness of the gradient immediately next to the

injection well after a prolonged period of injection. The arbitrarily

drawn straight lines in these figures may be misleading so it is

necessary to look at the "E" wells where more detail on the head

distribution can be obtained. This flatness is very clear in Plate XV

where the "E" observation wells are located much closer to the main

well. Clogging in the zone between E42 and E43 increases with time and

eventually almost all the head loss is limited to that zone.

Plates XVI and XVII indicate that somewhat different processes are

occurring at Well 6-2. This difference will again become evident when

the pore water chemical results are examined. While the three head

distributions from 1981 presented in the two figures are similar to the

pattern described above, a new pattern appears in the 1982 head

distributions in the first meter from the well. In these there is a

major head loss in the zone immediately adjacent to the well followed by

a zone of essentially no head loss (from E61 to E62), and then one of
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major head loss. In Plate XVI, there has been a significant outward

progression of clogging over the 15 months the "E" observation wells

were monitored. What is different from the pattern in Wells 4-4 and

PK-l is the return of head loss in the zone right next to the well after

the much flatter gradients shown in the 4/81 and 6/81 plots (similar to

Well 4-4). Plate XVII demonstrates the discrepancy between the head

distribution as revealed by the "0" and "E" observation wells. This is

particularly true of the July 1981 head observations. This discrepancy

is probably due to inhomogeneities in the injection stratum.

The Paala Kai Well PK-1 (Plate XVIII) follows patterns close to

those of Wells 4-4

year of injection.

injection test and

and 4-5 and to those of Well 6-2 during the first

Almost all the head loss in the fresh water

after one hour of effluent injection occurs in the

zone immediately adjacent to the injection well up to observation well

PE2 (0.61 m). After eight days of effluent injection there is still

major head loss in this nearest well zone but there is also a greatly

increased gradient in the next zone from PE2 (0.61 m) to PE3 (1.32 m).

The increased gradient indicates that clogging has taken place in this

zone. By 1/82 after about half a year of injection the major portion of

the head loss is in this second zone while the zone nearest the well has

shown a significant decrease in the gradient. The decrease in the

nearest-well gradient would indicate an increase in the hydraulic

conductivity of the formation; the reverse of clogging is taking place.

Plate XVIII for the Paala Kai Well PK-l shows the effects that

redevelopment can have on head distribution. Redevelopment after the

January 1982 observations produced a lower specific head, and head loss

as far out as PE3 (1.32 m) was reduced. The effects of redevelopment
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extend probably at least a meter at this site, although in general the

effectiveness of redevelopment will depend on which redevelopment

technique is used. For this well the clogging does not extend beyond

two meters. This two meter limit is also true for Waimanalo Well 4-5

(Plate XIII) and clogging at Waimanalo Well 4-4 could not be detected

beyond one meter. At Well 6-2, however, the clogging has extended out

beyond the first two observation wells (beyond two meters). Later, when

we consider the variations in quality of the sediment cores and pore

water with distance from the well, it will be necessary to keep in mind

the zones where clogging is taking place to see the relationship between

the near well processes and clogging.

Tracer Test

Tracer tests can give additional hydrogeologic information about

the injection stratum beyond what can be obtained by pump and injection

testing. Unfortunately, the data obtained at Waimanalo were

inconclusive, in part because it was not possible to take continuous

concentration measurements at the observation wells. The results are

presented in Appendix 7.

Water Quality Well Profile

The vertical distribution of various water quality parameters was

measured in two of the injection wells, Waimanalo Wells 4-4 and 6-3.

Vertical stratification, if present, would mean that waters of different

quality were entering the injection stratum at different depths. As a

result of this, clogging could occur to a greater degree at one depth

than another.
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The results of the quality profiling are presented in Plate XIX.

Well 6-3 shows a gradual decrease in temperature and dissolved oxygen

with depth, with a sharp decrease in the lower meter or so of the well.

Microbial biomass is measured by ATP extraction and quantification. ATP

is the energy carrier in all living systems and is destroyed quickly

upon the death of the organism. Thus ATP is a measure of the amount of

living biomass present. The microbial biomass is consistently low but

this may be a result of the failure to dechlorinate the samples. The

high chlorine residual could have killed off a large portion of the

microbes in the time between sampling and analysis. Subsequent samples

were dechlorinated. The BODS increases in the bottom portion of the

well, and suspended solids also increase somewhat. These suspended

solids in the bottom portion of the well are less volatile, that is,

have a higher proportion of inorganics. The pH decreases markedly in

the lower portion of the well while the chlorine residual remains

constant.

Well 4-4 shows a decrease in both temperature and dissolved oxygen

with depth. The microbial biomass decreases slightly but is on the

whole much greater than in Well 6-3. This higher concentration is

probably due to a much lower chlorine residual in the injectant.

Suspended solids increase greatly in the lower portion of the well at

the same time that a larger portion of those solids are inorganic (lower

per cent volatile). The pH fluctuates somewhat erratically but is

generally lower than the injectant. The Total Chlorine Residual is

consistently low. At the Waimanalo WWTP the effluent is pumped into the

chlorine contact chamber in batches (roughly 20 minutes of pumping in 90

minutes during the daytime, less at night). This creates large



Plate XIX

Water Quality Well Profile,
Waimanalo Wells 4-4 (9/17/80) and 6-3 (9/26/80)
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fluctuations, from 0.1 to 5.0 mg/l, in the chlorine residual. The

difference in concentrations between the samplings of Well 4-4 and Well

6-3 are a reflection of these fluctuations.

The results indicate the existence of a stagnant section near the

bottom of each well. The lack of flow through this portion accounts for

the depletion of the dissolved oxygen and the increase in suspended

solids. Because the suspended solids concentration in the upper portion

of the well bore is identical to that of the injectant, there does not

appear to be any significant settling out of particulate matter, most

likely because the organic particulates are metabolized by bacteria.

The higher levels of suspended solids in the lower portion of the well

indicate residual particulate matter that is kept in suspension. This

particulate matter is inorganic to a much gre?ter degree than that in

the injectant. The particle volume distribution (Plate XX) indicates a

predominance of large over medium sized particles in the lower relative

to the upper portion of the well. Samples taken in the one to four

meter depth range, which corresponds to the probable injection zone, did

not show major departures from the injectant quality, indicating

non-stratification in that zone. However, to obtain conclusive results

it would be necessary to do multiple water quality well profiles.

Redeveloped Water

When water is pumped out of a well after a prolonged period of

injection, the initial water to appear after the wellbore water has been

removed has a very dark appearance with a high suspended solids content.

The water gradually becomes clearer with further pumping. Surging by
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rapidly increasing the pumping rate, however, usually will cause the

redeveloped water to turn dark again for a short period.

Table 10 presents the analyses of water pumped from Waimanalo Well

6-2 and shows how the quality varies with the amount pumped. Also given

is the computed distance from the well where the unit of water would

have been at the start of pumping (assuming that the water is drawn in

uniformly). The alkalinity of the water increases with volume pumped

(distance from the well). This is a result of carbon dioxide production

from the aerobic metabolism of organics and from dissolution of the

carbonate injection formation. The pH increases slightly, at least in

part from reaction with the carbonate sand of the injection stratum.

The BODS decreases as a result of biodegradation of the organics in the

injectant. The nitrate/nitrite decreases as a result of bacterial

denitrification. The chlorides, dissolved solids, oil and grease, and

percent volatile of residues remain approximately constant. Chloride is

a conservative ion and would be expected to remain constant except where

there are dilution effects with water of a different chloride

concentration. There is no dilution here by the native groundwater

which has a chloride level around 320 mg/l. The constant oil and grease

concentration at levels higher than in the average injectant was

surprising as oil and grease could be expected to biodegrade along with

other organics; however, inaccuracy of the oil and grease test makes the

results uncertain. The percent volatile of the dissolved solids was at

about the same level as in the injectant, while that of the suspended

solids was much lower. The particulate matter in the injectant is

almost entirely organic; however, that recovered by pumping is largely

inorganic. This is evidence for microbial biodegradation of organics



Table 10

Water Quality of Redeveloped Water, Waimanalo Well 6-2, 9/26/80
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and their conversion to inorganics in the aquifer. The concentration of

suspended solids decrease by several orders of magnitude during the

period of pumping. It is expected that the particulates would be more

concentrated around the well since they would be filtered out most

intensely where they first enter the system. There is some uncertainty,

however, as to whether this particulate matter comes from the formation

itself or if it is material that has collected at the bottom of the

injection well. The pump intake hose was generally only about 0.5 m off

the bottom of the well and it is quite possible, especially with the

start up of pumping or with surging, that some of the particulate matter

was taken up from the bottom of the well.

Plate XXI gives the particle volume distribution for the

redeveloped water. All three graphs are skewed towards the larger

particle sizes. This is in contrast to the particle volume distribution

in the injectant which showed a more even distribution, and reinforces

the idea that there is a qualitative difference between the two. The

volume distribution of the particles in the redeveloped water is similar

to that of the particles near the bottom of the well as shown by the

well profile. This may be a result of many of the pumped paticles

having come from the bottom of the well.

Table 11 presents the quality of the redeveloped water sampled

after chlorine treatment of the Waimanalo wells, 4-3, 5-2 and 6-3. This

redeveloped

redeveloped

water had a much clearer appearance than the untreated

water described above. The chlorine oxidizes and

solubilizes many of the reduced compounds, both organic and inorganic.

This gives a much lower suspended solids level and a much higher

dissolved solids level than in the untreated redeveloped water. During
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Table 11

Water Quality of Redeveloped Water After Chlorine Treatment,
Waimanalo Wells, 11/3/80

Volume Total Oil &
Well Treatment Pum~ed

Chlorine pH Alkalinity Greaae SUSPENDED SOLIDS DISSOLVED SOLIDS Cl-
Residual mgll. mgll.

mgll. %Volatile mg/l. %Volatile mg/l.m mg/1

600g Calcium Hypo- 0.004 600 7.1 -- - 464 46% 87~5 19%chlorite (~ 35% filler)
4-3 sprinkled gradually 0.1 9 6.9 -- -- 847 61% 1033 31%

down the well and 0.2 2.4 7.0 301 29% 698 31%stirred for 3 minutes -- --
with a 7m pipe.

600g Calcium Hypo- 0.004 0.8 6.7 -- -- 92 77% 702 39%chlorite injected in 4
6-2 slloquots. Assuming 0.1 0.0 7.3 -- -- 82 61% 712 27%

complete mixing gives ~ 0.3 ·0.05 7.4 -- -- 33 67% 540 29%500 mg/1 Total Chlo-
rine Residual.

-------------------------------------------------------------
l800g Calcium Hypo- 0.004 400 7.4 1 9.4 (1) 56 62% 3098 87% very
chlorite injected in 4 high

6-3
alloquots. Assuming

0.3 90 6.7 204 4.8 273 38% 1078 59% 360
complete mixing gives ~

1500 mg/l. Total Ch1o- 0.6 0.0 7.3 185 3.7 48 73% 687 35% 260
rine Residual.

\0
'-I
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the approximately 500 mg/l Total Chlorine Residual treatment of Well 6-2

the oxidizing power of the chlorine was used up, while the 1500 mg/l

chlorine residual treatment applied to Well 6-3 exceeded the chlorine

demand over the 24 hour period in which the chlorine treatment took

place.

Since particulates were thought to playa major role in clogging,

particulates in the redeveloped water were examined closely. The

particulate matter from the initial redeveloped water was sampled

several different times. filtered on a qualitative organic filter and

analyzed. The particulates had a black appearance when first removed 

an indication of iron sulfide. Upon air drying they turned brown,

o
presumably from oxidation of the sulfide. Upon ashing at 550 C the

particulates turned red from the oxidation of the iron. Table 12 gives

the results of these analyses. The SEM-ED~~ and ICP results are

qualitative but should give an indication of which elements are present

and in what relative concentrations. Calcium, iron, aluminum, silica

and phosphorus are the principal elements indicated. The calcium and

the magnesium are from sand particles which were removed from the

injection stratum by pumping. Part of the iron is present as iron

monosulfide, which is a byproduct of bacterial sulfate reduction.

Sampling done on 10/23/81 showed no sulfide in the effluent but a

sulfate level of 21 mg/l. The repumped water had a sulfide

concentration of 13 mg/l. When acid was added to the wet, black colored

particulate matter, there was a strong smell of hydrogen sulfide. Iron

·monosulfide is acid labile (whereas iron disulfide is not) and reacts to

produce H2S. The remaining iron probably is in the form of iron oxides

which are present in Hawaiian soils. They exist in admixture with



Table 12

Composition of Solids in Initial Redeveloped
Water, Waimanalo Wells

2/20/81 10/23/81 . 4/29/82
-----------------WELL NO.--------------

6-2 6-2 6-2 4-4

99

5.50 4.12

12 14
22 11

Atom-Adsorption Fe
SEM-EDAX (% of Altotal detected)

Ca

C1

Fe

K

Mg
p

S

Si

Ti

IC? Al
(weight %)

Ca

Fe

K

Mg

Mn
p

Si

Ti

Total Solids (mg/i.)

