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24 STATE WATER POLLUTION CONTROL BOARD

direction of flow. One well was found to have a pumping capacity of
about 900 gpm but a sustained recharge capacity of only about 150
gpm.

The most extensive experience was outlined by Johnson (41) in
1948 in a discussion of the Long Island operations. Injection rates of
100 to 550 gpm were reported in various of 221 wells, 44 of which were
operated the year round. From the data presented it is estimated by
the authors of this report that injection rates varied from about 6 to a
little more than 8.5 gal/min/ft of aquifer. Recent reports of a recharge
project at El Paso, Texas, show recharge rates of about 700 gpm into
wells slightly less than 900 feet in depth, which have a specific capacity
of about 18 gpm. A similar report of recharge tests at the King Ranch
in Texas shows difficulties with rates as high as 7.5 gal/min/ft depth of
aquifer.

The injection of surface waters into aquifers at El Paso, Texas was
deseribed by Sundstrom and Hood (42) in 1952. Rates achieved were
not spectacular. Cecil (43) deseribed the injection of gasoline plant
wastes into a 3000-foot well at rates of 0.8 to 1.3 gal/min/ft of aquifer.
Similar low rates with oil brines in deep wells, 0.6 gal/min/ft of aquifer
in 1200-foot wells at 500 psi, are mentioned by Riggs and Smith (44);
and by others (45) (46) (47) (48). Rates as low as from 0.15 to 0.45
were reported by Lyons and Cashell (49) and Terrill (50).

In summary it might be said that reports in the literature, both
prior to and subsequent to the beginning of the investigation herein
reported, 1) deal primarily with recharge of fresh water; 2) anticipate
clogging of recharge wells even with very small amounts of suspended
matter; and 3) report successful injection.rates of from less than 0.25
to about 8.5 gallons per minute per foot depth of aquifer, generally of
unspecified characteristies.

Need for Investigation

A careful study of the literature concerning the underground move-
ment of bacterial and chemical pollutants with ground water failed to
produce conclusive evidence that sewage plant effluents could be re-
claimed by direct injection into ground waters without danger to the
publie health, or of serious injury to the quality of such ground waters.
Similar studies of the physical possibilities of continuously injeecting
into an aquifer waste waters having biochemically unstable suspended
solids, indicated that less was known concerning this matter than was
known about pollution travel. Reported rates of injection of water
into deep oil-producing strata seemed too small to be practical in sewage
reclamation and involved well head pressures much too severe for
application to aquifers located at depths common in water supply.
Successful injection of cooling waters and surface waters in a few
localities suggested that a water of sufficient clarity could be returned to
the ground water under favorable conditions.

It was therefore clear to the State Water Pollution Control Board
and other public agencies that it was necessary to conduect extensive
research investigations before it was possible to say whether part of
California’s search for water might seriously be directed toward the
reclamation of water which had been used and abused by the public.
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original installation, made during the summer of 1951, consisted of one
12-inch recharge well and 14 6-inch observation wells located along
the axis shown as ‘‘original east-west axis’’ and ‘‘original north-south
axis’’ in Figure 1. Table 2 identifies these original wells and shows
their loeation in reference to the original recharge well. The first injee-
tion of sewage polluted water gave rise to fear that bacteria might
travel beyond the well field limits. Therefore in February 1953 the
well field was extended to the sonth and east—the direction of principal
eround water movement—by drilling four additional observation wells
at locations indicated in Table 1. Failure of the original recharge well
and adjacent area, as described in a later section of this report, brought
about further modification of the well field in July 1953. At that time
a new recharge well and five observation wells were added, four located
as indicated in Figure 1 on ‘‘final east-west axis,’’” and one located 100
feet south of the new recharge well. The original recharge well was
then sealed off. To avoid confusion in subsequent reports the original
well designations were retained and the prefix N used to designate new
observation wells added in the final drilling operation. The right hand
section of Table 2 shows the location of all observation wells with re-
spect to the final recharge well.

Construction of Wells

The original recharge well and the 23 observation wells ultimately
provided were drilled with a standard eable rig to depths varying from
100 to 116 feet, passing through the aquifer used in the investigation
in the general depth range of 90 to 100 feet. The nature of the aquifer
and overlying strata is deseribed in a later section of this report. All
of these wells were cased throughout at the time of drilling by driving
steel casings perforated only in the region of the aquifer. Each obser-
vation well casing consisted of spirally welded steel pipe with 28 slots
1" wide by 6" long pre-perforated in a seven-foot section at the aquifer.
The recharge well casing was of double wall steel eonstruetion with stac-
cered welded joints, and extended to a depth of 112 feet below the
eground surface. A ten-foot perforated seetion, shown in Figure 2,
passed through the aquifer and served as a well sereen. Perforation
consisted of 920 pre-cut slots 3/16” by 11”.

The final recharge well was designed to provide a better seal between
the well casing and the material overlying the aquifer, as well as to
reduce velocities in the aquifer at its zone of contact with the well
screen. It was construeted by boring a 36-inch hole to a depth of 40
feet with a rotary drill rig. This hole was then cased with a temporary
casing and drilling was continued with a 22-inch rotary bit to a depth
of 102 feet below the ground surface, passing through the aquifer in
the same range as the previously constructed wells.

The 22-inch hole was drilled, with a 5-foot diameter bell located just
below minus 77 feet, and fitted with a 22-inch temporary casing. A
12-inch final well casing with perforated sereen, such as used in the
original recharge well (See Figure 2) but with a closed bottom, was
then set in place and surrounded with a gravel pack through the region
of the aquifer. Pea gravel ranging in size from 1” to 3” was used. A
4-inch steel tube extending from the ground surface to a point beneath
the upper surface of the gravel pack was set adjacent to the 12-inch well









FIGURE 3.

INVESTIGATION OF TRAVEL OF POLLUTION

Twalve-inch well casing, four-inch gravel tube, and tremie prior to
cementing final recharge well
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FIGURE 5a. Sampling well head
and mercury pot manometer

FIGURE 5b. Sampling well head with
piezometer and sampling tubes
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eulvert pipe in the ground in a vertieal position. Other well field equip-
ment included necessary piping, valves, and controls. Portable pump-
ing equipment was provided for extracting samples from the most
remote observation wells, which did not overflow under the recharge
pressures experienced In the investigation. It consisted of a small
positive displacement pump with a rubber impeller driven by an
electriec motor.

Details of the recharge pump are shown in Figure 6. Figure 7
shows the general arrangement of recharge well, recharge pump, intake
sump, and necessary piping.

Recharge Water Supply System

The recharge water supply system was designed to provide water
of any desired quality from clear water to primary settled domestic
sewage by mixing fresh water and settled sewage in suitable propor-
tions. It consisted of fresh water wells with pumps discharging to fire
mains with an elevated tank floating on the line, a raw sewage pump-
ing station, a primary settling tank,.a mixing pump, and necessary
piping and controls. A flow diagram of the system is shown in Figure 8.

Fresh water was obtained from two shallow wells located 700 feet
south of the recharge well and penetrating a thin aquifer 32-34 feet
below the ground surface. Pressure measurements showed that there
was no cross connection between these wells and the aquifer used in
the investigation. A twin-jet pump was used to elevate water to the
storage tank in which the water elevation was maintained at 80 == (0.5
feet above its base by a float switch which controlled the pumps. The
rate of flow from the tank to the recharge pump intake sump was
controlled by a throttling valve located at the base of the tank.

Domestic sewage was obtained from a 24-inch trunk sewer of the
City of Richmond. A specially constructed bar screen was installed
in the sewer in a deep manhole (Figure 9) to protect the intake of an
open impeller centrifugal sewage pump located in an adjacent dry
well (Figure 10). An improved model of the sereen which proved o
have excellent self cleaning characteristies, is shown in Figure 11.
The screened sewage was pumped at a rate of 70 gpm through 3000
feet of 4-inch transite pipe to an elevated circular settling tank of ap-
proximately 7000 gallons capacity. By bypassing a portion of the
pumped sewage into a local sewer a two-hour detention period in the
settling tank was provided. Settled sewage then flowed by gravity a
distance of 400 feet through a 4-inch steel pipe to the base of the ele-
vated water tank. There it was injected into the 4-inch water delivery
line at the desired rate, to flow by gravity to the intake sump of the
recharge pump some 700 feet away. The mixing pump shown in Figure
12 was a small jet pump piped in a suitable manner to feed low pres-
sure sewage into a higher pressure water line on the low pressure side
of the throttling valve at the base of the elevated storage tank.

The Aquifer and Overlying Strata

The aquifer selected for use in the investigation of the travel of
directly injected pollution is a water deposited stratum of sand and
pea gravel varying in thickness from three to seven feet, generally
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FIGURE 9. Sewaoge pump intake in sewer manhole

FIGURE 10. Sewage pump in dry well
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Detail of intake screen

FIGURE 11.

FIGURE 12. Mixing pump installation
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located between 90 and 100 feet below the ground surface, and over-
lain and underlain with relatively impervious clay. On the basis of
local evidence the aguifer is believed to extend at least several miles
from the well field in all direetions. It carries water under a piezo-
metriec pressure of about 80 feet, or 3.60 feet above Mean Sea Level,
with variations up to 0.5 foot as a result of tidal swing in the nearby
bay, although striet correlation between the tide and this fluctuation
in piezometric pressure is not possible. The natural pressure gradient
of the aquifer, as aceurately as it could be measured within the extent
of the well field is 0.003 from north to south.

Profiles of the aquifer taken from logs of wells along the ‘‘original’’
and ‘‘final’’ axes of Figure 1 are shown in Figure 13. The sticky blue
clay stratum immediately above the aquifer is approximately 20 feet
in thickness. Above this the material is elayey in nature but inter-
spaced with thin layers of sand and gravel. A study of the logs of
observation wells presented as Appendix I of this report indicates
that these layers roughly parallel the prinecipal aquifer, as might be
expected of water deposited strata. The apparent discontinuity of
some of these layers indicate that they may be lense like in nature as
well. The pervious strata in the 32-34 and 72-75 foot ranges of depth
were found to be water bearing. In fact the upper one of these is the
source of fresh water used for recharge in the investigation.

Both recharge wells were logged with particular care; the original
well by usual methods employed by well drillers, including observa-
tion of bailer tailings; the final well by observation of the cores brought
up in the rotary bit. Figure 14 shows the nature of the strata over-
lying and to a limited extent, underlying, the aquifer as revealed by
the log of the original recharge well. Similar data for the final recharge
well are shown in Figure 15, along with some well construction details.

Particle size distribution curves for samples taken at several depths
in the aquifer are shown in Figures 16 and 17, while effective size and
uniformity coefficient observations are presented in Table 3. Consider-
able variation is evident in the data presented for various samples
anlyzed, but this is not unusual for water deposited aquifer material.
Some variation in particle sizes might result from the sampling limita-
tions inherent in cable rig well drilling, which make it necessary to
depend on washed grab samples taken from the bailer. Nevertheless it
may be seen from Table 3 that 44 percent of the effective size observa-
tions are in the range of 0.2 to 0.3 mm, and that 55 percent of the uni-
formity coefficients range from 3 to 5. Furthermore the distribution
of these values among the wells is not localized, which would indicate
that they might be taken as a reasonable estimate of the average par-
ticle size characteristics of the aguifer.

From Table 3 and Figures 16 and 17 it might be expected that in
spite of considerable non-uniformity the aquifer would behave essen-
tially as a single homogenous stratum, under the pumping and recharge
operations involved in the investigation. Instead it often exhibited
deviations such as are characteristic of two or more interconneeted but
separate aquifers. A study of the well logs presented in Appendix I
reveals that in some places the aquifer does indeed consist of two strata
separated by lenses of less pervious material. In other areas the lower
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could be found. The interpretations accepted are shown by the straight
lines in Figures 18, 19, and 20.

In Figure 18, based on equilibrium drawdown conditions under con-
tinuous pumping at 48 gpm, a reasonably well defined piezometrie sur-
face exists. Variations from an average, which might represent an
idealized cone of depression, amount to about =+ 0.5 feet. Inasmuch as
actual drawdown values were of the order of 30 to 35 feet, this varia-
tion amounts to approximately = 1.5 percent. The west line of wells
(Figure 18) follows a smooth drawdown or pressure curve. The south
wells, however, seem to be on two pressure lines of the same slope, sug-
gesting that aquifer transmissibility is constant in this direction but
that one stratum of the aquifer does not intersect all wells. With some
variations this eondition also holds at higher rates of pumping (See
Figures 19 and 20). Well logs shown in Appendix I, however, do not
show conclusive evidence that aquifer stratification is the cause of pres-
sure variation along the south line of wells, although some non-
uniformity does exist. Pressure variation was most pronounced in the
north and east directions, but in general there was a marked tendenecy
for observation well pressures to approach two boundary curves.

At the 70.3 gpm discharge rate shown in Figure 19 the situation is
not greatly different than that observed at the 48 gpm pumping rate.
Pressure variations are somewhat greater but the increased values of
drawdown confine the variation with the = 1.5 percent previously ob-
served. As before, two principal pressure curves are indicated. A far
greater degree of dispersion of data appears in Figure 20. This partic-
ular test was run after the first recharge experiments had been at-
tempted with a large volume of sodium chloride as a tracer. Some tem-
porary clogging due to ion exchange resulted and it is presumed that
the effects of such clogging had not entirely been overcome when the
drawdown test at 68.5 gpm was made. The tendency for well pressures
to follow well defined curves is uncertain during this pumping test but
such tendencies as are evident yield values of transmissibility not
materially different from those caleulated from the two pumping tests
made prior to recharge experiments.

Values of aquifer transmissibility determined from Figures 18, 19,
and 20 are summarized in Table 5.

From the logs of all wells in existence at the time, the average depth
of aquifer was ealeulated to be 3.5 feet. Thus for a transmissibility of
2775 the field permeability of the aguifer would be 1650 gallons per
square foot per day. When compared with the value of permeability
determined from laboratory samples (1760 gal. per sq. ft. per day),
which for reasons previously discussed should be the greater, this cal-
culated value of field permeability seems reasonable.

The three pumping tests of the original recharge well deseribed in
the preceding paragraphs were made in November 1951 and March
1952. Subsequent failure of this well, as described in detail in a later
section of this report, led to its abandonment and to the construetion
of the final recharge well, along with others which extended the well
field to the proportions indicated in Figure 1 and Table 1. At that time
a new determination of field transmissibility and permeability by
drawdown observations was undertaken.
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fresh water at 37 gpm, transmissibilities were consistently higher, aver-
aging 7820 gallons per foot per day.

Figure 22b is typical of the results obtained from recharge tests of
the final recharge well during the twelve-month period from January

to December 1954. Here a transmissibility of 8960 gallons per foot per

day is calculated for a recharge rate of 37 gpm. A later observation at
64 gpm gave a transmissibility of 8250 gallons per foot per day. For
the entire 12-month period the average value was 8590,

It is evident from Figures 18, 19, and 20, and from Table 5 that the
transmissibility of the aquifer, as determined by drawdown tests, was
eonsistently of the order of 5800 gallons per square foot per day during
the first four months of operation of the original recharge well. The
recharge data shown in Figure 22a, however, were observed during the
period between the 70.3 gpm and 68.8 .gpm pumping tests shown in
Table 5. As discussed in conneection with failure of the original recharge
well, this is evidence of early fracture of the overburden. Therefore, no
reliance is placed in these or later values of transmissibility and per-
meability determined from the original observation well.

Both pumping and recharge tests using the final recharge well, yield
values of transmissibility which are in good agreement and which are
gquite consistent. This fact, together with the fact that most of the con-
clusive data of the investigation were obtained with this well, leads to
the conclusion that the transmissibility of the aquifer is of the order of
8500 gallons per foot per day, and that its permeability is approxi-
mately 1900 gallons per square foot per day.

Evaluation of the Aquifer

In reporting the nature of the aquifer, especially as its character-
isties induced imperfections in the piezometriec surface under both
pumping and recharge conditions, the impression may have been cre-
ated that the aquifer used in the investigation was variable to an in-
ordinate degree. As a matter of fact the aquifer is quite typical of
water deposited strata. Any impression of unusual variability arises
from the fact that its nature is observed and reported in detail, very
intensively over a small area, whereas the drawdown of wells is nor-
mally observed at but a very few points, often over a large area. Thus
the idealized piezometrie surface is commonly an assumed phenomenon
rather than a demonstrated fact, just as what is ordinarily seen as a
smooth razor blade appears as a ragged edge under the microscope.

If drawdown and recharge pressure data are plotted in an ordinary
manner as in Figures 23 and 24 the pleznmetrle surfaces appear quite
normal, except where obviously unusual conditions exist. Figure 23
represents typical drawdown and recharge curves for the uriginal re-
charge well. It shows that the data can be fitted reasonably well to
smooth curves of the normal ideal type, and that the recharge curve
is essentially a mirror image of the drawdown curve.

The same thing is shown in Figure 24 except that a distinet pressure
variation appears on the west line of sampling wells, showing that the
gravel pack around the new recharge well is unsymmetrmal and ex-
tends close to the observation well located 13 feet to the west,

As later demonstrated the aguifer behaved well during pollution
travel studies.
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Recharge with fresh water was resumed on March 17, 1952 and con-
tinued without interruption for 52 days. As shown in Figure 26 there
was a distinet undulation of the recharge wellhead pressure which,
because of its somewhat e¢yclical nature, is presumed to come prineipally
from such natural phenomena as tidal effects and changes in barometrie
pressure. It was previously noted that variations in the piezometrie
surface in the well field resulted from tidal swing in the nearby bay
although the mathematical equation of the relationship was not ap-
parent from the amount of data available. It is possible that clay from
the overlying stratum may have fallen from time to time into an
aquifer void, surrounding the recharge well secreen, created during the
original pumping tests of the well. Such a series of events could have
caused periods of inereased pressure as clay was forced out into the
aquifer. The eyeclical nature of the pressure eurve, however, makes this
explanation less plausible than that of pressure variations on the sub-
marine overburden of the aquifer, although clogging may have been
a contributing factor. Data are not sufficiently extensive to be con-
clusive on this point and the pressure variation did not seem serious
enough to justify delaying the major purposes of the investigation to
amass conclusive evidence.

Tracer studies were attempted with fluorescein, and with salts of
sodium, ealeium, magnesium, and potassium mixed in the same pro-
portions as observed in the normal ground water. (See Table 6). This
overcame the problem of clay dispersion but was unsatisfactory because
of sampling difficulties in the observation wells. It proved impossible to
obtain satisfactory samples from 6-inch wells by thief samplers because
even a small diameter sampler acted as a vertical mixing device to ob-
scure the changes in water quality accompanying the movement of
chemicals past the well. To sample by pumping the wells involved a vast
expenditure in equipment and installations if wells were individually
equipped, or the impossibility of sampling rapidly enough to catch an
advaneing pollution front with but one or two portable samplers. In
addition there were diffieult problems of sterilizing the pump between
samplings, even if sampling pumps were operated at low enough rates
to avoid disturbance of the underground flow pattern of recharged
water. It was therefore decided to attempt to recharge at a rate suffi-
ciently high that samples could be collected from continuously over-
flowing sampling tubes originating at the level of the well sereen in
each observation well.