% Ash

lnorg. carbon (%)

Org. carbon (%)

Particulate Nitrogen (%)

3

9

2

2

5

2

32

4

4

11

2

2

4

3

41

4

25

19

25

0.5

2.2

0.2

13

7.0

1.6

6500 7500

61% 49%

0.1% 1.7%

26.8% 19.6%

4.0% 2.5%
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kaolinite and amorphous aluminosilicates which are also typical of

Hawaiian soils. The aluminum:silica ratio is approximately 1:1, which

is the ratio for kaolinite and the amorphous aluminosilicates. These

aluminosilicates and iron oxides have probably entered the injection

stratum either as suspended particles in the injectant or have travelled

down (posssibly along the outside of the well casing) from the overlying

clay layer. The phosphorus may be present as organic phosphorus,

adsorbed phosphate, or as a phosphate mineral. A small portion of the

phosphorus is most likely present as organic phosphorus. Typical

carbon:nitrogen:phosphorus ratios for domestic sewage are 100:6:1 so

that 0.1-0.2% (by weight) of the repumped sample is most likely organic

phosphorus. Phosphate ion adsorbs readily onto carbonate and clay

surfaces. The typical injectant concentration of phosphate is about 15

mg/l so that there is an ample supply for adsorption. The other

possibility is precipitation of phosphate minerals, principally apatite,

near the well or the introduction of particulate phosphate from outside

the system. Hawaiian soils have abundant Ca, AI, and Fe phosphate

minerals. No apatite was detected by x-ray diffraction; however, it may

be present in concentrations below the detection limit of the x-ray

diffractometer. The accumulated titanium has its origin in the

titaniferous magnetite which is present in Hawaiian basalts and common

in Hawaiian soils. This magnetite would account for a portion of the

iron as well.

If the assumption that weight loss during ashing is due to the loss

of organics is correct, then the repumped particulates from April 1982

average about 45% organic. Those samples pumped in September 1980

(Table 10) averaged close to 35% organic. In the April 1982 analysis of
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Well 4-4 redeveloped water the organic carbon accounted for about 38% of

the organic matter (that lost by ashing) which is within the range

(30-40%) normally found for percent carbon of total organics. The Well

6-2 results, however, have the organic carbon accounting for about 69%

of the organics. This is much too high, making those results

questionable. The carbon to nitrogen ratio of 100:14 is also high but

not completely unreasonable. There are significant amounts of organics

in the particulate matter recovered by pumping but a proportionally much

smaller amount than what is put into the system.

X-ray diffractograms of the repumped particulates have a noisy

baseline which indicates the presence of abundant amorphous material.

Minerals identified include quartz, which is present in many Hawaiian

soils and which gives a very strong diffraction pattern so that even

small quantities are detectable. The clay fraction includes kaolinite

or chlorite, halloysite and montmorillonite. The diffractogram of the

clay fraction was identical to diffractograms of the clay fraction of

cores taken at 0.6 m below ground surface (in the clay layer which

overlies the injection formation) at the time of well drilling in

December 1979.

This particulate matter recovered by pumping certainly would have

major clogging potential. It is necessary, however, to examine the

sediment core results before an accurate evaluation of the role of

particulates in clogging can he made.

Sediment Cores

Sediment cores were collected from the injection stratum adjacent

to three of the Waimanalo wells (Wells 4-4, 4-5, 6-2) to help determine
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what processes might be causing clogging. It was expected that

particulates in the injectant would playa major role in clogging, and

thus the fate of particulates was closely examined. Cores were taken at

each of the wells at three locations along a radius, all within a meter

of the injection well (see Plate IV). The points plotted on Figures 1,

4 and 5 and Plates XXII to XXV are averages of two samples collected at

slightly different depths at each coring site. Frequently there were

multiple analyses done on each sample; thus, a point often represents

the average of more than two data. Depth may affect some processes,

particularly where closeness to the water table might playa role;

however, no consistent pattern of variation with depth was observed.

There is frequently a large variability in values obtained for a

single parameter at a given coring site. This is a result of the

variability found in natural systems, and is typical of environmental

sampling. In order to understand the system it is necessary to look at

the major trends and not to get sidetracked by a single anomalous

result.

In the illustrations which follow (Figures 1, 4, and 5, and Plates

XXII to XXV) the di~tance from the injection well is given along the

x-axis and the concentration of the particular constituent along the

y-axis. Background samples were collected at three locations relatively

far from the injection wells and their average is plotted to the

righthand side for comparison. Generally the third sample from the well

(0.84-0.94 m) had similar concentrations to the background samples.

Cores taken closest to the well showed the greatest difference from

background levels. This is to be expected as the particulate processes
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primarily involve filtration and thus take place immediately adjacent to

the well.

Organic Carbon: Percent organic carbon as a function of distance from

the well is shown in Plate XXII. The plot reveals depletion of organic

carbon adjacent to the well. The value of 1.55% from l~ell 6-2 has been

disregarded since it is so far from any of the other ranges found; there

may have been contamination of the sample.

On the contrary, an

of injected organic

The

increase

depletion

in organic

observed was quite unexpected.

carbon from accumulation

particulate matter was expected to occur. The microbial population

apparently metabolizes all the organic carbon put into the system plus

the refractory compounds which persist at a greater distance. There is

something qualitatively different about this very near well environment

that allows for the metabolism of the refractory compounds. The high

rate of metabolic activity of the bacteria in this region may account

for this. This is essentially aerobic decomposition which consumes

(Z)

oxygen and produces carbon dioxide according to the reaction:

CH20 + 02 = CO 2 + HZO (1)

where CHZO represents organic matter. This reaction would be expected

to reduce the dissolved oxygen of the system. Most of the carbon

dioxide hydrolyzes very rapidly to carbonic acid which in turn

dissociates to bicarbonate and hydrogen ions

CO
Z

+ H
20

= H
ZC03

= HCO) + H+.

This would decrease the pH and increase the alkalinity.

Inorganic Carbon: Percent inorganic carbon (Plate XXIII) decreases

somewhat nearest the well. This results from two processes: dissolution

of the carbonate, as will become clear when the pore water results are



Plate XXII

Organic Carbon versus Distance, Waimanalo Wells
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Plate XXIII

Inorganic Carbon versus Distance, Waimanalo Wells
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examined, and addition of non-carbonate material. This latter will

become clear in subsequent portions of this section. If the sand were

strictly carbonate it would be expected to contain 12% inorganic carbon.

The values around 11% or slightly lower in the background indicate that

the sand is composed of only about 90% carbonate rock by weight.

Particulate Nitrogen: There were no significant variations in the

particulate nitrogen levels in the samples analyzed. The range of

values was 0.04-0.07%. These data are given in Appendix 9. The carbon

to nitrogen ratio for the background and far well (0.84-0.94 m) samples

is around 100:8, but becomes much less near the well where the organic

carbon is depleted. Part of the nitrogen may be present as organic

nitrogen and another part as ammonium adsorbed onto the porous medium

surfaces.

particulate phosphorus as a function

Particulate Phosphorus: Plate XXIV

of

presents

distance

the weight percent of

from the injection

well. It increased over background levels by about 50% nearest the

well. The same high value for Well 6-2 at 0.94 m is disregarded as it

was for the organic carbon since the analyses were run on the same

sample. The C:P ratio for the far well and background samples is

approximately 100:11 which is much lower than would be expected and is

even lower than the C:N. This low ratio may be due to the presence of a

phosphate mineral in the injection stratum or it may be the result of

phosphate adsorption from the many years of effluent irrigation at the

Waimanalo WWTP. The accumulation of phosphorus near the well is

attributable to the same causes as described previously for the high

phosphorus level in the redeveloped solids. A small portion may be

present as organic phosphorus. Phosphate adsorption onto the carbonate



107

Plate XXIV

Particulate Phosphorus versus Distance, Waimanalo Wells
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is a likely possibility. Another possible source is the presence of

phosphate minerals, either precipitated in place or entering as

particulates from outside the system.

ATP - Biomass Index: Plate XXV shows the microbial biomass nearest the

well to be an order of magnitude greater than background levels. The

large variability in the values is in part caused by the inhomogeneity

of colony formation. The major increase occurs where the nutrients

enter the system, which produces the most propitious environment.~TP

decreases nearly to background levels at one meter from the injection

well indicating that most of the metabolism of organics occurs very

close to the well. The bacteria at one meter may not be quantitatively

significant but they can have qualitative significance, particularly in

mediating redox reactions. The injectant has a chlorine residual

averaging 0.5 to 3.0 mg/l Total Chlorine Residual which decreases but is

still detectable a meter from the well. Yet in spite of the

disinfecting powers of this chlorine residual, a substantial bacterial

community can persist. The fact that the bacteria metabolize all the

particulate organics that enter the system suggests that the microbial

population is nutrient rather than chlorine limited. They may inhabit

more protected microenvironments such as in cavities in the sand grain

surfaces or at contact points between grains. There they would be less

exposed to continuous contact with a high chlorine residual. Assuming

the efficiency of the ATP extraction in sediments to be about 60% and

the ratio of ATP to organic carbon for bacteria to be about 1:250, the

bacterial biomass accounts for about 0.8% of the organic carbon near the

well, and for about 0.1% at one meter and in the background samples.

Non-living organics account almost entirely for the organics present.



Plate XXV

ATP (Biomass Index) versus Distance, Waimanalo Wells

150..-----r------r----,-----,.....---------,

--Well 4-4

-- Well 4-5
--WeIl6'Z

125

109

100

....... \.

c.J \
c.J \......
gp 75 \

....,
I:l.<

~
50

25

Boc~qround i.evers
(ZO, 35, 60ml <,~

O!-----:-'=---....,f-;:-::----f=;------:I.::-::------------'o 0.25 0.50 0.75 1.00

Distance from Well (m)



no

Bulk Density: There is a marked increase in bulk density (Figure 1)

immediately adjacent to the well. This is due at least in part to the

addition of fine particulate matter. This fine particulate matter can

1.70....--------,r--------,-----,----,-----------,

--W~1I4·4

-'-W~II 4-5

--W~II 6-2
1.60

'"""U
U-00 1.50

'-"
II

\
\

Backq,ound t.evers f
(20,35,60m) _

....---.,.

1.00025 050 075

Distance from Well (m)

oO~-----,,"=---::'~--~I..----L---------·

Figure 1. Bulk Density versus Distance, Waimanalo Wells.

be seen in the sediment cores as a dark brown discoloration at the time

of sampling. Under a microscope the particles are easily visible.

Figure 2 is a photomicrograph of a wet grain mount of sediment sampled

at 0.84 m from the well. It has essentially the same appearance as the

background samples. Figure 3 is a photomicrograph of a sample taken at

0.18 m from the injection well. In this photomicrograph the water has a

darker color and there are many small dark flecks mixed with the sand

grains. This additional particulate matter, which may consist of such

high density minerals as iron sulfide, causes the increase in bulk

density. Unfortunately it was not possible to collect undisturbed



Plate XXVI

Sediment Photomicrographs

Figure 2. Photomicrograph of wet grain mount of aquifer sediment
sampled at Well 4-5. 0.84 m from the injection well.

Figure 3. Photomicrograph of wet grain mount of aquifer sediment
sampled at Well 4-5, 0.18 m from the injection well.

III
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samples so the values may have been affected by repacking for volume

measurement. The increase may in part be an artifact of rounding, and

hence compacting, of the carbonate sand grains by preferential

dissolution of protuberances. Solution will affect the high specific

surface areas to a greater degree.

Qualitative Composition of Sediment Cores: In order to begin to

identify this fine particulate matter, qualitative analyses were run on

the SEM-EDAX and the ICP (Table 13). The EDAX results are inherently

qualitative unless internal standards are run. The ICP results are

qualitative because there was only partial dissolution of the sample.

It was not possible to use hydroflouric acid in the preparation of the

sample, so much of the silicate minerals will not have been dissolved.

The preparation would be expected to dissolve all of the carbonate,

however. It can be seen from the EDAX analysis of the acid insoluble

portion that aluminum, iron, silica and titanium remain to a large

degree undissolved by the acid treatment. Unfortunately, it is these

elements, plus phosphorus, which show increases nearest the well over

one meter and background samples. Still, the trends are consistent

enough that they are undoubtedly real. These elements are more highly

concentrated near the well for the same reasons that they are more

concentrated in the particulates in the repumped water. These

particulates present in the sediment cores collected nearest the well

probably contribute a large portion of the particulates recovered by

well redevelopment.

Iron: Results of iron analyses done by atomic absorption are given in

Figure 4. These quantitative analyses substantiate the qualitative

trends indicated in Table 13 although the concentrations determined are
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Table 13

Qualitative Composition of Sediment Cores
by SEM-EDAX and rcp

N T 4-4
BACKGROUND

{m)-----------------------

Well 6-2
(Acid

Well 4-4 Well 4-5 Inso1.)
---------------------DISTANCE FROH MAIN WELL

.29 .91 .18 .85 .35 .94 20 20 o (ore-1n1.)

5EM-EDAX AI 5 3 13 12 2
(% of total Ca 46 66 9 10 60detected)

C1 3 3 7 6 3

Fe 2 2 21 18 3

K 2 2 2 2 2

Mg 3 3 2 2 1

P 2 2 2 2 2

5 2 2 2 2 2

51 16 6 30 34 6

T1 2 2 6 7 2

ICP Al 0.40 0.11 0.21 0.09 0.07 0.08
(weight %) Ca 33 52 33 35 30 36

Fe 0.38 0.19 0.27 0.14 0.19 0.16

K .005*

Mg 1.6 2.1 1.7 1.7 2.2 2.0

P 0.08 0.09 0.07 0.06 0.06

5i 0.5 0.2 0.33 0.15 0.14 0.12

Ti 0.28 0.010 0.019 0.009 0.008 e. COS

*Most samples below detection limit.
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Figure 4. Iron versus Distance, Waimanalo Wells.

much higher. To get an idea of what portion of the iron was present as

iron sulfide, sulfur analyses were performed; however, the method was

deemed unsatisfactory. Results are given in Appendix 9. Values ranged

from 0.1 to 0.2 % with no consistent spatial variation. However,

evidence given previously indicates that at least part of the iron is

present as iron monosulfide. The sulfide is produced by biologically

mediated sulfate reduction. This must occur in microenvironments in the

porous medium as sulfate-reducing bacteria are strict anaerobes and

could not survive the aerated bulk pore water. Sulfate reduction can

also occur on a wider scale during the nightly hiatus in injection when

the pore water in the formation goes anaerobic. Sulfate reduction

requires the presence of organic matter and follows the reaction

(3)
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The hydrogen sulfide reacts quickly with iron in the system to form iron

monosulfide, thus keeping hydrogen sulfide levels low if adequate iron

is present. Iron levels in the injectant range from 0.03 to 0.10 mg/l

which would keep up with low levels of sulfate reduction. The two wells

(4-4 and 6-2) cored after 11 months of effluent injection show higher

concentrations than the well (4-S) cored after S months of injection,

indicating that this is a rate related process.

Aluminum: Atomic absorption analyses results for aluminum are given in

Figure S. The increase in aluminum nearest the well parallels fairly

closely the increase of iron suggesting there may be a relationship

2.00r----r-----,,-----,,-----r-----------,
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Figure S. Aluminum versus Distance, Waimanalo Wells.

between the two. The intermixing of kaolinite and amorphous

aluminosilicates with iron oxides would be such a relationship. The

molar ratio of aluminum to silica nearest the well is 100:70 while far

well and background samples have a 100:110 ratio. This suggests that

the iron and/or the aluminum have somewhat different forms depending on



116

distance from the well. Attempts were made to analyze for silica in the

sediment samples but no adequate means were found to test for silica at

such low concentrations.

X-Ray Diffraction: X-ray diffractograms of the sediments identified the

presence of aragonite, calcite and plagioclase. There are additional

peaks for which no mineral could be identified. The plagioclase most

likely exists as sand to silt sized particles. The plagioclase found in

Hawaii is labradorite, which is Ca. 5_. 7Na. 3_. 5plagioclase. The calcite

is high magnesium calcite. The shift in the diffractogram to a smaller

d-spacing with increased Mg content indicates (Goldsmith and Graf, 1968)

that it is about 14.5 mole percent magnesium. Calculations based on the

ICP data using the assumption that the aragonite has a strontium to

calcium molar ratio of about 0.01 (Kinsman, 1969) indicate that the

carbonate sands are about 42% aragonite and 58% Ca.856Mg.144calcite,

which agrees very well with the diffractogram. This information will be

used later in discussions on mineral dissolution.

Review of Sediment Core Results: Particulate processes taking place

adjacent to the injection wells occur in the first few tens of

centimeters. At a distance of a meter from the injection well, there is

little to distinguish the sediment in the injection stratum from

background samples. What is the relationship between these particulates

and the clogging which takes place?

There is an increase in biomass adjacent to the well where there is

a high nutrient influx, but it does not appear to be massive enough to

be a major cause of clogging. The amount of living organic carbon

there, even compared to the reduced amounts of non-living carbon, is

trivial.
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The decrease in organic carbon nearest the well is caused by

bacterial metabolism. Particulate matter, which is almost entirely

organic, is not the major contributor to clogging as is described in

most of the literature. While not a major contributor in the long run,

it may be for the first week or two. In the first days after injection

start-up there is an initial head increase immediately adjacent to the

well. This is probably from the accumulation of particulate organics

before the microbial population becomes well enough established to

consume all of the incoming particulates. As this population becomes

well established after the first few weeks, it metabolizes away the

organics which have accumulated in the interim and there is a shift away

from head buildup in the zone nearest the injection well. There is no

accumulated organic filter mat at the well face; both the organic carbon

and the head distribution data demonstrate that. It is probable that

several of the injection experiments described in the literature were

not carried out long enough to note the maturing process.

The accumulation of fine particulate matter adjacent to the

wellbore, particularly allogenic material, bespeaks the efficacy of the

filtration system. While this added particulate matter would be

expected to reduce porosity and hence the permeability, there is no

evidence for this in the head distribution results. The zone where

there is the greatest accumulation of fine particulate matter is the

zone with almost no head loss, indicating an increase rather than a

decrease in permeability. It is likely that the loss of permeability

caused by the addition of these particulates is overshadowed by the

increase caused hy carbonate dissolution.
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Pore Water

Analysis of the sediment cores has indicated mainly what does not

cause clogging. It is necessary to examine t~e pore waters to determine

what does cause clogging.

Groundwater samples were taken prior to the startup of injection in

order to characterize the ambient formation water and to evaluate the

possibility of dilution effects on the injectant. Samples were taken at

4 injection wells after the startup of injection. However, few data are

presented here from Well 4-5 since pore waters were sampled only once at

the time of coring. The concentration at the well is that of the

injectant, and changes can be noted with distance at each of the

coring/observation well sites. This section includes data from the

Paala Kai as well as the Waimanalo site.

Groundwater Quality: The results of the pre-injection groundwater

sampling are given in Table 14. The high alkalinity, pH and dissolved

solids at Waimanalo relative to most Hawaiian groundwater are due to the

stagnant flow conditions there in which the pore water is in contact

with the carbonate aquifer for extended periods of time with little

flushing.

The high values of BODS and N03/NOZ at Paala Kai result from the

wells being down gradient from the treatment plant's temporary effluent

disposal seepage pond. The water sampled is most likely a combination

of native groundwater and seepage pond water.

All subsequent pore water quality data are from samples collected

after extended periods of injection and the discussion that follows uses

as its frame of reference the changes that take place in the injectant



119
Table 14

Pre-injection Groundwater Quality

Location 1 pH BOD5 N03/N02 T.D.S. % Vol. ClT.A.

(mg/l) (mg/l) (mg/l) (mg/l) l?,.S. (mg/l)

Waimanalo
(4/9/80)
Well 6-2 603 7.9 1466 320

Paala Kai
(11/19/80)
Well 3:

4.6m 282 7.1 3.4 3.1 858 18% 220
10.7m 233 7.1 3.4 4.5 847 22% 210

Well 9:
5.5m 226 6.8 5.2 2.5 757 21% 200

10.4m 190 6.9 10.8 2.2 745 22% 200

1) TeA. Total Alkalinity, as calcium carbonate

from the time it enters the well to when it passes the last observation

point. Thus an increase in the concentration of a particular

constituent signifies an increase as a function of distance (and hence

outward flow) from the injection well. Conversely, a decrease signifies

a reduction in concentration with distance (flow) away from the well.

Chlorides: After several months of injection at Waimanalo the chloride

level in the injection formation near the wells and in the background

sample at 20 m was identical to that of the injectant (70 mg/l).

Chloride is a conservative tracer whose concentration does not change in

the formation except by dilution with waters of different chloride

concentration. The Waimanalo results indicate that after 5 months (the

time of the 20 m background sampling) the effluent had displaced a large

volume of native groundwater. Samples taken in the first two meters

from the Paala Kai Well PK-l showed no change in the chloride content
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native

groundwater.

pH: Plate XXVII gives the results of pH measurements done on samples

from the injection wells and observation wells. It shows the

variability of pH in the injectant. The general trend is one of

increase in pH t'o neutral or slightly higher. Well 6-2 presents a more

inconsistent picture. It is interesting how two wells (4-4 and 6-2)

with the same injectant and the same injection formation can sometimes

have very different responses to a given input.

The production of CO2 by metabolism of organics (Eqs. 1 and 2)

would be expected to cause the pH to decrease away from the well. The

fact that the opposite occurs is probably due to the dissolution of the

carbonate injection stratum and, to a lesser degree, to the buffering

capabilities of sewage. Carbonate solution neutralizes the acid by the

reaction:

+ 2+
H + CaC03 = Ca + HC03 • (4)

As well as increasing the pH, it increases the alkalinity. The more

erratic results for Well 6-2 may be due to the fact that less carbonate

is dissolved per volume of wastewater injected.

Alkalinity: The alkalinity plots in Plate XXVIII show increasing

alkalinity with distance from the well. Well 4-4, which also showed a

large increase in pH, shows a large increase in alkalinity. At the pH

values found here alkalinity will be due almost entirely to bicarbonate

ion. The alkalinity increase has two main sources: metabolism of

organics (Eqs. 1 and 2) and carbonate solution (Eq. 4). Assuming that

these are the only two processes taking place and that the increases in

calcium, magnesium and strontium (see below) in the ICP pore water
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Plate XXVII

pH versus Distance

Distance from Well (m)
o 0.5 1.0 1.5 2.0

Well 4-4

-- 2/16/62 -- 3/11/62
3/2/82 (non-injection: 20 h,.l

_.- 3/10/82 -- 6/10/82

E43E42E41

6.0'-- -'- ..1...- '-- -1

4-4

Well 6-2

E61 E62 E63

::1

pr

: w,,, p;, j:
PK-' PE2 PE3 PE4



122

Plate XXVIII

Alkalinity versus Distance
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results are due entirely to carbonate dissolution, it can be calculated

that at Waimanalo around 54% of the alkalinity increase comes from

carbonate dissolution and 46% from the metabolism of organics. The

figures for Paala Kai are 63% and 37%, respectively. There may be other

potential contributors to calcium increase (such as plagioclase

dissolution) or to alkalinity increase (such as sulfate reduction - Eq.

3), but the above percentages should give at least a rough estimate of

the partitioning between the two sources.

ATP Biomass Index: Samples taken at the time of coring adjacent to

Waimanalo Wells 4-4 and 6-2 were analyzed for microbial biomass in the

pore water (Figure 6). There is an increase of two orders of magnitude

over injectant levels at the nearest well coring sites (0.29 and 0.35 m)

{
- - - - W.1I4·4

-- W.1I6·2

o Background levels
(35.60m)o

80lnon4/3/81,
at tlm~o' cortng

,-",,-- - -

100.---------...,.--------....,...-------------------,

,...; .............e ... ", ....
........ ","" ' ...eo'" __ ......
t::o~ '_---=::+=:..=.:=~ ....

o 05

Distance from Well (m)
10

Figure 6. ATP (Biomass Index) versus Distance.

while the next two coring sites at each well were close to the

background level. The ATP concentration is roughly that found in the

redeveloped water for the calculated distance from the well at the start

of pumping. By comparing the pore water data to the sediment core data

conclusions can be made about what percentage of the bacterial

population is free floating and what percentage is attached to the

sediment grain surface. Assuming 25% porosity and 60% efficiency in the
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sediment ATP extraction, in the nearest well cores about 15% of the

bacteria are free floating while at the farther core sites and in the

background samples only about 2% are free floating. The nearest well

core site would be expected to be more organically rich so that there is

likely to be more free floating bacteria in that environment, as

bacteria tend to be free floating in organically rich enviromnments and

attached to particles in organically poor ones. This points out one of

the problems involved in using redeveloped water as the sole means of

determining constituent concentrations in the aquifer, as has been done

in a number of studies. While the redeveloped water reflects accurately

the amount of free floating bacteria in the pore water, it does not

represent the total amount of bacteria present in a given volume of

porous medium. A similar argument could be made for the organic content

of the sediment and pore water. This reaffirms the need to examine the

aquifer porous medium when drawing conclusions about

concentrations in the injection stratum.

particulate

Dissolved Organic Carbon: The dissolved organic carbon data plotted in

Plate XXIX are inconclusive. There are decreases in dissolved organic

carbon in several cases but in others the levels are about the same at

the third observation well as they were in the injectant. It would be

expected that the bacteria would metabolize and thus decrease this

dissolved nutrient source. There could be some additional DOC put into

the system by the biodegradation of particulate organic matter to more

soluble compounds. In several cases there are increases at the nearest

well sampling site which may be the result of solubilizing the

particulate organics. Perhaps the flow velocities are so high (2.8 x

-4 -4 -4
10 mls at 0.3 m, 1.4 x 10 mls at 0.6 m, and 0.7 x 10 mls at 0.9 m,
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Plate XXIX

Dissolved Organic Carbon versus Distance
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assuming a flow rate of 4 x 10-4 m3/s, an aquifer thickness of 3.0 m and

a porosity of 25%) that the bacteria cannot assimilate the dissolved

carbon quickly enough. This would be particularly true if they had only

limited contact with the bulk pore water as in a microenvironment. More

analyses would need to be made before any conclusions could be drawn.

Dissolved Oxygen: The dissolved oxygen as a function of distance from

the well is given in Plate xxx. Additional similar results are given in

Appendix 10~ The dissolved oxygen in the pore water decreases with

distance outward from the well. It is consumed by oxidation of organics

and biologically mediated nitrification of ammonia.

occurs according to the reaction

Nitrification

(5)

which does not show the intermediate step to nitrite. Oxygen may also

be consumed by the oxidation of reduced sulfur and of other reduced

inorganics.