On May 9, 1952 the recharge rate was stepped up to 16.6 gpm and
maintained for a period of 12 days. During that time an equilibrium
pressure was approached without producing overflow of observation
wells. The recharged wellhead pressure rose to about 22 feet above the
normal static water surface in the well, in contrast with the average of
some 15 feet previously observed at 13.5 gpm. On April 21 the rate was
advanced to 37 gpm. This solved the sampling problem without in-
ducing an exceedingly high wellhead pressure at the recharge well.
Figure 28 shows a typical pressure eurve for a short period of recharge
at the higher rate of fresh water injection taken at a later date.

A series.of experiments with injected tracers were carried out and
~ the recharge studies with fresh water in the original recharge well were

completed on February 9, 1953, the period having been somewhat
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Pressures in the surrounding well field showed little tendency to
rise as recharge wellhead pressure increased, thus showing that increas-
ing resistance to flow was largely confined to the region immediately
adjacent to the recharge well. Figure 30 shows that pressure distribu-
tion curves for fresh water injection on February 9, 1953 were little
affected by the injection of sewage, which by February 14 had caused
a recharge wellhead pressure rise of some 6.5 feet.

The significance of these pressure observations is discussed in a later
section of this report dealing with the subject of well clogging. The
underground movement of bacteria and chemiecals during injection of
sewage through the original recharge well is likewise discussed in an
appropriate section of the report.

Failure of Original Recharge Well

In order to evaluate the results of pollution travel studies made with
the original recharge well it is necessary to eonsider in some detail the
nature of its ultimate failure, and to search for evidence which might
show the time of initial failure. It is especially desirable to determine
just when recharge water which outeropped at the ground surface on
March 21, 1953 first reached the aquifer at approximately 33 feet below
the ground surface and whether any appreciable recharge of that
aquifer oceurred.

The first positive indication that something might be going wrong
with the recharge well was the sudden appearance on August 28, 1952,
of a cave-in immediately adjacent to the well casing and extending to
a depth of 14 feet below the ground surface. The cave-in followed a
period when a leak in the packing on the recharge pump bearing had
caused the ground to become saturated. As shown in Figure 31 the
opening was about two feet in diameter and roughly cireular in eross
section. In fact, it had very much the appearance of an old drill hole
which had bridged during filling operations and later opened as fill
material became sufficiently wet to subside. Inasmuch as a test boring
had been made on the site of the original recharge well, it seemed pos-
sible that the driller might have located the recharge well adjacent
to the former test hole instead of directly on it.

An annular space about two inches across appeared around the re-
charge well casing at the time the cave-in developed, suggesting that a
space around the upper part of the casing had been left inadequately
filled when the well was constructed. It was concluded at the time that
this and loose filling of the test hole may have led to the cave-in. The
absence of ground water in the hole, although the piezometric pressure
in the well casing was 25 feet above the bottom of it, supported a
belief that it did not extend to serious depths.

Early attempts were made to evaluate underground conditions by
interpreting changes in the pressure pattern in the aquifer under
pumping and recharge conditions. When the eave-in shown in Figure
31 appeared the well field pressure data was re-examined, but while
there was evidence of unpredictable variations in the pressure pattern
much more experience with the well field had to be gained before it
could be related to a developing failure of the recharge well.
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FIGURE 31. Cave-in at original recharge well

In trying to trace the history of the well failure it must be assumed
that data from the initial pumping tests in November, 1951 (Figures
18 and 19) were indicative of the nature of the aquifer in a relatively
undisturbed condition, inasmuch as no event had taken place which
might have altered its condition to any appreciable degree. Therefore
the unsymmetrical appearance of the piezometric surface shown in
Figures 18 and 19 are the result of aquifer variations such as the clay
lense shown by the log of Well 10N, and the aquifer stratification



72 STATE WATER FOLLUTION CONTROL BOARD

shown by other observation wells logs. (See Appendix I). Hence, vari-
ability such as shown by these early pumping tests may be taken as the
basis for interpreting later piezometriec pressure data.

In order for failure to oceur by subsidence and fracture of the over-
burden a serious loss of aquifer material around the well screen must
first have taken place. That such a loss did occur can now be deduced.
The well was originally developed by normal pumping tests in which
drawdown is the principal ecriterion of permissible rate of pumping.
In this case the drawdown stabilized at about 78 feet at 70 gpm and
remained relatively constant during the period of some 20 days of test
pumping. The well behaved in the manner ecommon to successful new
wells, yielding quite muddy water at first, then clearing up and remain-
ing clear during an extended period of constant pumping. Because of
the normality of this performance it was assumed that the considerable
amount of suspended matter removed represented the fine material in
the aquifer and that a beneficial inerease in aquifer permeability was
being accomplished. This concept was supported by the fact that the
material removed was silt and very fine sand. In the light of sub-
sequent events it seems evident that the loss of fines from the aquifer
on the north and west sides of the recharge well during this period was
sufficient to produce some loss of support of the overburden and thus to
initiate a series of fall-ins. Quite probably some overburden material
was also removed during well development.

At the close of the test pumping period on November 27, 1951, on
which date the data presented in Figure 19 were recorded, the recharge
well was left undisturbed while observation wells were developed and
recharge equipment installed. It remained in a standby condition until
the start of fresh water injection at 13.5 gpm on March 4, 1953. (See
Figure 26). On March 13 (Figure 26) the well was redeveloped to re-
move clogging resulting from eclay dispersion by sodium chloride in-
troduced as a tracer. Pumping was begun at 400 gpm for 30 minutes—
then reduced to about 70 gpm for a period of 3 days. During this period
the data presented in Figure 20 were obtained. Allowing for the fact
that curves in Figures 18, 19 and 20 represent only the best interpreta-
tion of the data found possible, the considerable difference between
Figures 19 and 20 indicate that some change had taken place in the
interim, The possible changes are subsidente of overburden during the
sudden pressure change from recharge to redevelopment, the displace-
ment of aquifer material by the same forces, and the removal of such
materials from around the well screen by pumping. All three seem to
have been involved at one time or another.

On March 25, 1952, five days after recharge was resumed (see Figure
26), the data plotted in Figure 32 were observed. At that time a
pressure equilibrium had apparently been reached. Interpretation of
the data, in the manner described in connection with ecaleulations of
aquifer permeability, yvields eurves which show no greater tendency for
variability than those plotted from pumping data taken during well
development (Figures 19 and 20). They represent, however, an average
aquifer permeability of only 1330 gallons per square foot per day as
compared with 1660 caleulated one week previously. This indicates that
overburden had fallen in significant amounts. Figure 26 shows that
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clogging buil | for a few days; then remained relatively constant
throughout the r:latively long period of recharge at 13.5 gpm. The
nature of the overburden fall-in and some idea of the extent of aquifer
fracture ean be shown by a careful analysis of piezometric data plotted
in Figure 33 and taken 43 days after| those represented in Figure 32.

From an inspection of Figure 33 it is evident that while some obser-
vation well pressures arrange themselves along lines which lie at about
the same slope as those in Figure 32, pressures at wells in the north
and west directions especially show a great deviation from such lines,

Inasmuch as recharge at 13.5 gpm was uninterrupted during the
period between tests represented by Figures 32 and 33, and sinee Fig-
ure 26 shows that clogging did not inerease after an initial rise of some
2.5 feet, it seems certain that the only important possible cause of the
observed increase in scatter of data is an increase in the effective radius
of the recharge well in the north and west direetions. Assuming this
to be true, the necessary shift in plotted points to bring data into line
would represent an estimate of the extent of fracture in any direction.
Making a shift of 9 feet for north wells and 20 feet for the west wells
results in an excellent curve which is consistent with other data and
with the previous observations of Figure 32. It can therefore be con-
eluded that on June 7, 1952 the aquifer had been fractured to an extent
of some 9 feet north and 20 feet west of the recharge well. But sinee
under continuous recharge conditions there could be no loss of aguifer
material between March 25 gnd June 5, and since the recharge well-
head pressure remained quite constant during the period, it must be
coneluded that the aquifer fracture also existed on March 25. Why then
does not Figure 32 reveal such a fact?

A sequence of events which logically account for the apparent dis-
erepancy might be as follows:

1. A fall-in of overburden occurred during or after a consolidation of aquifer

material from which fines had been removed by well development, thus pro-
ducing the main fracture to the north and west.

2. This fall-in perhaps covered the face of the aguifer in a void adjacent to the
well ecasing in the northwest gquadrant. Neither this void nor the cleavage in
the overburden need have been of great dimensions.

3. The addition of sodium echloride resulted in appreciable clogging of the exposed
aquifer face by dispersing fallen overburden. SBubsequent high rate pumping,
therefore, exerted a force on both the dispersed elay and the fallen overburden,
stripping off a good deal of fallen material but not removing it sufficiently to
expose the underlying section of aguifer because the less clogged areas were
soon opened. At the same time the pressure was reduced on the blanketed
gection.

4. As a result of the remaining blanket of overburden the aquifer was partially
clogged on direct lines from the recharge well to nearby sampling wells to the
north and west, with the further result that injected water reaching these wells
originally entered the aquifer through an uneclogged area of its face and traveled
by eircuitous paths. In this manner no unusual pressure variations appeared
on March 25, '

. During the long period of subsequent recharge, sufficient clay was dispersed
into the voids of the aguifer to expose it on the north and west to direct flow
from the recharge well, thus revealing the extent of fracture. This aquifer
exposure need not have occurred on its principal face, but may well have
developed on its upper surface far out in the fissure created by subsidence of

the overburden.