When injection ceases at night, the formation becomes anoxic (see

3/11/82 results), and dissolved oxygen in the injection well drops to

small but still measurable levels. When injection ceases for longer

periods (see 11/3/82 results for Well 6-2) the injection well also

becomes anoxic. The distance required for the bulk pore water to go

anoxic during injection depends on the injectant DO and the injection

flow rate. Well 4-4 approaches anoxic conditions by E43 (0.91 m). In

Well 6-2 the oxygen is not depleted to as great a degree, being still

distinctly aerobic by the third observation well (0.94 m). The bulk

pore water at the Paala Kai well becomes anoxic near the well at low

flow rates and low initial DO on 1/18/82; at higher initial DO and about

twice the flow rate (4/21/82 and 6/29/82) the injection stratum remains
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Plate XXX

Dissolved Oxygen versus Distance
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aerobic over much greater distances. The bulk pore water, which flows

readily through the formation, may be aerobic; however,there is evidence

from the redox reactions taking place that there are anoxic

microenvironments adjacent to the aerobic bulk pore water.

Particulates: A number of analyses were done on unfiltered pore water

samples giving total results for particulate and dissolved constituents.

The analyses for total concentration included total nitrogen,

nitrate/nitrite, phosphate, sulfate, sulfide, BODS' iron and aluminum.

It was found that so much scatter was introduced into the data by the

particulate matter that no consistent or reproducible values could be

obtained. For that reason the data are not presented here but can be

found in Appendix 11. The amount of particulates present in a sample

was greatly affected by the sampling process. Particulate organic

carbon was analyzed in two set of samples. A trend toward increase with

distance from the well appeared; however, this was felt to be an

artifact of sampling techniques where the samples with greater

particulate concentrations had the greater particulate organic carbon

concentrations.

Total Dissolved Phosphorus: TDP as measured on the autoanalyzer is

plotted in Plate XXXI. Iep analyses performed on the same samples

showed the same trends (see Appendix 8). The levels of Total Dissolved

Phosphorus found were almost identical to the levels found for dissolved

phosphate (Appendix 12) indicating that dissolved organic phosphorus

levels are very low. Waimanalo Wells 4-4 and 6-2 showed a small

decrease in TDP while at Paala Kai Well PK-l TDP remained essentially at

injectant levels. The decrease at the Waimanalo wells is caused by

adsorption of the phosphate onto the porous medium surfaces. Dissolved
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phosphate could also be produced by the biodegradation of particulate

organic phosphorus. Assuming a C:P of 100:1, the 3 mg/l particulate

organic carbon that is the average injectant concentration would produce

0.03 mg/l phosphorus with total biodegradation. One would expect the

near-well adsorption sites to be occupied first so that as injection

contin~ed adsorption would take place progressively farher out in the

aquifer. This is what appears to be happening at Well 4-4.

Dissolved Silicon: Dissolved silicon was determined by three different

methods: ICP, atomic absorption, and autoanalyzer. Plate XXXII gives

the results of ICP analyses for silicon. Analysis by atomic absorption

showed similar trends but slightly different concentrations (Appendix

13). Autoanalyzer results showed increasing trends but with

considerably more scatter and less reproducibility than the other two

techniques (Appendix 12). At Waimanalo Well 4-4 silicon generally

increased away from the injection well, especially in the zone between

0.53 and 0.91 m. Later examination of the calcium data will show that

in this zone the waters are particularly aggressive to the porous

medium. The most likely source of the silicon is dissolution of

plagioclase fragments which make up a significant portion of the porous

medium. In addition to the waters being more aggressive in this outer

zone, the flow rate here is much lower and hence the residence time

greater so there is more time for rate-dependent reactions to take

place. For the average range of Waimanalo injection rates and assuming

homogeneity and 25% porosity, it takes the injectant 8-18 minutes to

reach the first observation well (0.29 or 0.35 m), 30-60 minutes to

reach the second well (0.53 or 0.66 m) and 60-120 minutes to reach the

third well (0.91 or 0.94 m) , For the Paala Kai well, it takes 1-2
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minutes to reach the first observation well (0.61 m), 5-10 minutes to

reach the second (1.35 m) and 10-20 minutes to reach the outermost (1.93

m). The greater the distance from the well, the more time for

dissolution to take place.

Dissolved Calcium: The concentration of dissolved calcium as a function

of distance from the injection well is shown in Plate XXXIII. For the

Waimanalo wells, magnesium and strontium concentrations (Appendix 8)

show trends similar to calcium, but at different concentrations. At the

Paala Kai well magnesium levels do not change as a function of distance

from the well but strontium increases slightly in the zone between 1.35

and 1.93 meters from the injection well.

At Waimanalo Well 4-4 the major calcium concentration increase is

in the same outer zone in which silicon increased. It is probable that

Waimanalo Well 6-2 also has a zone of major calcium increase but that it

is located beyond the most distant observation well (0.94 m) and hence

not detected in this study. The calcium increase observed for each of

the wells closely parallels the alkalinity increase.

The increase in calcium, magnesium and strontium is a result of the

dissolution of the carbonate porous medium, the strontium and part of

the calcium coming from the aragonite and the magnesium and the other

part of the calcium from the high magnesium calcite. The dissolution of

the aragonite and magnesium calcite at Waimanalo is in approximately

50:50 molar ratio while their occurrence ratio in the porous medium is

42:58. Aragonite is more soluble than calcite, which becomes

progressively more soluble with increasing magnesium content. The high

magnesium calcite dissolves incongruently with preferential dissolution

of the magnesium carbonate over the calcium carbonate. For the
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Waimanalo high magnesium calcites with a Ca:Mg mole ratio of 85.6:14.4,

the incongruent dissolution occurs in a mole ratio of approximately

68:32. The dissolution at Paala Kai indicates that the porous medium

has a molar ratio of 7:93 of aragonite to low magnesium calcite.

The common way of assessing the aggressivity of water towards a

given mineral is by calculating its saturation index. The saturation

index is the log of the ion activity product for the mineral in the

water sample divided by the solubility product for that mineral at the

same temperature. For calcite,

51 log IAP/K log ([Ca++] [C0
3=]/K

1 i ); K(2s
oC)

ca c te
-8

3.9 x 10 •

If the saturation index is negative, the water is undersaturated with

respect to that mineral; if it equals zero then the water is at

saturation, and if it is positive then the water is supersaturated.

Table 15 gives the saturation indices for various conditions as

calculated by the computer aqueous model, EQ3NR (Wolery, 1983) using

values and ranges of values reported here.

Based on the increases in calcium, magnesium, and strontium,

calculations can be made of the amount of carbonate being dissolved as a

function of distance from the injection well. These calculations were

made for typical daily flow rates (8000 liters/day for Waimanalo,

190,000 liters/day for Paala Kai). Table 16 gives both the daily weight

loss and the daily volume loss of the porous medium resulting from

carbonate dissolution. The conversion from weight to volume loss is

based upon the assumptions of a composite density for aragonite and
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Table 15

Saturation Indices for Pore Waters

Well 51-maximum1

4-4 -1.27
E41 -1.04
E42 -0.79
E43 -0.19

6-2 -1.06
E61 -0.81
E62 -0.76
E63 ·-0.67

PK1 -1.25
PEZ -1.15
PE3 -0.93
PE4 -0.60

251-minimum

-1. 79
-1.54
-1.12
-0.40

-1.98
-1.39
-1.20
-1.32

-1.86
-1.81
-1.26
-1.26

1) Maximum calculated using high Ca case,
pH plus one standard deviation and
alkalinity plus one standard deviation.
2) Minimum calculated using low Ca case,
pH minus one standard deviation and
alkalinity minus one standard deviation.

average
average

average
average

calcite in the formation of 2.8 glcc, a macroporosity of 25% and an

intragranu1ar porosity of 25% of the total volume. This latter is basp.d

on the bulk density data presented earlier in the section on sediment

cores. Macro-porosity refers to the porosity between sand grains;

intragranu1ar porosity refers to pore spaces within the individual

grains as the grains themselves are not solid. These assumptions are

based on data from the Waimanalo aquifer. Since no aquifer data were

available at Paa1a Kai it is not known if the above assumptions fit;

however, computations based on these assumptions for Paa1a Kai are

included in Table 16 for comparison. These assumptions would probably

be about the right order of magnitude for Paa1a Kai as well.
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Table 16

Daily Formation Loss by Carbonate Dissolution

Zone Distance Zone Volume Weight Loss Volume Loss

(m) (m3)1 -5 (cc/cc/d x 10-5)(g/c-:./d x 10 )

4-4 to E41 0.00-0.29 0.6 3.6 1.9
E41 to E42 0.29-0.53 1.8 5.0 2.7
E42 to E43 0.53-0.91 5.2 13 6.9

6-2 to E6 0.00-0.35 0.9 9.4 5.1
E61 to E62 0.35-0.66 3.0 2.5 1.4
E62 to E63 0.66-0.94 4.2 2.9 1.6

PK1 to PE2 0.00-0.61 3.4 36 19
PE2 to PE3 0.61-1.32 12.9 7.3 3.8
PE3 to PE4 1.32-1.93 18.7 14 7.4

1) Assuming injection stratum thickness 3.0 meters.

These dissolution rates apply to the period May-June 1982.

Dissolution may well have occurred at different rates in the past and

may well occur at different rates in the future.

It is unclear what causes the difference in dissolution rates

between Waimanalo Wells 4-4 and 6-2. The zone hetween E42 and E43

(0.53-0.91 m) at Well 4-4 is where many of the redox reactions take

place (see following sections); these lower the pH and could cause

greater carbonate dissolution to occur in this region.

Although the estimated amount of carbonate dissolved per liter is

less at Paala Kai, the daily loss is much greater because the daily

flows are much greater. The same sort of rationale can explain why.

even though the dissolution per liter is less nearest the well. the

daily loss there can be higher than at greater distances. Many more

liters of water per day will flow through a given cubic centimeter near

the well than one farther away. At the calculated rate of dissolution
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it would take fourteen years to dissolve all the carbonate sediment in

the zone between Well PK-1 and observaton well PE2, 0.61 m away.

Dissolved Ammonia: Ammonia is one of the forms in which nitrogen can

occur in wastewater. In Hawai'i where nitrogen levels in the

groundwater are extremely low, most of the nitrogen in the domestic

wastewater was probably present as organically bound nitrogen which is

then bacterially decomposed to ammonia. The ammonia in the presence of

oxygen and nitrifying bacteria is oxidized first to nitrite and then to

nitrate (Eq. 5). Generally only a small portion of the oxidized

nitrogen is present as nitrite, the bulk of it being in the form of

nitrate. Under mildly reducing conditions and in the presence of

organic matter, nitrate/nitrite can be removed from a system by

denitrification, also a bacterially mediated process. This reaction

produces nitrogen gas according to the equation:

- - +CH
20

+ 4/SN0
3

= 2/5N
2

+ HC0
3

+ l/SH + 2/SH
20.

(6)

Plate XXXIV presents the dissolved ammonia results. At Waimanalo Wells

4-4 and 6-2, the ammonia levels remain generally constant or decrease

slightly, and at the Paala Kai Well PK-l the ammonia decreases away from

the well. The two missing data points on the Paala Kai plot (6/22/82

curve) are from improper analyses. There may be less noise in the Paala

Kai data because the particulate organic concentration, which can

contribute to dissolved ammonia when it is metabolized, is much lower.

Dissolved Nitrate/Nitrite: Wells 4-4 and PK-l showed marked decreases

in nitrate/nitrite levels (Plate XXXV). Well 6-2 shows slight increases

that roughly correspond to the slight increases in ammonia nitrogen.

This is the result of nitrification of the ammonia.
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Plate XXXV

Dissolved Nitrate/Nitrite versus Distance
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Because of the source/sink relationship

between ammonia and nitrate/nitrite, it is helpful to look at total

dissolved nitrogen (TON) when evaluating nitrogen removal from an

aqueous system. The total dissolved nitrogen provides a measure of the

dissolved organic, ammonia, and nitrate/nitrite nitrogen in the system,

but not the gaseous forms. A source of dissolved nitrogen within the

system is the metabolism of particulate organics, thus any e$timates of

nitrogen lost based on total

conservative. Total nitrogen

dissolved nitrogen decrease would be

as determined by ultraviolet digestion

indicated that there was essentially no dissolved organic nitrogen

present, so that all the TON could be attributed to dissolved ammonia

and nitrate/nitrite.

Wells 4-4 and PK-l show (Plate XXXVI) significant decreases in TON

outward from the wells. In Well 4-4 most of the decrease takes place in

the zone between 0.53 to 0.91 m, while at Well PK-l the decrease appears

to occur uniformly over the two meter radial distance monitored. Since

denitrification occurs in the absence

waters around the injection well

of oxygen, and

are oxygenated,

the bulk pore

the near-well

denitrification at Paala Kai must be taking place within

microenvironments in the injection strata. The microenvironments are

not in direct contact with the bulk pore water, but instead there must

be an exchange of chemical constituents across a diffusion layer.

Perhaps outer aerobic and inner anaerobic layers exist through which

exchange of inputs and products take place. Because water sampling is

done by pumping or collection from observation wells it is the bulk pore

water that is sampled, and it is difficult to determine constituent

concentrations within the microenvironments themselves. However, these
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Total Dissolved Nitrogen versus Distance
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microenvironments can be sufficiently active to cause major changes in

the chemical composition of the bulk pore water.

Waimanalo Well 6-2 has fairly constant TON levels. Denitrification

may be taking place beyond the last observation well (at 0.94 m). The

dissolved oxygen persists at much higher levels in this well than Well

4-4 so that conditions for denitrification may not exist until the DO is

further reduced farther out from the injection well. This idea is also

supported by the head distribution results (Plate XVI) which show the

major region of head loss (i.e., clogging) by 6/82 to be beyond the

farthest observation well.

Nitrogen Gas: Nitrogen gas is the end product of denitrification.