- ]
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well casing on the northwest side, where the surface leak had appeared.
This work led to the discovery of the previously mentioned opening
which extended from the 95 foot aquifer up to the 61-foot level, and
made necessary a revision of plans. It was decided that the recharge
well should be gravel packed and the entire cavity filled with pea
gravel, with grouting beginning in the gravel fill at the 85-foot level
and continuing to the ground surface. To carry out this plan two 6-inch
diameter cased holes were drilled near the recharge well to intersect
the subterranean eavity. During the drilling, surface caving of minor
proportions oceurred at the site of the cave-in of August 28, 1952,

Twelve cubic yards of }” to 1” washed pea gravel were placed in
the cavity while surging and bailing the recharge well (from which the
pump had been removed) to displace muck and to consolidate the
gravel pack. Pea gravel soon entered the recharge well through the
open end of the well casing at 112 feet. The casing was then sealed
with a wooden plug 18 inches long above which 14 sacks of quick set-
ting cement were placed. The gravel pack was next grouted from the
85-foot level to an elevation of 56 feet. After allowing a few days for
the initial grout to set, erouting was begun at the 50-foot level under
a pressure of 60 psi and continued until grout extruded at the surface.
The pressure was then reduced and grouting operations continued until
all channels were presumably filled. A total of 81 sacks of cement were
used in this operation.

The recharge well was then carefully redeveloped to. produce 60
epm. In the process of this development, however, it was necessary to
apply some water pressure to the observation well at 10 feet north and
a small spring appeared 15 feet northwest of the recharge well. Fresh
water was injected at 37 gpm for a period of eight days to observe the
nature of the leak. The piezometric pressure mound did not reach
equilibrium within that period but the flow of the spring increased
and a new leak appeared around the casing of well 10" north. At that
time it was decided to drill a new recharge well and to grout the frae-
tured area more extensively. Approximately 110 sacks of cement were
introduced through five 4-inch grout holes—four extending down to 75
feet and one to 45 feet below the ground surface. Subsequent experience
indieated that the repaired area was amply strong to withstand the
lower pressures resulting from injection into the new recharge well
some 40 to 50 feet distant. The original recharge well casing was cut .
off above the ground surface and closed with a steel plate welded to
the top of the casing.

Pumping Test of Final Recharge Well

Upon completion of the final recharge well in November 1953, pump-
ing tests were conducted to develop the well, observe the pressure re-
sponse of new observation wells, and check the permeability of the
aquifer. The first test, lasting 5.5 hours at rates from 35 to 55 gpm,
demonstrated that no prolonged period of development was necessary.
The pressure response of observation wells was good and the discharged
water showed no turbidity. On November 30 a second pumping test
was run at 40 gpm (see Figure 21) to check the aquifer permeability.
Thereafter pumping rates were increased to a maximum of 70 gpm for
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a period of one day. The continued elarity of the discharged water in-
dicated that previous bailing at 100 gpm and surging during the
gravel packing of the well had developed the aquifer to a satisfactory
degree. The specific capacity of the well was found to be 1.5 gallons per
foot of drawdown. .

Recharge With Fresh Water (Final Recharge Well)

Injection of fresh water was begun on December 2, 1953 at 37 gpm
and continued at that rate until January 14, 1954. During this period
tracer studies were conducted and the data, previously presented in
Figure 22b, obtained for checking the aquifer transmissibility. Addi-
tional data gave indications of the effective radius of the gravel packed
recharge well.

The upper set of curves in Figure 34 represent an interpretation of
the pressure response of the aquifer in the manner presented in a
previous section of this report. It is notable that both the west and the
east observation wells show pressures which do not fit the normal
straight lines as readily as do the data from wells on the north-south
axis. This could mean that:

1. The gravel pack is elongated on the east-west axis.
2. A void exists beyvond the east and west boundaries of the gravel pack, or
3. A minor aquifer fracture extends in the east and west directions.

The lower set of curves in Figure 34 represents the data after ob-
servation well distances from the recharge well were shifted to the left
an amount necessary to bring pressures into line. The necessary shifts,
which theoretically define the limits of the effective radius of the re-
charge well, are as follows: west, 13 feet; east, 9 feet; north, 1.5 feet;
and south, 1 foot. It is more than happenstance that these shifts align
data so uniformly ; hence it must be assumed that the recharge well’s
effective radius is indeed variable, although the known variability of
the aquifer may make exact values uncertain.

It is quite important to determine which of the three possible eauses
account for the low pressure drop between the recharge well and ob-
servation wells located 13 feet east and 13 feet west. Caleulation of the
volume of gravel required to fill the 22-inch hole in which the 12-inch
recharge casing was set indieate that less than one cubic vard of
material would be required. Inasmuch as 2.5 ecubic vards of gravel
were used in the packing it is obvious that surrounding material was
removed by surging, being replaced by gravel in the process. In faet,
such was the deliberate purpose of the gravel packing operation. Sinee
it would be virtually impossible to remove aquifer material at great
distances and to replace it with gravel, it must be assumed that the
pack is eoncentrated in the vieinity of the well. That the area beyond
the pack on the east and west is not void is evidenced by the fact the
repeated redevelopments of the recharge well did not bring up more
than 15 or 16 cubic feet of silt over a period of some 10 months opera-
tion. Had a real void existed, caving overburden would have appeared
when the well was pumped.

It must therefore be concluded that a minor aquifer fracture exists
on the east-west axis, presumably induced by the stresses of drilling
new sampling wells on that axis and constructing the recharge well.
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Attempts to sample during this first tracer test revealed the necessity
of overflowing the observation wells, henee the second tracer study was
postponed until equilibrinm pressures could be established at the 37
gpm recharge rate.

In June, 1952, a second tracer study with chlorides was undertaken.
This time the tracer consisted of chlorides of sodium, calcium, potas-
sium, and magnesium in the proportions represented by these various
eations in the ground water. Standard tests for chlorides (52) as well
as conduetivity measurements were used to deteet the pressure and
concentration of chlorides in samples taken at frequent intervals from
the overflowing sampling tubes of observation wells. Although no ion
exchange occurred; the results were unsatisfactory. The heavy chloride
concentration necessary to produce a significant increase in ground
water chlorides caused density currents of such serious nature that the
arrival of the tracer at the observation wells was too sporadic to pro-
duce a detectable pattern.

Fluorescein: The first satisfactory tracer test was made on Septem-
ber 2, 1952 by using fluoreseein. This dye had been added in a moderate
concentration along with chlorides in previous tracer tests, but the
results were inconclusive because of the difficulty of detecting the
material in the samples by visnal observation under ultra-violet light.
In the successful test a 450-gallon slug of water containing 100 ppm
of sodium fluorescein was injected during recharge with fresh water
at 37 gpm. Samples were taken at five minute intervals at the nearest
sampling wells, and at increasing intervals as the movement of the dye
progressed. Concentration of fluoreseein in samples was determined
with a spectrophotometer and found to follow a pattern, building up to
maximum and tapering off again along a typical skew frequency curve.

Figure 35 shows the eurves of fluorescein concentration as the dye
passed observation wells located at 25 feet north and 25 feet west of
the recharge well, while Figure 36 presents similar data for wells 25E
and 258.

From a comparison of the two figures and of the individual eurves
it is evident that:

1. In all directions some portions of the recharged water moved faster than others,

2. While the curves are of the same general form there iz no uniformity of flow
rates in the four directions observed.

3. Bome degree of similarity of curves can be detected between the north and
south curves, and between the east and west eurves, if allowance is made for
the scale difference used in Figures 35 and 36.

4. Ground water movement is much more rapid in the south and east than in the
north and west directions.

i The same high degree of variability of the aguifer west of the recharge well
shown by pressure tests is evidenced by the scatter of data on concentration
of fAuorescein.

6. A tendency exists for the east and north curves to show after peaks, suggest-
ing that recharged water arrives at the observation wells by more than one
route. The tendeney is even more evident in the plotted point from which the
curve for Well 25 West is drawn, and from data for additional curves shown
in Appendix II. The tendency is least evident toward the south—the direction
of normal ground water flow.
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test. Since rate of travel is a function of pressure gradient the absolute
pressures affect only the time required for a sample to rise to the surface
throngh the sampling tube. This increase, however, is insignificant in
comparison with the great difference in travel time of I'*! and other
tracers. One factor which might have affected the I'#!' results is the
change in permeability which might result from selective clogging of the
aquifer. From Figure 35 it is evident that a portion of the water travels
by some route of greatest permeability. Sewage injection such as pre-
ceded the I'*! tests might have caunsed clogging of these easier routes
beyond complete reeall by redevelopment, thus preventing I'*! from
moving through channels previously open to tracers. The similarity
in shape between the curve in Figure 42 for Well 135S and the curve
for Well 258 in Figure 36 (making allowance for seale differences)
makes the selective elogging seem unlikely as a major cause of the dif-
ference. 1ntil greater experience with radioactive tracers is available
it must be presumed that adsorption and other phenomena definitely
reduce the rate of travel of I'3 to a value below that of some other
types of tracers,

Studies of Travel of Bacterial Pollution

Observations of the rate and extent of travel of bacteria associated
with sewage degraded water injected into the aquifer were made dur-
ing the operation of both the original and final recharge wells. The
first study of pollution travel began on February 9, 1953 and ended
46 days later when the recharge well failed. More extensive studies,
utilizing the final recharge well, covered a period of more than eleven
months during the year 1954,

Coliform organisms were used as the prineipal indicator of bacterial
pollution, although in several tests Streptococcus fecalis was also used
as an indicator organism. On some occasions standard baecterial plate
counts were made as well. The presence and Most Probable Number
(MPN) of coliform organisms was determined by standard decimal
dilution techniques for coli-aerogenes group organisms (52) involving
a lactose broth presumptive test at 37° C followed by partial confirma-
tion in green ox bile broth. 8. fecalis was determined by the azide dex-
trose method (54). Plate counts were made by standard methods (52)
involving incubation at 37° C for 24 hours.

The general procedure was to establish, by testing a series of 10 ml
samples plus dilutions taken during fresh water recharge operations,
the fact that each observation well was suitably free of eoliform organ-
isms. The desired percentage mixture of settled sewage and fresh water
was then admitted to the recharge well intake sump and injection con-
tinued.

Samples were taken periodically at the pump intake for determina-
tion of bacterial characteristies of the injected water. At each observa-
tion well the sampling tube was permitted to overflow continuously into
a sterile test tube (see Figure 5b) which in turn overflowed continu-
ously, and from which baeteriological samples could be withdrawn as
desired by means of sterile pipettes. When the time of arrival of coli-
form organisms at each observation well was the objective, such as in
the tracer studies previously summarized by Figure 41 and by Table
11, multiple 10 ml samples were taken at periodie intervals. From a


















102 STATE WATER POLLUTION CONTROL BOARD

attempt more comprehensive bacteriological examinations. Inasmuch
as tracer studies had shown that chemicals traveled farther and faster
than coliform organisms, the possibility was suggested that the morpho-
logical or physiological characteristics of other organisms might make
them better suited than coliforms to travel with moving ground water.
Streptococcus fecalis was therefore selected as an additional test organ-
ism, both because it is recognized as an indicator of pollution and be-
cause of its dissimilarity to coliform bacteria. Plate counts were in-
cluded in the testing program to measure the degree of general bacterial
contamination resulting from the introduction of sewage into the
ground water.

In preparation for the experiment all observation wells were flushed
by removing the well eaps (Figure 5a and 5b) during recharge with
fresh water. Bacteriological tests were repeated until it was determined
that acceptably low background counts of test organisms had been
established. The left hand section of Table 16 shows the bacteriological
condition of all wells on two days just prior to the start of recharge
with sewage. In interpreting this table it should be noted that the re-
ported M.P.N. of less than 2 organisms does not mean that light con-
tamination existed in wells previously reported as showing no contami-
nation by bacterial travel. Rather it signifies the minimum sensitivity
of the test for coliform organisms and for 8. fecalis. It is notable that
most observation wells showing coliform pollution in previous tests still
showed a small degree of pollution of May 17, 1954.

On May 19 the injection of 27 percent sewage was begun. Since it
had been previously noted that the maximum ecoliform count occured
on the third day, bacteriological sampling was confined to the third
and fifth days after the start of recharge with sewage. Daily sampling
was deemed impractical because of the vast facilities required for
bacteriologieal testing on such a seale.

The results of coliform, 8. fecalis, and plate counts are shown in the
right hand section of Table 16. Significant findings of the experiment
as regards bacteria pollution travel inelude:

1. There is no difference in the distance of travel of coliform organisms and

N, fecalis, the maximum observed distance of travel of either organism being
63 feet.

2. The experiment confirms previous observations of the distance of travel of
coliform organisms when 27 percent sewage was injected at 37 gpm.

3. Coliforms are the better test organisms for measuring pollution travel, probably
because of a greater initial number of coliform organisms than of 8. fecalis.

4. A remarkable decrease in the number of test organisms present in the observa-

tion wells occurred between the third and the fifth days.

Plate counts show increases at even the most distant observation wells, with a

glightly greater tendency for increase in numbers with time in the south and
east directions than in the north or west.

=

The fact that neither of the tracer organisms reached distant ob-
servation wells leads to the conclusion that other organisms did not do
so, and that the observed increase in plate counts represents a multi-
plication of saprophytic organisms already in the observation wells as
injected nutrients arrived with the ground water. It should be noted
that Wells 100N and 5008 were uncapped during the study to facilitate
samplings by means of a pump.
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Injection of sewage was maintained from May 19 to May 24, after
which fresh water was injected until a pressure decline leveled off
on May 28.

Although the injection of 27 percent sewage was continued through-
out June and July, no new significant data on bacterial pollution
travel were obtained. During three periods of injection ranging from
four to seven days each, bacteriological examinations were made, but
no inerease in the extent of pollution travel oceurred. Studies during
the period were of necessity more concerned with objectives of the
investigation other than the travel of bacterial pollution. In order to
maintain recharge periods of satisfactory duration between successive
redevelopments of the recharge well it was found desirable to reduce the
percentage of sewage in the recharge water from 27 to 20 pereent.

The next significant experiments in bacterial pollution travel were
made with such material in August 1954. Acceptably low background
counts were observed on three successive dayvs during fresh water in-
jection at 37 gpm and prior to the start of sewage injection on Aungust
17. Coliform density was five or less organisms per 100 ml, and S.
fecalis eounts did not exceed 8.8 per 100 ml. No wells not previously
found contaminated were found to eontain either coliform or 8. fecalis,
and no pollution was found in 25K, 50E, or N100S—wells which had
been polluted on previous oceasions. Plate counts were variable, but
less at all wells than previously observed during injection of sewage.
After the start of sewage injection the numbers of indicator organisms
increased slightly to maximums on the third and fourth days, then
declined noticeably by the seventh. day, at which time recharge well
development was necessary.

Combined results of bacteriological examinations for the two days
of peak pollution are presented in Table 17. As observed in previous
test, coliforms and fecal streptococei did not extend to wells beyond.
63 feet north, east, and west, and 100 feet south of the recharge well.
It should be noted that observation wells do not exist on the final east-
west axis (see Figure 1) beyond NHOW. The behavior of 50W, and
N100S, however, make it quite certain that the extent of pollution to
the west is no greater than in other directions.

Plate counts were variable throughout the seven days of the experi-
ment and no day to day trend was discernible. It was again observed
the observation wells 100N and 5008 showed high plate counts. The
fact that these open wells show greater counts than do any distant
capped wells supports the previous conclusion that plate counts outside
the range of travel of coliform organisms represent indigenous rather
than water transported bacteria.

Table 17, in addition to confirming previous experience, shows that
all forms of bacteria observed diminish rapidly in numbers with
distance from the recharge well.

The next experiment with 20 pereent sewage represented an attempt
to obtain data sufficiently precise to define to a higher degree the rela-
tionship between numbers of organisms and distance traveled, under
the conditions of the experiment. It was recognized, of course, that
variations in the numbers of organisms in sewage, non-homogeneity of
the aquifer, the statistical nature of the determination of Most Probable
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From the foregoing equation the percentage or fraectional reduction
in bacteria per foot of travel (R), may be determined. The logarithm
of the fraction remaining after one foot of travel equals —F, or in

general,
—F = log (1—R)

The values of F for the north and west wells in Figure 43 were found
to be 0.077 and 0.11, respectively, which correspond to B values of 16
and 26 percent reduction per foot of travel. The experiment from which
these values were obtained was repeated on September 28, and again
on six separate occasions during three periods of recharge with 20
percent sewage in Oetober 1954.

In all of these later tests renewed efforts were made to obtain more
consistent values of M.P.N. Observation wells were allowed to overflow
freely for periods ranging up to one hour before sampling in order to
flush out the well casing with water characteristic of the aquifer water
at that point, thereby minimizing the possibility of dilution. Consider-
able variation in coliform counts with distance nevertheless oceurred
at some of the observation wells. The reason is clear from the results
of eoliform counts made from samples of the injected sewage—fresh
water mixture on 17 successive days during a later experiment in-
volving 10 percent sewage recharged at 17 gpm. During this period
the coliform count was observed to fluctuate erratically between
2.4 % 10% and 3.3 X 10° organisms per 100 ml. From this it is con-
eluded that much of the variation in coliform organisms in four wells
located at the same distance from the recharge well is the result of dif-
ferent rates of radial travel in various directions delivering sewage of
varying degrees of original bacterial contamination,

Average values of filterability were determined from all wells on the
north, south, and east directions inasmuch as they showed a tendency
to fit straight lines of the same slope. In each test, the west line of
wells showed the greatest filterability and is therefore reported sep-
arately.

The results of all observations of filterability based on data obtained
during recharge with 20 percent sewage at 37 gpm are summarized in
Table 18. The values shown were obtained from Figure 43 and similar
curves not reproduced in this report.

From Table 18 it may be seen that in the north, south, and east di-
rections the filterability of the aquifer averages 0.092, which ecorre-
sponds to a reduction in coliform organisms of 19 percent per foot;
while along the west line of wells the filterability averages 0.12, which
corresponds to a rate of decrease in organisms of 24 percent per foot
of distance from the recharge well.

In order to determine the effect of a reduced pressure gradient on
the travel of bacterial pollution the injection rate was reduced to 17
opm during November 1954 experiments. At the same time the per-
centage of sewage in the recharge mixture was reduced from 20 to 10
pereent in order to limit clogging and thus extend the period of injee-
tion. Sewage recharge began on November 2, 1954 and continuous in-
jection was maintained through November 22. At the low recharge rate
employed, the piezometric pressure surface was below the top of ob-
servation well casings, and sampling, therefore, had to be accomplished
with small sampling pumps. This limited the number of wells which















f

INVESTIGATION OF TRAVEL OF POLLUTION 111

The filterability (F) of an aquifer is a physical characteristie of the
aquifer. These experiments show that it is not a funetion of the pressure
gradient, and therefore not related to the ground water veloeity. The
radial velocity of ground water changes inversely with the distance
from the recharge well. Caleulated radial veloeities for an aquifer 4.4
feet in thickness and having a porosity of 40 percent are shown in
the following table:

Distance Injection Rate Radial Veloeity
18:0met ocanoiolians 37 gpm 0. 084 ft./min.
o i S T ar " 0.0071 *

2 b R BT 1r: 0.016 it
R e m 7T " 0.0033 -

The data in Table 18 having shown a 24 percent decrease in coliform
organisms per foot over a distance of 13 to 63 feet at 37 gpm, and Fig-
ure 45 having shown a 26 percent decrease over the same distance at
17 gpm, it is evident that a ten-fold change in ground water velocity
within the distance of observed pollution travel has but a negligible
effect on the rate of decrease of numbers of bacteria. This means that
the rate of decrease of bacterial numbers in an aquifer of any given
filterability is constant and that the decrease in numbers between two
points depends upon the length of path followed by the transporting
water, if bacterial survival is not involved.