There is a lot of noise in the N
2

data in Plate XXXVII. Wells 6-2 and

PK-l show increasing trends, but Well 4-4 has no distinguishable

pattern. Part of the problem is in sampling and analyzing for nitrogen

gas, as sample contamination is very easy. The earth's atmosphere is

ca. 78% nitrogen so that every time the sample is handled or transferred

there is a high risk of contamination. The contamination problem can

also be seen in some of the erratic results for oxygen gas as determined

on the same samples by gas

results show the same general

concentrations measured by the

chromatography (Plate XXXVIII). These

pattern of oxygen depletion as the

dissolved oxygen probe (Plate XXX);

however, the concentrations are somewhat higher. The dissolved oxygen

probe concentrations are probably more accurate since there is also a

high risk for sample contamination by atmospheric oxygen in the gas

chromatography analysis.

Nitrogen gas would be expected to be close to saturation in the

injectant since the effluent used in our studies is well aerated and
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there are no sinks for nitrogen gas in the aqueous system except escape

to the gaseous phase when gas saturation is exceeded. Nitrogen gas

escaping from a supersaturated solution would cause the concentration of

dissolved nitrogen gas to decrease. In laboratory experiments (Lance

and Whisler, 197Z) where secondary treated sewage effluent was applied

to soil columns, large quantities of nitrogen gas accumulated in the

head space at the top of the column after an initial period (16 days) of

little or no N
Z

production. The gas production was accompanied by a

sharp decline in effluent flux through the columns, presumaby as a

result of reduced hydraulic conductivity due to nitrogen gas binding in

the soil columns. Nitrogen removal from this system averaged about 34%.

These laboratory findings show many similarities to our field findings

for injection wells.

As the nitrogen gas concentration increases as a result of

denitrification, the N will come out of solution and form gas bubbles.
Z

The gas bubbles can cause'gas binding of the porous medium by blocking

the pores in the same way that a particle would. If the nitrogen gas

data were the only basis for proving N
Z

production, the results would be

inconclusive. The decrease in total dissolved nitrogen seen at

Waimanalo Well 4-4 and Paala Kai Well PK-l, however, gives positive

support for nitrogen gas production by denitrification.

Using the total dissolved nitrogen results, calculations can be

made about how fast nitrogen gas production could cause clogging of the

aquifer. These calculations are based on the assumptions that the

entire change in TDN at the experimental wells goes to produce NZ

hubbIes, and that none of the bubbles escape from the saturated zone.

The volume occupied by one mole of gas at 2S
oC

and one atmosphere used
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in these calculations is 24.5 liters. The moles of N2 gas produced per

day times 24.5 liters/mole gives the volume of gas produced in a given

region per day. Assuming the original porosity was 25%, the time

required to fill a portion of the pore space with gas bubbles can be

calculated. For Waimanalo Well 4-4 it would take 62 days for the

annulus between E42 and E43 (0.53 and 0.91 m), where most of the

clogging occurs, to become completely gas bound. It would take half

that time, 31 days, for the porosity to be reduced from 25% to 12.5%, a

reduction which would cause a major drop in permeability. Similar

calculations for the Paala Kai injection well annulus from PE2 to PE3

(0.61 to 1.32 m) yield 43 and 22 days respectively. Since it is quite

likely that some of the gas bubbles escape, these time periods are

probably too short; however, they should give an idea of the order of

magnitude of the potential rate at which clogging could occur.

Methane: Methane also appeared in some of the waters examined by gas

chromatography (Plate XXXIX). With methane there is no problem with

sample contamination from the atmosphere which contains essentially no

methane.

No methane was detected at the Paala Kai well though it may very

likely be produced outside of the range of the observation wells. Both

Waimanalo Wells 4-4 and 6-2 showed evidence of methanogenesis. Samples

taken before May 1982 showed a consistent pattern. Well 4-4 showed its

highest methane concentration at E43 (0.91 m). Well 6-2 methane

concentrations peaked at E62 (0.65 m). It is unclear why the methane

concentration in Well 6-2 decreased beyond 0.65 m although methane

oxidizing bacteria could cause such a reduction. When the well was

redeveloped in late April 1982 the system became disturbed. A month
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Plate XXXIX
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later almost no methane could be found"'in the samples.
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Two months

afterwards there were significant amounts of methane, but the high

concentrations were at different distances from the well than where they

had been previously.

Methanogenic bacteria are strict anaerobes. Methanogenesis occurs

in strongly reducing environments by methane fermentation:

CHz0 + 1/2H 20 = 1/2CH
4

+ 1/2HC0
3
- + 1/2H+ (7)

This is a process which must be taking place in anoxic

microenvironments. While the amount of methane produced is small, it is

qualitatively significant. It is generally found that denitrification

is occurring. The

aqueous system by

approximately 0.1

and sulfate reduction precede methane since their energy yield per unit

of organic matter is higher. As shown previously (Plate XXXVI), there

is strong evidence for denitrification occurring; the methane data

provide further support for this. Unfortunately there is no dissolved

sulfate data; however, the presence of iron sulfide (although not in

concentrations which might be expected) indicates that sulfate reduction

sulfide produced may be quickly removed from the

reaction with iron (injectant concentration is

mg/l) to produce iron sulfide. While methane itself

does not make a significant contribution to clogging by gas binding, it

is important as an indicator that other important redox reaction are

likely to be taking place.

Review of Pore Water Results:

The pore water data reveal two major processes that affect the

hydraulic conductivity of the porous medium and thus affect clogging.

The first process is dissolution of the carbonate sand in the injection

stratum. This counteracts the effects of clogging by increasing the
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The effect of this

increased hydraulic conductivity appears in the flat hydraulic gradient

close to the wells. This change in hydraulic conductivity is a gradual

one as can be seen by the gradual change in hydraulic gradient.

The effects of increased porosity on permeability can be calculated

using one of the experimentally determined relationships between K and

n. The Kozeny-Carmen equation (Bear, 1972) is one of the best known:

322
K = (pg/~)(n /[l-n] )(dm /180) (8)

Based on the rates of carbonate dissolution given in Table 17 for the

zone immediately around the Paala Kai well (from 0 to 0.61 m), after 30

days the hydraulic conductivity would have increased by 9%, after 150

days by 56% and after 365 days by 153%. The current rate of dissolution

may be quite different from rates occurring in the past because the more

easily dissolved high specific surface areas have already been

dissolved, or because different microbial processes which can affect pH

and alkalinity are now taking place. An increase in the hydraulic

conductivity causes a corresponding decrease in the hydraulic gradient.

The changes in hydraulic gradient follow the pattern predicted above but

are of somewhat greater magnitude than those predicted. The amount of

carbonate dissolved per liter may have been greater in the past, or may

be greater during no flow periods when the water is relatively stagnant

during no flow periods. Acid treatment during well redevelopment most

certainly also dissolved a portion of the carbonate injection formation.

While dissolution takes place over the entire radial distance

monitored by the observation wells, its effects are masked farther from

the injection well by the clogging of nitrogen gas bubbles. In the

first weeks after injection start-up when most of the clogging is
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occurring in the zone immediately adjacent to the well, the denitrifying

bacteria are not well enough established to make denitrification and gas

binding a significant cause of clogging. Once they do become well

enough established, they create a zone of major head loss a small

distance (about 0.5 to 1.0 m) from the well. This clogged zone then

appears to move slowly farther out into the aquifer. Calculations

presented in the discussion on total dissolved nitrogen indicate that at

Paala Kai it would take about 22 days for the porosity in the zone from

0.61 to 1.32 m to be reduced from from 25% to 12.5%. Again using the

Kozeny-Carmen equation, this would reduce the hydraulic conductivity to

about 10% of what it had been previously. This reduced hydraulic

conductivity would make for the steep hydraulic gradient shown in that

zone in Plate XVIII.

While a number of processes occur which involve the accumulation of

particulate matter, including bacterial colonies, clays, iron oxides,

and iron sulfides, these processes are overshadowed by others which are

taking place. The dissoluton of the surrounding carbonate sand

compensates for any reduction in porosity caused by the accumulated

particulate matter. The nitrogen bubbles formed by denitrifiction in

turn overshadow the effects of carbonate dissolution and create ~

clogged zone farther out in the aquifer.
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CHAPTER 7

CONCLUSIONS

The monitoring of existing injection sites was inconclusive as to

the factors affecting clogging (see Chapter 4, Conclusions). It did

point out the need for an experimental injection well system where more

detailed studies could be made.

Once the experimental well sites were set up, a variety of

experiments 'were run and conclusions could be made about what technology

was appropriate for Hawaiian wastewater injection situations. These

conclusions are given in detail at the end of Chapter 5. Briefly, they

include:

1. Need for selecting sites with high initial injection

capacity;

2. Need for standardization of pump and injection tests and

for reduction factors, which are a function of the initial

injection capacity, to be applied to the results to predict the

maintainable capacity;

3. Need for regular redevelopment of the wells, with the two

most effective means found being compressed air and acid treatment

followed by pumping.

Studies at the experimental well sites, particularly with the

coring of the aquifer sediment and water sampling from observation wells

in the first one to two meters from the well, have produced a much
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clearer picture of the clogging processes. They have shown that many of

the conclusions cited in the literature about the causes of clogging are

not applicable in Hawai'i, and perhaps are not entirely applicable in

other injection situations as well.

Contrary to the literature, filtration of suspended solids is not a

long term cause of clogging. Results on both particulate organic carbon

in the sediment and on the head distribution in the injection formation

confirm this. Although filtration is not a long-term cause, it is very

likely a short term cause of clogging. In the first days after the

start up of effluent injection, the head gradient increases in the

region immediately adjacent to the well. This is most likely due to the

filtration of injected suspended solids in that region. The microbial

population is not yet established and so cannot biodegrade the largely

organic injected particulates. Over the first few weeks in which the

bacteria establish themselves, two significant changes that affect

clogging occur. First, the bacterial population immediately adjacent to

the well becomes capable of metabolizing all the injected particulate

organic matter. This removes much of the clogging from this region

where initially all the clogging took place. The second change is that

the denitrifying bacteria become sufficiently well established so that

they are capable of producing significant amounts of nitrogen gas. The

N2 produces a gas-bound zone farther out in the aquifer. This is

revealed by the steep head gradient located over half a meter out from

the well, in a zone where originally there was almost no head loss. The

efficacy of gas bubbles in creating clogging was clearly seen in the

results of the hydrogen peroxide chemical treatment described in Chapter

5. The bubbles formed by the frothing of the hydrogen peroxide within
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the porous medium caused rapid clogging which persisted through several

months of injection. The nitrogen gas-bound zone extends itself slowly

farther out into the injection stratum. Superimposed on this, but with

its effects masked in part by the gas binding, is dissolution of the

carbonate porous medium. The increase in permeability that results from

carbonate dissolution in the non-gas bound region near the well causes

the flattening of the head gradient that becomes quite obvious

immediately adjacent to the injection well.

Inorganic particulate matter which accumulates (at least at the

Waimanalo site) in the first few tens of centimeters from the injection

well is potentially a major source of clogging and could be important in

non-carbonate aquifers. The origin of these particulates includes

biologically mediated chemical precipitation (specifically, iron

sulfide), filtration of injected inorganic particulates, and filtration

of particulates that wash down along the outside of the well casing from

the overlying clay layer. Because the inorganic particulate

concentrations in the injectant are so low and because the clays

accumulated in the injection stratum at Waimanalo are identical to the

clays in the overlying clay layer, it is probable that a large portion

of the accumulated particulates simply washed down along the ungrouted

casing. While the accumulated particulates a~e a potential cause of

clogging, their clogging capabilities are overridden by the effects of

dissolution of the porous medium. The region in which the accumulated

particulates are present is a region of almost no head loss.

The conceptual model of well clogging presented above fits well

with the observations made at Waimanalo Well 4-4 and Paala Kai Well

PK-l. The fact that two different injection sites show the same pattern
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gives a great deal of confidence to the above model. Waimanalo Well

6-2, however, differs in some aspects from the patterns of the other two

wells. While the head distributions for Well 6-2 plotted in Plate XVI

for 1981 follow the pattern described above, and the head distributions

in general show the outward shift of clogging, the head distributions

for 1982 show an increase in the head gradient immediately adjacent to

the well. There are no data to indicate what may be causing this,

although a major movement of clays down along the outside of the

injection well casing from the overlying clay layer is a possibility.

The major clogging, however, still takes place in zones farther out from

the well, as would be predicted by the conceptual model. In the 1/82

plot most of the clogging occurs beyond 0.66 m, while by 6/82 the

clogging has shifted farther out so that most is occurring beyond 0.94

m; that is, beyond the last observation well. This may explain why the

Total Dissolved Nitrogen data (from samples collected in late May and

June 1982) showed no dentrification occurring at Well 6-2. By that time

most of the clogging was occurring beyond the range of the outermost

observaton well, so that if denitrification were the cause of that

clogging as supposed, it would not be

observation well sampling. Well 6-2

dissolution than Well 4-4. At Well 4-4,

possible to

also shows

however, the

detect it by

less carbonate

zone of major

carbonate dissolution coincides with the zone of denitrification (the

redox reactons affect the pH which can affect carbonate dissolution) so

that again this process may be occurring beyond the range of the

outermost observation well.

While the general ideas and conclusions presented here may have

implications for other areas with similar geology and effluent quality,
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the results cannot simply be applied en masse elsewhere. The carbonate

sediments with their pH buffering capabilities can create an environment

conducive to microbial processes. In non-buffered environments the

aerobic oxidation of organic matter could drive the pH below tolerable

levels for most bacteria, and metabolic processes such ~s biodegradation

of organics or denitrification could cease. Dissolution of the

carbonate porous medium plays a major role in counteracting the effects

of particulate accumulation. It must also, to a certain degree,

counteract the effects of gas binding.