Actually the viability of organisms must be considered in evaluating
any data of reduction in numbers with time and distance. For this
reason an experiment was conducted to test the viability of coliform
organisms under simulated aquifer conditions. Samples of sewage de-
graded water were placed in the dark in a 20° C. incubator, and pe-
riodie analysis made for Most Probable Number of organisms remain-
ing. Results for samples originally taken on October 11 and November
4 are shown in Figure 46.

The sample of October 11 (see Figure 46) showed a constant rate of
decrease from 7 % 105 organisms to 6 % 10 in 21 days; then apparently
a second curve developed which passed through an M.P.N. of 130
organisms per 100 ml on the 41st day. The sample of November 4 pro-
duced results which fit three successive straight lines, two of which
have slopes similar to those for the first sample. A possible explanation
of the observed results is that the samples contained species or strains
of coliform organisms having different but well defined death rates, and
that the higher rates obscured the lower ones until the organisms re-
sponsible for the high rates were no longer dominant.

Obviously the experiments were too few to give conclusive informa-
tion on bacterial die away but they show interesting possibilities for
further study of the phenomena associated with the underground travel
of bacterial pollution. The results can be used to show some rough rela-
tionship between observed decrease in bacteria during ground water
travel and the decrease which might be expeeted by natural die away
of organisms. From the curve for October 11, Figure 46, the decrease
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in organisms from 7 X 10° to 6 X 102 required 21 days. In 21 days the
mass front of sewage injected at 37 gpm is caleulated theoretically to
advance a distance of 163 feet from the recharge well. Using a filtera-
bility (#) value of 0.12 and the general equation: Log N, = log N,
—F (rs-r;) and assuming r; as zerd for maximum conditions, it may
be shown that a reduction of bacteria from 7 X 10° to 6 % 102 would be
accomplished in the aquifer in a distance of about 25 feet, which rep-
resents a 12-hour advance of the mass front of sewage injected at 37

m.

While no claim is made for the absolute values involved in the fore-
going analysis, the gross differences are sufficiently great to justify the
conclusion that the observed decrease in numbers of baeteria with
distance, and the limited distance of pollution travel, is the result of
removal in the aquifer and not of disappearance of viable organisms
through natural die away.

Studies of the Travel of Chemical Pollution

From the beginning it was recognized that the well field could not
be made sufficiently extensive for significant studies of rate and extent
of travel of strictly chemical pollution, hence sueh studies were not
in¢luded in the major objectives of the project. Numerous chemieal
analyses, however, were required throughout the investigation in estab-
lishing and controlling the nature of the recharge water and sewage;
in detecting changes in the nature of injected sewage as it moved
through the aquifer; in establishing the rate of movement of injected
water under imposed gradients; and in interpreting observed data and
results. From the mass of information thus obtained within the limits
of the well field, some valid eonclusions can be drawn concerning the
nature of travel of chemical pollutants with underground waters.

More than 600 complete determinations of the prineipal anions and
cations were made on samples of ground water, fresh recharge water,
and sewage degraded recharge water; and on samples taken from the
observation wells and from the recharge well during redevelopment
operations. Frequent determinations of BOD and of volatile and fixed
solids, both in suspension and in solution, were likewise made. Ground
water, and recharge water temperatures were recorded, and gases gener-
ated underground were sampled and analyzed. In general, standard
gravimetrie, colorimetric, and spectroscopic methods were used in
chemical analyses. In a few cases, modifieations of standard methods
developed or adapted in the research laboratory were used. The most
notable of these improved procedures included a mercurometric method
for determining chlorides (55), and a turbidmetriec method for deter-
mining sulfates (56).

Typieal chemical analyses of the fresh water used in recharge studies
and of the ground water normally found in the aquifer have been
previously presented in Table 6 to show their chemieal compatability.
A similar examination of degraded water and ground water was made
in February 1953 at the beginning of the first recharge test involving
10 pereent sewage. It was found that the addition of sewage to the re-
charge water had the effect of reducing its percentage of monovalent
ions from 28 to 24. Thus it was evident that any clogging which might
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ever, contribute to changes in other nitrogen compounds when oxygen
makes it available to bacteria. Table 25 shows also that there is a
tendeney for the concentration of ammonia to inerease near the re-
charge well, presumably in the zone of aquifer clogging by suspended
solids, then to decline rapidly with distance.

Data for nitrites, nitrates and phosphates from Table 25 are plotted
in Figure 47. Because of the small values involved, no attempt has been
made to plot a eurve of ammonia coneentration. The scatter in plotted
points results both from wvariations in the data and from the fact
that no consideration is made of the direction of the various wells from
the recharge well, nor are corrections applied for the effective radii of
the well. In attempting to draw interpretative curves, however, the
axes of observation wells is kept in mind. In the ease of the nitrates,
Figure 47, there is a definite tendency for a decrease in concentration
near the recharge well, followed by an increase at greater distances.
Scatter of the data is too great to permit the fitting of a quantitative
curve but its gualitative nature seems unmistakable. Values of nitrate
concentration tend to rise. If the curve is extrapolated beyond Well
2258, the nitrates would exeeed the nitrate potential of the injected
sewage. If such an excess does indeed occur it means that recharged
sewage reaching this outer region becomes diluted with high nitrate re-
charge water previously injected. Evidence that such a mixing takes
place has previously been presented. On the other hand nitrates de-
crease sharply at Well 100N, a faet which is discussed later in con-
nection with similar behavior with other ions.

Nitrites inerease immediately in the vieinity of the recharge well and
show a tendeney to remain high during the decline of the nitrates. The
nitrites, too, possibly show a decline before the nitrates began to in-
crease. While the eurves are somewhat speeulative in relation to each
other, the tendencies described seem to be valid. The conclusions are
that bacterial decomposition of organiec matter in the region im-
mediately adjacent to the well involves the reduction of nitrates to
nitrites. Later the nitrites are oxidized to produce nitrates through
chemieal oxidation, the mechanism of which has not been fully de-
termined. The degree of ammonia produection and ammonia oxidation
in the process is obscured by its tendency to be adsorbed by soil.

The phosphate data appear to show a slight decline with distance
but it may be that they are essentially unaltered within the limits of
the well field. From Table 25 it is notable that phosphates in all ob-
servation wells were appreciably lower than in the recharge well. This
indicates that phosphates are to an appreciable degree associated with
the solids removed in the clogging zone adjacent to the recharge well.

A second study of chemieal pollution was begun on March 15, 1954,
after 18 days of fresh water injection and redevelopment experiments.
Degraded water containing 27 percent sewage was introduced, and
samples were taken from all wells on March 15th, 17th and 22nd. As
might be expected, the samples of March 15 showed some similarity to
samples taken ten days earlier during fresh water injeetion, espeecially
at the more distant wells. Samples taken on the two later dates, how-
ever, showed the effect of sewage recharge and were generally in fair
agreement, with one outstanding exception. Phosphates on March 17
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3. The travel of phosphate concentration is evidently similar to that observed
for fluorescein, and is presumably characteristic of dissolyed chemicals in
general.

4. An appreciable seatter of data ecan be expected along anyv line of observation
wells sinee the characteristies of sewage are normally subject to Auctuation.

Some variability was observed in nitrites and nitrates, though it was
less pronounced than that found in the phosphates. In a few wells
chlorides and sulfates showed relatively large differences on the two
sampling dates.

The experiment was brought to a close by clogging of the recharge
well, and data for March 17 and 22 were averaged for purpose of
general analysis. Table 26 presents the average data for all cations
and anion concentrations observed. The table does not reveal any in-
formation relative to changes in cations beyond that previously ob-
served with 10 percent sewage. There are some indications of mild ian
exchange, but the evidence is inconclusive. The fluctuations along any
line of recharge wells often produces average values greater than the
observed average injected. The reason for this is evident from a con-
sideration of the behavior of the phosphates as previously deseribed. It
means that the normal variation in the chemical characteristies of sew-
age is greater than the variation observed at the recharge well, and that
the samples taken from the observation wells do not represent material
previously sampled at the recharge well. These facts, together with the
rate of clogging of the recharge well under injection with 27 percent
sewage, lead to the general conclusion that the rate and extent of travel
of ehemieal pollution is not readily observed by means of cations intro-
duced with sewage. Results of the experiment, as shown in Table 26
however, do not indicate that cations, and such of the anions as are
not readily adsorbed on soil or involved in the life processes of bio-
logieal agents, are not greatly affected in distances such as observed in
the well field, when no ion exchange is involved.

The change in nitrites and nitrates along the north and south lines
of observation wells is shown in Figure 48. Of these, the north line
is best defined because of its more closely spaced wells. The tendencies
previously shown in Figure 47 are again apparent; nitrites rise and
remain relatively high for some distance at the expense of the nitrates.
Later the nitrates rise as the nitrites are oxidized and begin to disap-
pear. Nitrates again appear to decline at 100N and to inerease at 2258S.
Either result is possible, depending upon the degree of overrunning
of previously injected water, and the consequent dilution. The data
presented in Figure 48 and Figure 47 are not sufficient to support a
valid eonclusion coneerning the ultimate fate of nitrates. As shown in
Table 26 ammonia disappeared in a short distance from the recharge
well. Ammonia, however, is an unreliable measure because of its ad-
sorption on soil particles.

From Figure 48 it appears that biological denitrification is taking
place within the well field and that subsequent oxidation of nitrogen is
taking place in the absence of free oxygen.

Following the March 1954 experiment a series of studies of well
redevelopment methods were undertaken. Sewage was injected for
short periods, and on one oceasion (April 8 to 18) was maintained for
ten days. As noted in a previous section of this report, this 10-day
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constant material would result in water of comparative nature in all
sampling wells, Thus it is demonstrated that well clogging limits the
extent of chemical travel which can be accurately observed, and shows
once again that studies of chemical pollution had best be run with some
indicator other than sewage. '

The behavior of the principal cations, Na, Ca, and Mg, as shown in
Table 28 for the south line of wells, is represented graphically in Fig-
ure 49. Here it is evident that the difference between the cations before
and after sewage injection decreases at Well 2258, and all but disap-
pears at Well 500S. Figure 50 shows this same convergence of curves
at Well 100N. Similar plottings along the shorter final east-west axis
were made. These, although showing some indication of variability,
added no new considerations in the matter of chemical pollution travel.
The same was true of graphs showing changes in chlorides and sulfates
along the various lines of wells.

Nitrates showed some indication of behaving in the manner previ-
ously shown in Figures 47 and 48 out to 100 feet north and south, but
the trend was poorly defined. As shown in Table 27 nitrites were absent
from many wells. It was concluded that the experiment was sucecessful
as a study in chemical pollution travel only in that the behavior of the
cations seemed to establish the reason for apparent peculiarities in re-
sults observed at the more distant observation wells. It demonstrated
also the great difference between the travel time of the fastest moving
pollution and the mass of recharged. liquid, and supported the impor-
tant conclusion that the rate and extent of pollution travel does not
depend upon displacement of all ground water in the aquifer.

A final study of the movement of chemicals with injected water was
made in August 1954, following 15 days of intermittent injeetion of
fresh water at 37 gpm. From August 17 to August 24 the aquifer was
recharged with 20 percent sewage. Samples were taken from all obser-
vation wells on August 23, after six days of recharge, and analyzed for
cation and anion content. As before, the cation concentrations were
quite constant out to approximately 100 feet. In all cases they tended
to decrease at wells not reached by the mass of injected water.

Figure 51 shows the cation content of all wells sampled. The falling
off of eurves in regions not pervaded by injected sewage appeared in
all experiments, and has interesting implications. The addition of
sewage to the recharge water tends to reduce the total cation content
of the mixture, but never to the level of that of the normal ground
water. (See Table 6). It must be presumed, therefore, that the more
distant observation wells, at all times sampled, contained a mixture
which included ground water as well as previously injected fresh
water and sewage.

Nitrite, nitrate, and phosphate concentrations are presented in Fig-
ure 52. The curves shown are interpretative of the trend of all well
observations out to 100 feet from the recharge well. Curves drawn
through points representing the north and south wells in each case,
would however, have the same shape as those presented; that is, a
decline followed by a rise, with a secondary decline beyond the 63-foot
observation wells. As previously shown, the most remote wells do not
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The general eonclusions of the BOD studies are:

1. That decrease in BOD seemed to parallel the decrease in bacteria with
distance from the recharge well, possibly signifying that the BOD was rapidly
satisfied by the biological activity near the recharge well.

2. That BOD is not a useful tool for studying the travel of pollution in a
water bearing stratum.

Clogging and Redevelopment of the Recharge Well

As previously noted, one of the objectives of the investigation was a
study of the operational procedures necessary to maintain prolonged
recharge of an aquifer with sewage of various degrees of treatment.
Reports in the literature indieated that only a highly clarified liquid
was suitable for ground water recharge and that even then the aquifer
might become consolidated or ‘‘jammed’’ under recharge pressure and
thus lose permeability to a serious degree. On the basis of engineering
experience with liquid flow through porous media it was possible to pre-
diet with certainty that suspended matter in a recharge water would
eventually clog the pores of an aquifer. It was believed that this clog-
ging would occur at the aquifer face near the recharge well sereen and
that, consequently, it might be removed by well redevelopment. On this
point, however, engineering experience was much less conclusive than
on the inevitability of clogging if solids enter the recharge well. It was
also known that ion exchange could disperse clay but the matter was
of little coneern in eonventional ground water hydrology. As it turned
out, a great deal of attention had to be directed toward well redevelop-
ment.

The initial long period of recharge with fresh water at 13.6 and
37 gpm demonstrated that a clear water chemically compatible with
the ground water could be recharged at appreciable rates for long
periods of time. On the basis of 4.4 foot average aquifer thickness
ultimately determined, these values represent recharge rates of 3.1 and
8.4 gallons per foot of aquifer.

Clogging due to ion exchange was demonstrated as previously noted
when sodinm chloride was introduced as a tracer (see Figure 26). On
that oceasion the recharge wellhead pressure rose more than a foot
almost instantly when the chloride entered the aquifer. The aquifer
permeability was quickly restored by pumping the recharge well until
the sodium salt had been removed.

Indications of progressive clogging began to appear as soon as re-
charge with sewage began in January 1953. Ten percent sewage con-
taining 3.3 ppm of suspended solids injected at a rate of 37 gpm
produced a uniform pressure rise at the recharge well of one foot per
day for a period of nine days. Immediately after a short period of re-
development (25 minutes at 400 gpm) on March 6, the rate rose to
four feet per day for three days while the pressure equilibrium was
being re-established, then dropped to 1.7 feet per day and remained at
that rate for a period of 10 days, just prior to failure of the recharge
well. The uniform nature of the pressure increase indicated that clog-
ging was directly proportional to the amount of solids which entered
the aquifer in any unit of time. Reasons for the rate differences were
not established but eaving of overburden could have caused the ob-
served variation.
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The next observation of the rate of well clogging was made in early
1954 when the new recharge well was put into operation. Continuous
injection of 10 percent sewage containing an average of 1.6 ppm of
suspended solids was maintained from January 18 to February 8, 1954,
Recharge wellhead pressures rose uniformly at a rate of 1.8 feet per
day for six days. Thereafter the rise was four feet per day for three
days, and 1.8 feet per day for eight days. Redevelopment of the well
was attempted by pumping for forty minutes at rates ranging from 30
up to 60 ppm. The first 90 gallons of water discharged contained a
thick slurry of filamentous organisms, prineipally sphaerotilus. Pre-
sumably this came mostly from the pump column and well easing but
there was no reason to doubt its growth at the aquifer face as well.
Careful examination of the recharge water revealed that sphaerotilus
was_growing in the sewage supply line, unloading from time to time
and being recharged underground in concentrations not reflected in
the average suspended solids content reported. A program of periodic
flushing of the sewage line was begun and no further massive develop-
ment of sphaerotilus oceurred.

The redevelopment was but moderately successful, in that the re-
charge wellhead pressure was reduced from 66 feet to only 48 feet, in-
stead of to the 27-foot equilibrium level for fresh water recharge which
would indicate complete removal of clogging.

Upon resumption of sewage injection the pressure rose quite con-
stantly at a rate of 145 feet per day for 11 days, after a two-day
period during which the equilibrium lost by pumping was recovered.
A rise of five feet oceurred on the 14th day as clogging once again
produced a wellhead pressure of 66 feet. Redevelopment was Degun at
20 gpm but diseontinued after 12 minutes when no organic matter was
brought up. The resulting 10-foot pressure drop was regained in but
two days. It was, therefore, evident that after 36 days of recharge at
37 gpm with 10 percent sewage, the well was thoroughly clogged and
that moderate rates of pumping were not removing the organie matter
responsible for the clogging. It was then decided to experiment with
well chlorination for removal of clogging, and to begin studies with
larger amounts of sewage in order to further other objectives of the
studies. I

From the two experiences with 10 percent sewage recharge it was
concluded that:

1. Clogging progresses at a uniform rate when suspended solids are injected into
the aquifer, and

2. Pumping at moderate discharge rates was inadequate to remove clogging to a
satisfactory degree.

Four periods of recharge with 27 percent sewage, and seven perigds
with 20 percent sewage were subsequently carried out, during which
observations of the average rate of clogging and the average amount of
suspended solids injected each day were closely observed. Dlﬂ:mg re-
charge with 27 percent sewage the average rate of aquifer clogging was
5.7 feet of recharge wellhead pressure per day. With 20 percent sewage
the rate was represented by 5.4 feet of water pressure per day. Figure
54 summarizes the findings of all experiments concerning the rate of
clogging. From it an average rate of 1.7 feet of head per pound of
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One obvious solution, to the gas binding problem would be pretreat-
ment of the injected waters. Pretreatment by the addition of 10 ppm
of chlorine was used during two suceessive periods of injection of de-
graded water containing 20 percent settled sewage. The chlorine was
mixed with the degraded water at the mixing pump so that approxi-
mately 25 minutes of contact was provided before injection. Clogging
rates for the two periods were 3.7 and 3.5 feet per day. Redevelopment
was accomplished in each ease by pumping the well at rates of from 75
to 60 gpm for 5.5 hours without additional chlorination. No entrained
gases were apparent and no significant increase in temperature was
observed. These redevelopments reduced the equilibrium wellhead pres-
sure to about 32 feet, and it is believed that slichtly higher discharge
rates would effect complete redevelopment.

All successful redevelopments of the récharge well were accomplished
with the use of chlorine, but not every experiment with well chlorina-
tion resulted in the satisfactory removal of clogging. A proper combi-
nation of chlorine dosage, extent of penetration of chlorine into the
aquifer, contaet period, and redevelopment rate had to be determined
by trial.