The conclusions presented here also apply specifically to the

general quality of injectant found in Hawai'i (see Table 1). Injection

of raw or primary-treated sewage with its much higher particulate and

organic loading could induce different processes. Particulate

filtration could take place at a faster rate than the bacteria could

metabolize away the particulate matter. At the other extreme,

advanced-treated wastewater with low organic and/or nitrogen levels

would produce nitrogen gas at a much slower rate if denitrification

occurred in the near vicinity of the well at all. Hawaiian wastewater

effluents, compared to most mainland U.S. effluents, are special in that

o 0
the temperature range (23 - 28 C) is small over the year, and the

range is an optimal one for growth of many bacteria.

The conclusions about gas binding by denitrification reaffirm the

idea of the inevitability of clogging. Introduction of the effluent

into the injection strata creates the preconditions for denitrification

to occur. As long as injection continues, denitrification will occur

and cause progressively greater clogging of the aquifer. The degree to

which gas binding affects the permeability of the aquifer is a function
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of the pore size and structure of the porous medium. Fine-grained media

are likely to trap smaller bubbles which might escape from more

coarse-grained (or large-pored) media. Tighter, less permeable

formations will clog to a greater extent hecause they limit the ability

of the gas bubbles to escape vertically or be swept along with the flow.

The shape of the specific capacity versus time curve immediately

after the start-up of injection (as in Plate X) with its steep initial

drop and gradual flattening reflect the maturation process which occurs

in the system in the first few weeks. Initially the injected

particulates accumulate next to the well face. At Waimanalo this could

account for as much as a 40% drop in injection capacity in the first

day. As the clogging mechanism shifts from particulate filtration to

nitrogen gas binding, there is an accompanying outward shift of the

clogged zone. With radial flow from a well, the flow velocities (and

hence the head gradient needed to produce the flow) decrease outward

from the well. This means that to produce a given change in head

gradient (and thus in injection capacity), a zone farther out must be

clogged to a much greater degree than one close in. This would explain

why loss of injection capacity proceeds at a slower rate when clogging

occurs at a greater distance from the well than when it occurs

immediately adjacent to the well.

The role bacteria play in metabolizing away clogging particulate

matter raises a question about the desirability of chlorination. A

bacterial population of sufficient size to biodegrade all the

particulate matter which enters the system exists adjacent to the well.

In spite of the chlorine residual the bacteria apparently flourish,

which raises a question about the efficacy of chlorination in porous
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media. The fact that the bacteria can metabolize all the particulate

organics introduced into the system would indicate that they are

probably nutrient rather than chlorine limited. There is always the

possibility that without chlorination there would be massive growth of

bacteria; however, if the population is nutrient limited, this should

not occur. A further consideration against chlorinating effluent is the

growing concern about halogenated hydrocarbons as probable carcinogens.

Until the fate of contaminants in the injectant is better determined, it

is probably wise to introduce as few as possible.

The findings of this study have at least two implications for well

construction practices. First, with active dissolution of the carbonate

porous medium, collapse of the rock around an open wellbore becomes a

distinct possibility. Thus, wells drilled into any carbonate rock, no

matter how lithified, should be cased throughout the entire depth. A

second consideration, if many of the accumulated inorganic particulates

at Waimanalo have simply flowed down from the overlying soil layer as

may be the case, is the necessity for grouting the top portion of the

wells throughout the soil layer and preferably down to the injection

zone.

Injecting sewage into a porous medium creates a complex system

within the injection formation. This complexity must be kept in mind

when examining the effects of various redevelopment techniques on

clogging. Redevelopment by flow reversal (pumping or compressed air)

should be able to dislodge some of the entrapped gas bubbles. This is

particularly true of the surging effect created by the air compressor.

The rapid increase in flow velocity in the formation created by surging

should be more effective in breaking loose the nitrogen bubbles than
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steady flow. Tne fact that the clogging occurs farther out in the

aquifer than the well-face means that redevelopment should be performed

in such a way as to penetrate several meters into the formation.

Pumping or blowing the well out with compressed air should be done for

periods of time long enough to remove water that was originally in the

most highly clogged zone. For the Waimanalo wells this would mean for

at least an hour and a half at the pumping rate that could be maintained

without running the wells dry.

It is unclear what effect, if any, the various chemical treatments

would have on gas bubbles. Nitrogen is a nonreactive gas and thus would

not be expected to react with any chemicals introduced. If methane is

present, it could be expected to react with any injected oxident, such

as in the hypochlorite, treatment although the slow kinetics of the

reaction may make the effects minimal. Some treatments may affect the

surface tension of the water, which could in turn affect bubble

stability. Additional studies need to be made into the ways of

chemically treating gas binding.

Many of the chemical treatments will affect other constituents

present in the injection stratum and could thus increase the

permeability. For instance, acid treatment of the wells is potentially

effective because it dissolves away a portion of the carbonate medium.

In fact, care should be taken in treating uncased wells with acid as

that might promote well collapse. In addition, acid probably dissolves

iron monosulfide and some phosphate precipitates if present. Taking the

Paala Kai January 1982 acid treatment as an example and assuming that

most of the acid reacted to dissolve the carbonate, the treatment which

extended approximately 0.65 m into the aquifer with a strength around pH



159

1 would have dissolved about 0.1 vol % of carbonate. At the current

rate of dissolution during injection this would correspond to the amount

dissolved in five days of injection. It would causee about a 1%

increase in the hydraulic conductivity (based on the Kozeny-Carmen

equation, Eq. 8) which does not account for the large improvement in

specific capacity observed. However, the combination of that kind of

increase in hydraulic conductivity adjacent to the well combined with

improvement caused by pumping could account for the increase in specific

capacity. Chlorine treatment would dissolve iron sulfide and solubilize

organics preser.t. An injection well is a complex system and, while the

removal of gas bubbles may account for a large portion of the increase

in specific capacity, removal of other substances by chemical

dissolution can increase porosity and thus increase injection capacity.

Chemical treatment could thus affect the permeability by dissolving or

solubilizing solids while pumping would affect the gas binding; in

combination they could cause a significant increase in injection

capacity.

were less

This would explain why chemical treatments without

effective than chemical treatments plus pumping.

pumping

The fact

that the chemical treatments have only a small effect on the gas bubbles

would explain why the treatments become less effective with time as the

aquifer becomes more and more gas bound.

To confirm the findings of this study and to gain further insight

into injection well clogging processes, a number of recommendations for

future studies can be made. The first would be a complete

characterization of the injection stratum prior to the start-up of

injection. This would include a broad spectrum of physical, chemical,

and biological analyses on the porous medium and the pore water.
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Accurate tracer tests should be performed prior to effluent injection

and periodically thereafter. Changes in arrival times or shapes of the

concentration curves could give valuable information about changes

taking place in the porous medium, such as changes in porosity.

Analyses to detect carbonate dissolution and nitrogen transformations

should be performed periodically to determine changes in rates at which

these processes take place. This would be particularly important in the

initial period of effluent injection when the well maturation process

occurs.

Additional observation wells should be placed at slightly greater

distances from the injection well than in this study so that the

complete clogging process can be observed. The effects of various

redevelopment techniques on the head distribution in the injection

formation should be monitored. This could give insight into where

increases in permeability were being produced, which could elucidate why

the redevelopment was effective. Studies should be made of the effects

of injection under pressure, since higher pressures would tend to keep

the gases in solution to a greater extent. The advantages and

disadvantages of a continuous high chlorine residual should be tested.

Heavy chlorination may keep the denitrifying bacteria from producing

significant amounts of nitrogen gas. On the other hand it may be so

effective in killing the bacteria that there will not be sufficient

numbers to metabolize the injected particulate matter which could then

become the dominant cause of clogging. One interesting aspect of the

well system with respect to water reuse via artificial recharge is the

removal of nitrogen. Nitrogn, in the form of nitrates, can be a

significant contaminant of drinking water. If water reuse were the
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primary goal, ways of promoting dentrification could be studied. On the

other hand, if wastewater disposal were the major goal, ways of

decreasing or postponing denitrification (until greater distances from

the well were achieved) should be the focus of study.

This research has laid the groundwork for future computer

simulations of the clogging processes. Past attempts at modeling

injection well clogging have almost exclusively dealt with equations for

the filtration of suspended solids. Since this is not a major clogging

mechanism for Hawaiian injection well situations, new models must be

developed. As the various parameters affecting denitrification and

carbonate dissolution are elucidated, management models can be

constructed to predict the frequency of redevelopment, the maintainable

capacity of an injection system, or the ultimate life of the system. In

addition, models of multiphase (gas/water) flow may be found to be

appropriate to define the outward movement of the clogged zone. The

ultimate utility of any model lies in the appropriateness of

generalizing from the specific case to a more global set of situations.

This may be difficult as seen by the fact that Waimanalo Wells 4-4 and

0-2, which represent essentially identical injection situations,

produced (at least in part) distinct responses.
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APPENDIX 1

WAIMANALO DRILL LOGS

In Decemb~r 1979 Walter Lum Associates drilled the experimental wells

on the site of the Waimanalo Wastewater Treatment Plant. Plates XL to XLIV

give the drill logs for the five experimental wells used.



Plate XL

Waimanalo Well 6-3 Drill Log
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Plate XLI

Waimanalo Well 4-3 Drill Log
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Plate XLII

Waimanalo Well 4-4 Drill Log
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Plate XLIII

Waimanalo Well 4-5 Drill Log
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Plate XLIV

Waimanalo Well 6-2 Drill Log
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APPENDIX 2

PAALA KAI EXPERIMENTAL WELL DRILL LOGS

&_.. :C.:OCOL.A.::aa - :H.A.'VV.A.:rJ:
~~ -»,,,",:,-~ • 'FD'\,I,ndaaJ.O'D 4 8CCl :lCncLn.......n •• 0..ol.oc7

~
<. "~ .,;. 1553 Colburn Street, Sull. 202
! .•.• -, Honolulu, H~w12" 96817
, (a08) 841-5064

DATE: A:1jus:: 22, 1978

City ~ County of Honolulu
8oar~ of ~ater suepty
G~O ~outh Jer~tanla

TO: _...",...,-:;..-;---.-..,..,--:;.._=-_--.__~__

Honolulu, Hawaii 96313

ATTENTION: :lr. Chester Lo

Paaha leai Subdivision - Test w~ll Lo';sSUBJECT: ---=:....:..- _

TEST WELL LOGS·

PAALAA KAI SUBD~VISION----------------------

Test
Well
~

1

Ground
Elevation Deoth

crem
a - 9(1)

9'-.20

20 - 33

33 - 49

So11
Description

REDDISH-BROWN SILTY CLAY
Wat er @ 9.0'

3 20 'No Cutting Recovery -

BROWN SILTY SAND (1)

LIGHT BROWN SILTY SAND
with some gravel
(auger sample)

BROWN FInE SAND'
Hard Drilling @ 33'
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APPENDIX 3

ANALYTICAL METHODS

The analytical methods used are listed in alphabetical order along

with a description of or reference for the method used.

1. Acid Insoluble Samples for X-ray Diffraction and SEM - EDAX

analysis: prepared by adding dilute HCI until no further reaction

took place. Samples were rinsed with dionized water and dried.

2. Alkalinity: Standard Methods for the Examination of Water and

Wastewater, 14th ed. (SME\VW), Part 403.

3. Aluminum: Water Sample: Both non-filtered and filtered (0.45

membrane filter) samples acidified with 2 ml concentrated RN0
3

/ 1.

Analysis by atomic absorption, SME\VW, part 302A.

Sediment Core: Sample ashed at S500C for 4 hours to remove

organics; 250 mg sample placed in a teflon crucible with 3 ml 3

HCI: 1 HN0
3

(concentrated) plus 4 ml HF; placed in oven at 11n
oC

for 2 hours; allowed to cool for approximately 2 hours and diluted

to 100 ml volume in a teflon flask. See Bernas (1968). Detection

by atomic adsorption, SME\VW, part 302A.

4. ATP-Biomass Index: Water samples: Analyzed by first filtering a

volume of sample through a 0.7 micrometer GF/F glass filter and

placing the filter in 5 ml of boiling 60 mM phosphate buffer to

extract the ATP. Samples with high suspended solids are pipet ted

(1-2ml) directly into boiling 60 mM phosphate buffer to a total

volume of 5 mI. Samples are centrifuged to settle out any

suspended matter. The amount of ATP is measured in SAl Technology
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Co. ATP Photometer Model 200 where the extracted sample is injected

into a luciferase solution. The ATP interacts with the luciferase

to produce light which is measured with the photometer.

Concentrations can be determined by matching samples to a standard

curve. See Karl and Holm-Hansen (1978).

Sediment Cores: Two cc of sediment. measured by packing them

lightly into a syringe, were injected into 10 ml of boiling

phosphate buffer to extract the ATP. The samples were then

Coulter CounterDistribution:SizeParticle

SMEWW. Part 408A.

CounterCounter

7.

R.

treated. as were the extracted ATP water samples described above.

5. Biochemical Oxygen Demand - five day (BODS): SMEWW, Part 507.

6. Bulk Density: Two cc of sediment. measured by packing them lightly

into a syringe, were oven dried at 600C to stable weight and

weighed.

Chloride:

Model ZBI used with ISOTON II electrolyte as per manufacturer's

instruction book 4201018E/February, 1979.

9. Dissolved Ammonia: Samples were filtered with a 0.45 micrometer

membrane filter. SMEWW, Part 604 on a Technicon Autoanalyzer II.

10. Dissolved Nitrate/Nitrite: Samples were filtered with a 0.45

micrometer membrane filter. SME~m, Part (,04 on a Technicon

Autoanalyzer II.

11. Dissolved Oxygen: Measured with a Y51 Model 57 Oxygen Meter.

12. Dissolved Organic Carbon: Samples were filtered with a 1.2

micrometer glass fiber filter. Analyses were done on an

Oceanographic International Corp. Total Carhon Analyzer Model 0524B

using the sealed ampule method. See Smith et al., 1981.
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13. Dissolved Phosphate: Samples were filtered with a 0.45 micrometer

membrane filter. SMEWW, Part 606 on a Technicon Autoanalyzer II.

14. Dissolved Silica: Samples were filtered with a 0.45

micrometermembrane filter.

a) Auto Analyzer Method: with molybdate reduction on a

Technicon Autoanalyzer II. See Smith et al., 1981.

b) Atomic absorption: Molybdate Blue Method. See Rainwater and

Thatcher, 1960.

15. Gas Chromatography for Methane, Nitrogen and Oxygen Gas: Water

samples were taken from the wells with a thief sampler. Water was

then taken directly from the thief sampler through a small plastic

tube into a glass syringe. An effort was made to eliminate all the

air bubbles from the syringe. A 5 ml water sample was taken iced

back to the laboratory. Five ml of the chromatograph carrier gas

(Helium) was taken into the syringe, and the syringe was agitated

for precisely one minute. From a previous calibration it was known

how much of a given gas (usually around 90%) would pass into the

carrier gas with one minute of agitation. The gas in the head

space was then run through a gas chromatograph with I.R m by 0.003

m O.D. stainless steel column filled with Molecular Sieve

5-A-80/100 and measured with a thermal conductivity detector. This

is a slightly modified (as above) version of Martens, 1979.

16. Inductively Coupled Plasma Spectroscopy (ICP): Redeveloped Water

Particulates: 30% H20 Z added until no more reaction. Only 47% of

the sample dissolved. For analysis see Peck, Langhorst, and

O'Brien, 1979.
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Sediment Cores: Samples prepared by adding 8 M HN0
3

until no more

reaction then adding 30% H20 2 until no more reactton. The pH was

raised to pH 7 or slightly higher by adding concentrated NH40H.

More 30% H
202

was added and the samples were cooked in a water bath

for several hours. After there was no more evidence of reaction,

any remaining solids were centrifuged out. The supernate was

acidified with 0.5 M H
2N03

and the volume adjusted to 20 ml. ICP

analysis as described above.

Water Samples: Samples were preserved with 10 ml concentrated

HN0
3/l.

a) Samples 11/13/81: centrifuged and supernate acidified with

8M HN0
3;

solids collected were partially dissolved as for

redeveloped water above.

b) Samples 5/24/82 and 5/25/82: filtered with an organic

qualitative filter.

c) Samples 6/22/82, 6/23/82, 6/25/82, and 6/29/82: filtered

with a 0.45 micrometer membrane filter.

All ICP analysis done as described previously in this chapter.

17. Inorganic Carbon: performed on a Hewlett Packard 185-B carbon and

nitrogen analyzer; precombustion was done at 5000C for 4 hours.

See Sm i th et a1., 1981.

18. Iron: Sediment Cores: Prepared as for aluminum above. Detection

by atomic absorption, SMEWW, Part 301A, using standard addition.

Ivater Samples: both non-filtered and filtered (0.45

micrometermembrane filter) samples acidified with 2 ml concentrated

RN0
3

/ 1 . Analysis by atomic adsorption, SMEWW, Part 301A with

standard addition.
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S02A, modified by

bath at 7S
oC

and

that the extracted

part

water

Sample: SMEWW,

from flask in

WaterOil and Grease:

distrilling solvent

dessicating 8-12 hours.

Sediment Core: SMEWW, Part 502D, modified so

19.

sample was treated as for Oil and Grease above.

Organic Carbon (on sediment cores): as for Inorganic Carbon above.

Particulate Nitrogen: as for Inorganic Carbon above.

20.

21.

22. Particulate Organic Carbon: Samples collected on 1.2 micrometer

glass fiber filters. Analysis as for Dissolved Organic Carbon

above.

orthophosphate analysis on a Technicon Autoanalyzer II.

23. Particulte Phosphorous: Perchloric Acid Digestion followed by

Smith et

al. (1981) with modification of perchloric in place of sulfuric

acid.

24. Percent Volatile of Residue: SMEWW, Part 20RE. Oven temperature

was SSOoC. Percent Ash plus Percent Volatile equals 100%.

25. Percent Ash: SMEWW, Part 208E. Ashing was done in a 500°C oven

for four hours.

26. pH: Measured with a Photovolt pH Meter 126A, calibrated with pH 7

and pH 10 buffer,

27. Photomicrographs: Colored slides of the sediments were taken ~ith

a Zeiss Photomicroscope camera at 4x magnification.

28. Residue: Total Dissolved Solids (TDS):

micrometer glass fiber filter used.

SMEWW, Part 208C, 1.2

SMEWW, Part 208D, 1.2 micrometer glass fiberSuspended Solids:

filter used.

Total Solids: The total of the TDS and SS from a given sample.
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29. Scanning Electron Microscope - Energy Dispersive Analysis of X-rays

(SEM - EDAX): performed on a Cambridge S 4-10 machine. Several

samples were preserved on a Tousimis Research Corp. Samdri - 780

critical point dryer to keep the microbes intact. The limit of

detection on the EDAX is around 1%.

30. Standard Plate Count: SMEWW, Part 907.

31. Sulfate: SMEWW, Part 427C.

32. Sulfide: zinc acetate preservation, SMEWW, Part 428B, jand sulfide

determination, SMEWW, Part 428D.

33. Sulfur: See Johnson (1952).

34. Temperature: Measured with YS1 Model 57 Oxygen Meter.

35. Total Chlorine Residual: Using a Hach Test Kit Model CN-66 with

DPD capsules.

36. Total Dissolved Nitrogen: Samples were filtered with a 0.45

micrometer membrane filter. Ultraviolet digestion was followed by

analysis as for dissolved nitrate/nitrite above. See Smith et al.,

1981.

powdered

d-spacings

X-ray

The

X-Ray Diffraction: D-spacings determined by

diffraction on a Phillips-Norelco Diffractometer.

were typically in the 1.5 to 8.0 angstrom range.

38.

39.

40.

41.

37. Total Dissolved Phosphorous: Samples were filtered with a 0.45

membrane filter. Ultraviolet digestion was followed by analysis as

for dissolved phosphate above. See Smith et al., 1981.

Total Nitrate/Nitrite: SMEWW, Part 605.

Total Nitrogen: D'Elia, 1977.

Total phosphate: SMEWW, Parts 425C1 and 425F.



Table 17

Injectant Quality Data

(all measurements except pH In mg/tl

Total Alka- 5-Day Oi I s Suspended Dissolved Total Chlorides
Date Site Chlorine pH N02- N03

Residual I ini ty BOD Grease Sol ids Solids Sol ids

02119/80 Pat's at -- 37 -- 6.5 8.7 -- 22 327 349 70
Punalu'u

Kahuku -- 54 -- 6.7 11.0 4.9 23 488 511 100
Sugar HilI

02/26/80 Hokulela -- 20 49 6.9 18.5 2.9 57 723 780 170 i:;
Sands '"Cl

tr1

Haleiwa -- 155 5 7. I -- 5.2 41 777 818 190 z
t:::J

Surf Hotel H
:><

03/M/80 Kulana -- 198 18 7.35 9.0 2.8 24 263 587 80
Village

.j>

Ewalanl -- 68 53 7.1 -- -- 41 678 719 90

03111/80 Hakaua -- 79 58 7.9 10.7 -- -- -- 289 70
Vi Ilage

Pat's at -- 36 22 7.6 -- -- 15 276 291 70
Punalu'u

Kahuku -- 47 12 7.1 -- -- -- -- 349 100
Sugar Hill

Haleiwa -- 158 31 6.8 -- -- 37 472 509 160
Surf Hotel

Hokuleia -- 34 15 7.5 -- -- 7 611 618 180
Sands

03118/80 Kulana .- 197 14 7.3 -- -- 14 579 593 140
Vi Ilage

Ewalanl -- 98 37 7.7 9.2 -- 41 578 619 150 I-'......,
V1



Table 17. (Continued) Injectant Quality Data

(all measurements except pH In mg/t)

Total Alka- 5-Day OJ I & Suspended Dissolved Total ChloridesDate 51te Ch lorl ne pH N0 2-N0 3
Residual llni ty BOD Grease Solids Sol ids Sol ids

04/01/80 Haleiwa -- 156 18 7.7 1.2 3.1 6 566 572 190
Surf Hotel

Hokulela -- 34 10 7.5 14.9 1.7 4 170 174 190
Sands

Kahuku -- 46 I 8.2 6.0 3.3 2 379 381 90
Sugar HiII

Pat's at -- 57 5 7.3 1.4 2.6 2 267 299 80
Punalu'u

Hakaua -- 52 61 7.8 6.2 6.0 260 454 714 110
Vi 11age

04/08/80 Kulana -- 189 19 7.7 0.2 2.4 10 586 596 160
Village

Ewalanl -- 98 100 7.6 6.0 3.4 164 626 790 50

04115/80 Hakaua -- 107 45 7.3 0.2 1.9 41 282 323 70
Village

Pat's at -- 51 3 7.1 3.9 -- 22 290 312 70
Punalu'u

Kahuku -- 50 3 7.2 7.4 18.3 54 370 424 90
Sugar HI \I

Haleiwa -- 152 5 7.2 0.1 18.9 86 411 497 180
Surf Hotel

Hokuleia -- 68 12 7.5 7.3 17.2 55 547 602 200
Sands

04/22/80 Ewa VIlla -- 178 30 7.5 0.4 3.8 29 513 542 ISO

Ewalanl -- 177 19 7.3 7.7 3.7 16 -- -- 160

Kulana -- 101 II 7.5 0.3 -- 12 576 588 ISO
Village

t-'
-...J
0\



Table 17. (Continued) Injectant Quality Data

(all measurements except pH In mg/t)

Total Alka- 5-Day DiI & Suspended Dissolved Total ChloridesDate Site Chlorine pH N0 2- N03
Residual Ilnl ty BOD Grease Sol ids Sol ids Solids

05/01/80 EwaVllla 0 122 27 7.4 0.3 2.1 26 532 558 140

Ewalanl 0.3 150 81 7. I ·0.8 2.8 239 579 818 170

05/08/80 Haleiwa 0 38 70 7.4 0.1 13.6 21 639 660 210Surf Hotel
Hokulela 0.2 5 100 6.9 16.1 10.3 17 716 733 210
Sands

Kahuku 0.7 6 6 8.2 5.4 7.6 60 375 435 90
Sugar Hili

Pat's at 0 6 5 6.9 18.2 8.1 2 408 410 70
Punalu'u

Hakaua 0 7lt 15 7.0 0.2 11.0 lt 282 286 90
Village

05/16/60 Ewa Villa 0.2 147 70 7.6 O.lt 3.4 71 526 597 340

Waimanalo 0.1 63 12 7.2 9.3 5.2 5 314 319 60
WWTP

Kulana 0 179 8 7.1 0.3 3.1 4 604 608 170
Village

OS/21/80 Hakaua 0 76 8 7.1 0.1 10.0 I 351 352 90
ViIlage

Pat's at 0 3lt 4 6.8 4.3 8.1 I 301 302 40
Punalu'u

Kahuku 0.3 59 8 8.2 5.5 11.6 22 551 573 ICO
Sugar Hili

Haleiwa 0 146 37 7.lt 0.2 14.5 33 610 643 260
Surf Hotel

Hokulela 0 32 13 7.0 22.9 11.1 23 795 818 220
Sands

I-'.....,
.....,



Table 17. (Continued) Injectant Quality Data

(all measurements except pH In mg/L)

Total Alka- 5-Day . 011 & Suspended Dissolved Total Chlorides
Date Site Chlorine Ilnlty BOD pH N02-N03 Grease Solids Solids Sol idsResidual

OS/28/80 Waimanalo 0.2 52 14 7.1 12.2 2.7 4 297 301 50
WWTP

Waimanalo 1.2 76 14 6.9 8.6 3.6 9 304 313 60
WWTP

06/04/80 Haleiwa 0 141 42 7.2 0.2 4.0 27 611 638 200
Surf Hotel

tIokulela 0.4 41 9 6.8 20.0 4.0 28 774 802 230
Sal'ds

Pat's at 0 26 13 7.0 12.1 3.6 14 351 365 80
Punalu'u

Hakaua 0 73 10 7.0 0.8 2.8 5 374 379 100
Village

06/11/80 Ewalanl 0.1 130 38 6.9 7.1 3.8 22 663 685 170

Ewa Villa 0.1 138 23 7.3 0.4 6.7 23 613 636 170

Kulana 0 202 13 7.1 0.9 3.1 14 120 634 150
Vi 11age

06/18/80 Haleiwa 0 88 48 7.2 0.9 4.7 58 636 694 200
Surf Hotel

Hokulela 0 24 6 7. I 15.5 3.8 6 726 732 210
Sands

Kahuku 1.3 6 6 8.3 10.7 3.1 10 430 440 100
Sugar HIli

06/25/80 Hakaua 0 124 15 7.3 0.4 4.2 13 367 380 iOO
Vi Ilage

Pat's at 0 21 10 6.9 8.7 4.3 I 322 323 80
Punalu'u

Waimanalo 3.5 31 4 6.5 II. 1 -- 9 342 351 80
WWTP

t-'
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Table 17. (Continued) Injectant Quality Data

(all measurements except pH In mg/L)

Total Alka- 5-Day Oi I s Suspended Dissolved Total ChlorIdes
Date Site Chlorine pH N02-N03

Residual Ilnl ty BOD Grease Solids Sol ids Sol ids

07/31/80 Waimanalo 3.5 67 2 6.0 6.9 2.8 29 358 387 80
WTP

Ewa Villa 0.4 160 86 6.9 0.2 1.7 214 538 752 160

08/06/80 Kahuku 0.3 53 4 7.1 0.1 0 4 541 545 190
Sugar Hili

Hakaua 0 127 21 7.0 10.5 0.5 20 367 387 110
Village

09/04/80 Ewa Villa 0.2 153 3 7.2 0.1 1.1 24 490 514 160

Waimanalo 3.0 28 32 6.0 6.2 2.4 4 148 152 80
WTP

10/21/80 Waimanalo 0 105 15 6.5 0.3 1.0 9 287 296 70
WTP

12/05/80 Waimanalo 0.5 55 8 7.0 7.1 -- 9 283 292 60
WTP

02/23/81 Kulana 0 210 20 7.1 1.2 3.0 12 632 644 180
Vi Ilage

Ewa Villa 0 164 51 7.1 1.5 6.8 182 588 770 160

Ewalanl 0 218 38 7.0 1.3 3.1 42 512 554 140

06/04/81 HaleIwa 0 159 42 6.7 1.2 5.6 29 448 448 120
Surf Hotel

Hokulela 0.2 46 6 6.7 21.2 2.2 14 482 495 110
Sands

Paala Kal 1.0 198 9 7.4 1.9 2.2 12 318 331 130
WTP

07/07/81 Paala Kal 1.5 171 7 6.8 -- 4.3 15 502 517 130

Waimanalo 0.9 109 13 7.6 -- 2.2 4 308 312 70
WWTP

.....
-..J
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Date Site

09/23/81 Paala Kal

12/29/81 Paala Kal

Waimanalo
\lWTP

Table 17. (Continued) Injectant Quality Data

(all measurements except pH In mg/t)

Total Alka- 5-Day OiI & Suspended DIssolved Total ChloridesChlorine Ilnl ty BOD pH NOZ-N03 Grease Solids Solids SolidsResidual

0.5 91 19 6.4 -- 0.5 4 478 482 123

1.5 105 5 7.2 -- 2.3 3 738 741 165

0.5 133 15 6.7 -- 2.0 17 320 347 50

......
00
o



Table 18

Ewa Villa Daily Injectant Quality Fluctuations

(all measurements except pH In mg/t)

Totai Alka- 5-Day 011 & Suspended Dissolved Total Chlorides
Date TIme Chlorine Ilnl ty BOD pH NOz- N03 Grease Sol Ids Solids SolidsResidual

07/17/60 7:30 a.m. 0.2 1,.6 2" 7.0 0." 8.1 21 526 5"7 160

8:"5 0.2 1"5 -- 6.9 0.2 -- 12 5"0 552 1"0
10:00 0.2 1,.8 35 6.9 0.2 9.2 52 539 591 160

II: 15 0.2 136 -- 7.1 0.2 -- "0 525 565 150

12:30 p.m. 0.2 150 51 6.9 0.2 13. I 85 516 601 160 ~
1:"5 0.2 156 -- 7.1 0.3 -- 27 532 559 160 '"tl

t'I1

6.9 9.6 5"3
z

3:"5 0.2 155 29 0.3 21 522 130 t:l
H

5:00 0.1 153 -- 7.0 0.3 -- 19 576 595 150 ~

6: 15 0.3 153 -- 7.2 0.3 -- 193 5,.6 739 160 VI

7:30 0.2 152 88 7.1 0.3 6.3 198 490 688 150

I-'
ex>
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Table 19

Coulter Counter Data

Particle Counts*

Kahuku Hakaua Waimanalo Waimanalo Waimanalo Waimanalo Well 6-2
Diameter Volume Ewa VilIa Well 6-3 We II 6-3 Redeveloped Water 9/26/80

IJ3 Sugar Hill Village WTP 9/1f/80 (2.7-3./jm) (5.8-6./jm) 3.81<10- 3IJ 8/6/80 8/6/80 9//j/8o 9/17/80 9/17/80 m3 0.!Jm3 I. 1m3

1.59 2.09/j 5,050 6,270 13,000 32,800 9,800 13,900 7,/j00 9/j,800 13,500
2.00 /j.189 2,550 2,680 6,500 10,800 /j,900 6,900 /j,IOO 51,300 7,000

2.52 8.378 1,210 1,250 2,790 !J,700 2,300 3,600 2,/j30 27,000 3,690

3.17 16.76 7!J2 657 1,190 2,!J00 1,170 2,020 1,560 1!J,800 2,1!J0
/j.00 33.51 519 375 551 1,170 653 1,100 1,020 8,250 1,280 ~

'"d
5.0!J 67.02 388 252 239 670 281 758 6!J1 6,610 823 ~z
6.35 13!J.0 27!J 165 119 30/j 2/j5 50/j 367 3,170 /j12 t:l

H

8.00 268.1 II!J 79 83 133 161 336 203 1,/j70 203
:x:
o-

10.08 536.2 50 !JO 35 69 96 198 101 5/j7 87

12.7 1072 17 19 16 30 !J9 155 66 396 59
16.0 21/j5 5 19 15 2/j 20 62 26 117 12

20.2 /j289 3 2 /j 23 13 21 8 28 /j

*AII dilutions 1:19 except Well 6-2 Redeveloped Water, 3.8xI0- 3 m3, which was 1:2/j,999.

I-'
C1J
N
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APPENDIX 7

TRACER TEST

Tracer tests can give additional hydrogeologic information about

the injection stratum beyond what can be obtained by pump and injection

testing. Unfortunately data from simple tracer tests performed on

Waimanalo Wells 4-4 and 6-2 are inconclusive. in part because it was not

possible to obtain continuous tracer concentrations. The arrival times

(Plate XLV) of tracer at the observations wells E61 and E41 are close to

the expected arrival times based on flow rates and the assumed

hydrogeology. Other arrival times and concentrations are anomalous.

particularly those for observation well 061. The 061 results indicate

inhomogeneities in the injection stratum. There is a need for complete

tracer testing. both prior to the start-up of injection and periodically

thereafter to monitor for changes in the porous medium.
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Plate XLV

Waimanalo Tracer Tests, Wells 4-4 and 6-2 (7/16/81)
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Table 20

Inductively-Coupled Plasma Spectrometer Results
SAHPLE

Waimanalo:

Well 4-4, 0.29m

Well 4-5, 0.18m

Well 4-4, 0.91m

Well 4-5, 0.85m

Background T, 20m

Well 4-4 (pre-InJection)

Redeveloped Solids, 10/23/81

Waimanalo:
Effluent Dissolved
Solids, 10/23/81

Effluent Dissolved
Solids, 10/23/BI

Effluent Suspended
Solids, 10/23/81

Effluent Suspended
Solids, 10/23/81

AI Ca Fe K Hg -Na P Si Sr Ti

------------------------------Weight %-------------------------------
.396 32.5 .375 0.005 1.64 .270 .076 .50B .38B .02B

.205 32.5 .267 NO 1.65 .261 .06B .326 .381 .019

.112 51.7 .IB7 NO 2.13 .296 .092 .192 .48B .010

.090 35.1 .142 NO 1.69 .2BB .065 .147 .40B .009

.074 39.7 .194 NO 2.22 .257 .057 .136 .404 .00B

.076 35.6 .164 NO 1.95 .250 .056 .124 .347 .007

24.8 19.2 24.6 0.45 2.2 NO 12.6 7.0 .17 1.61

--------------------------------mg/t---------------------------------
~

.123 15.2 .101 7.6 7.9 49.6 5.93 14.5 .099 NO '"d
trl
Z
t:l

.068 14.6 .071 7.2 7.8 47.0 5.60 14.4 .093 NO H
~

00
.032 .10 .071 .03 .02 .10 .16 .10 NO NO

.017 .12 .036 .02 .01 .06 .09 .04 NO NO

"I
Waimanalo:

Date

OS/24/B2

Well

4-4

E41
E42

E43

6-2

E61

E62

E63

--------------------------------mg/t---------------------------------
.503 13.7 .0Bo 7.86 8.6B 48.9 4.84 14.6 .093 .014

.063 14.5 .176 6.13 8.40 41.5 4.85 14.4 .113 .015

.575 17.0 .197 7.68 9.23 46.5 5.51 14.7 .139 .024

.417 45.8 .455 7.65 13.8 49.0 4.08 16.7 .513 .045

.255 13.6 .072 7.94 8.81 46.6 4.82 14.4 .094 .016

.412 18.3 .341 7.37 8.98 45.7 4.92 14.8 .153 .037

.187 16.7 .206 6.46 B.37 43.3 4.72 14.6 .135 .026

.150 21.0 .146 6.63 B.BO 43.3 4.68 14.6 .IB9 .016

I-'
00
V1
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APPENDIX 9

Table 21

Particulate Nitrogen and Particulate
Sulfur in Sediment Cores

Waimanalo Distance Depth of
N S

Well Date from Well Sample % %(m) (m)

4-4 04/03/81 .29 2.3 .07 .164

2.6 .05 .127

.53 2.3 .06 .207

2.4 .03 .069

.91 z.: .04 • 145

2.4 .04 . 125

4-5 10/10/80 .18 2.3 .05

2.9 .05 .131

.38 2.3 .05

2.8 .06 .135

.85 2.3 .04 .202

2.8 .04 .131

6-2 04/03/81 .35 2.3 .06 .107

2.7 .09 .154

.66 2.1 .06 .118

2.6 .08 .144

.94 2.1 .04 .147

2.6 .03 .092

Background Samples

T 20 2.0 .04 .125

N 2.4 .05 .127

c 35 2.6 .04 .120

D 60 4.3 .03



APPENDIX 10

Table 22

Additional Dissolved Oxygen Data

Date 2/18/82 6/18/82 6/23/82Non-injection for 20 hrs

Waimanalo

Well 4-4 1.7 4.0 4.4

E41 0.0 3.2 4.0

E42 0.0 3.1 3.2

E43 0.0 1.0 0.7

Well 6-2 0.2 4.4 4.6

E61 0.0 2.5 2.8

E62 0.0 2.3 2.6

E63 0.0 1.3 1.7

187
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APPENDIX 11

Table 23

Analyses of Total Water Samples
(Particulate Plus Dissolved)

Atomic

SO:
Adsorpt ion

BODS 5- N03/N02 N P Fe Al
(mg/1) (mz/R.) (mfR.) (mg-N/R.) (mglR.) (mglR.) (mg/1) (mg/R.)

DATE: 312/82 11 182 II 182 3/27182 3/27/82 3/27182 4130/82 4/16/82
Waimanalo
Well 4-4 14.9 0 37 10.6 23.8 2.3 0.067 N.D.

E41 7.2 0 31 11.5 0.9 0.100 10.3
E42 46.5 0 29 11.9 36.9 2.7 0.168 7.5
E43 21.7 0.5 (7) 30 11.9 15.0 3. I 0.087 12.6

Well 6-2 14.9 0 29 13.2 24.1 2.5 0.075 N.D.
E61 8.5 0 33 11.4 0.3 0.112 10.8
E62 94.7 2.0 (7) 34 12.5 20.6 2.7 0.157 25.8

E63 13.7 31 11.9 17.1 1.9 0.075 3.8



------------------PO~
Waimanalo:

DATE: 5/24/82
Well 4-4 3.7
El,I 1,.3

E42 4.7
E43 3.4

Table 24

Dissolved Phosphate and Silicon in Pore Waters

(mg-P/t)------------------ ----------------------51 (mg/t)----------------------AtomicAuto Analyzer Adsorption
5/25/82 6/23/82 6/25/82 5/24/82 5/25/82 6/23/82 6/25/82 3/10/82

5.5 22.9 5.5 16.4 7.7 11.2 11.5 16.7
5.1, 7.1 5.1, 1£..7 18.8 15.1 6.0 16.8

4.8 4.4 4.9 17.8 14.3 13.2 15.7 16.7
2.6 3.5 2.6 21.7 10.1 17.4 16.9 22.8

Paala Kal:
DATE: 6/22/82 6/29/82

We II PK-I 7.9 8.1
PE2 8.8 8.7

PE3 8.3 7.8
PE4 8.3 7.1

We II 6-2 3.8
E61 3.9
E62 4.J

E63 3.9

5.3
5.0

4.9
4.5

4.6

3.1

2.9
2.8

5.1,
4.6

4.5
4.4

6.1 13.3 14.8 14.5 15.8
13.5 9.0 16.3 15.7 15.8

iJO
17.5 15.1 16.6 13.9 16.1 ';:I

trJ
17.5 15.1 17.4 16.2 17.7 z

t:1
H
:x::
I-'

6/22/82 6/29/82 N

16.4 22.9
20.8 34.4
21,.6 35.9
27.3 30.2

I-'
co
\D
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