A successful redevelopment was considered to be one which reduced
elogging to such an extent that the normal daily rate of pressure in-
crease was essentially restored. This, as previously noted, averaged
about 5.5 feet per day when 27 or 20 percent sewage was injected at
37 gpm. A complete redevelopment was considered to be a successful
one which reduced the recharge wellhead pressure to essentially its
original equilibrium pressure for fresh water injection—that is, to
less than 30 feet under steady state recharge conditions with fresh
water. Experience soon showed that a pressure of about 35 or 36 feet
under fresh water recharge was about the maximum which might follow
a ‘‘successful’’ redevelopment. When higher values obtained, pressure
rose with sewage recharge so much more rapidly than the normal rate
that it was diffieult to make a 3-day observation of pollution travel.
Obviously, under such eonditions the aquifer was still seriously clogged
with injected solids.

The procedure under redevelopment with chlorine was to inject
chlorine, allow a period of contact, redevelop the recharge well by
pumping and injeet fresh water until an equilibrium wellhead pressure
was established. The system was then ready for a new cyecle of sewage
injection, or required further efforts to remove clogging, depending
upon the pressure reduction obtained. Chlorine dosage varied from 150
to 1100 ppm injected over periods ranging from 40 to 156 minutes.
Contact periods ranged from 0.1 to 2.0 days, while discharge rates
varied from 20 to 94 gpm for various periods of time. :

A summary of redevelopments during the period of February to
December, 1954 is shown in Table 34.

This table indicates that of 28 studies in well redevelopment, 14
were successful, of which four, or possibly six, accomplished a full
recovery of aquifer permeability. It is notable that maximum discharge
rates of 80 gpm were required to bring about complete removal of
elogging. In most cases of successful redevelopment a chlorine residual
was detectable in discharge water for some time after the start of
redevelopment.
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The introduction of chlorine was observed to have an almost immedi-
ate effect in reducing aquifer clogging. Figure 56 illustrates the typieal
manner in which wellhead pressures dropped when injection of chlorine
followed immediately upon injection of sewage. After pressure increase
of about one foot over a period of twenty minutes, chlorine acted to
cause a pressure drop of about ten feet in approximately 2.5 hours. This
phenomenon was observed many times when chlorine was injected into
the clogored aguifer. The rate of deerease in Figure 56 ranged from
about six feet to two feet per hour, averaging some 4.35 ft/hour. The
cause of this observed decrease in pressure seems fairly obvious in view
the ability of chlorine to coagulate organic matter. The permeability
of the mat of organic solids concentrated at or near the aquifer face
is progressively increased by the action of chlorine, up to some maxi-
mum limit. With sufficient operational experience it should be possible
to use the curve of pressure drop during injection of chlorine as a
control test to judge the degree of chlorination necessary. In the in-
vestigation, samples taken from nearby observation wells identified
the arrival of chlorine at points well beyond the presumed limit of the
clogged portion of the aquifer. In a practical recharge operation, how-
ever, such wells should not exist as they constitute severe weakening
of the overburden and invite failure of recharge wells penetrating
aquifers which are not bounded above by rock strata.

Referring again to Table 34 it may be seen that a small amount of
sand was discharged with each redevelopment. A ecareful record was
kept of each period of pumping by analyses of samples taken at
5-minute intervals. Quick sedimentation tests served as aids in judging
the safety of any pumping rate while it was under way. Invariably the
solids removal was high during the first ten minutes of pumping, then
dropped off to a fairly low rate. Figure 57 is typical of numerous
curves plotted from redevelopment data.

Table 34 shows volatile solids in the well discharge after corrections
have been made for values of such solids contained in the water itself.
Values for fixed solids were similarly corrected, then reduced by an
amount equal to the volatile solids on the assumption that organic solids
in sewage average 50 percent volatile. The result is an estimate of the
fixed solids which appeared as sand and silt. The results are not too
precise because of the large amount of total solids in the ground water,
but they are sufficient for estimating the probable effect on the aguifer
of prolonged recharge operations requiring periodie redevelopment.
Lack of precision is brought about specifically in the following man-
ner: When filterable solids alone were analyzed, the moisture involved
added appreciable amounts of solids, while soluble organic matter was
lost entirely. On the other hand, when unfiltered samples were evapo-
rated to dryness, the several hundred ppm of volatile solids (HCO; ete.)
in the water masked the effect of small amounts of organie volatiles.
Visual observation, however, was enough to determine that fine sand
and silt were brought up in the early stages of redevelopment.

It is possible to ealeulate from Table 34 the approximate amounts
of sand withdrawn from the aquifer in ten months of operation. Within
the limits of aceuracy of the data it is found that during a total of 28
redevelopment attempts some 1,620 pounds of sand and silt were re-
moved from the recharge well. This represents a total of about 16 eubic
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the ecase at the aquifer face underground, although, of course, no ob-
servations of this mat could be made other than its effect on the piezo-
metric surface of the well field. It was repeatedly shown by pressure
observations, of which Figure 30 is an example, that much of the par-
tieulate organic matter was eoncentrated inside the radius of the near-
est observation wells. Inasmuch as the gravel pack extended close to
some of the 13-foot wells some evidence can be obtained from pressure
observations which indicates that the organic mat is at the aguifer face.
It may be concluded therefore that particulate organic matter, with the
exeeption of baecteria and similar fine material, remains near the aquifer
face. Bacterial studies have already shown that the finer materials do
not travel far from the point of recharge.

Direct evidence of the extent of travel of dissolved organic solids is
less abundant. It has been shown that such material capable of support-
ing bacterial life reached wells 500S and 100N (at 463 and 138 feet
from the recharge well). It has also been shown that changes in nitro-
gen compounds take place within 100 feet of the recharge well, but
that any changes beyond that point are obscured by high nitrate ground
and recharge waters. Attempts to use Biochemical Oxygen Demand as
an indication of travel of organie pollutants were only moderately sue-
cessful, Table 31 shows that the BOD drops sharply between the re-
charge well and the nearest observation wells, indieating that the oxy-
gen demand is lowered rapidly in the biologically active zone near the
filter mat. Values observed at farther wells show only that organic
matter is of small importance beyond 100 feet.

Such evidence as exists supports the conclusion that particulate or-
ganic matter does not penetrate the aquifer to any important extent,
the smallest particles behaving similarly to bacteria in their distance
of travel. Soluble materials presumably move freely with water but are
subject to biochemieal change when properly seeded with organisms.
The limited extent of bacterial travel, however, confines this biologically
active zone to the region immediately surrounding the recharge well—
within 100 feet in the aguifer investigated.

The extent to which soluble organic matter may be involved in ion
exchange or in chemical reactions may not be stated from data obtained
during the investigation.

Travel of Chemical Pollution

The ion content of water in surface streams during dry weather is
sufficient evidence that the cations and anions normally found’in ground
waters are not greatly altered by distance, The addition of such ions
with recharged sewage plant effluent, in concentrations not exceeding
that normally found in the ground water, is of little concern in the
matter of pollution travel, unless aquifer clogging by ion exchange re-
sults or water hardness is increased by a displacement of Ca and Mg
ions in the soil. Generally the total ions in sewage is no greater than
those normally in the ground water, hence a gross increase in ions
would not result. In general, the introduetion of sewage plant effluent
into an aquifer might be said to add seriously only to such materials
as nitrates and phosphates, and that these materials may be expected
to travel long distances. The unstable compounds of nitrogen do not















SUMMARY AND CONCLUSIONS

During the 44-month period from May 1951 to December 1954 the
Sanitary Engineering Research Laboratory of the University of Cali-
fornia eonduected an investigation of the travel of pollution from direct
recharge into underground formations. The study was sponsored by
the California State Water Pollution Control Board as a part of its
program of defining the problems, and finding the answers to impor-
tant questions, associated with waste water reclamation in California.
The principal objectives of the work concerned the rate and extent of
travel of bacterial and chemieal pollutants, and the physical problems
involved in recharging an aquifer with waste water.

A well field consisting of a 12-inch gravel packed recharge well and
23 6-inch observation wells was developed at the Engineering Field
Station of the University, located in Richmond, California. The wells
penetrate a confined aquifer approximately five feet in thickness and
overlain by some 90 feet of clay interspersed with thin sand strata.
Equipment was provided for supplying primary settled sewage and
fresh water in various combinations; for injecting water into the aquifer
at various rates; and for redeveloping the recharge well by pumping.

During the course of the experiments both fresh water and water
degraded with settled sewage were injected at various rates. Observa-
tions of the rate of travel of recharged water were made by chemieal,
bacteriological, and radiological means. The rate and extent of travel
of bacteria were observed under various conditions, and the movement
of chemicals was traced within the limits of the well field. The nature
of well clogeing was determined, and methods of well redevelopment
were studied.

The principal findings and conclusions obtained from these studies
and from an analysis of the data obtained may be summarized as fol--
lows:

Recharge

1. The aguifer is typical of water deposited strata, being subject to zome degree
of stratification and other variabilities.

2. Aquifer irregularities are identifinble and are not sufficient to impair its use-
fulness in studying pollution travel.

3. The fact that the aquifer is confined and relatively thin makes it suitable for
the investigation of pollution travel with relatively small volumes of water.
Also the radial flow patterns within it is undisturbed by complex eurrents in
n vertical plane.

4, The findings of the investigation were not limited in wvalidity or in general
applicability by the nature of the aquifer used in the investigation.

5. As a result of various observations and ecaleculations the permeability of the
aquifer is believed to be approximately 1900 gallons per sguare foot per day.

6. The average thickness of the aquifer as determined from logs of 25 wells is
cileulated to be 4.4 feet.

7. The aquifer may be safely operated at recharge wellhead pressures up to about
T0 feet of water without danger of aquifer separation.
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The most distant wells showing pollution during 38 days of continuous injection
at 37 gpm of 10 percent sewnge containing an average of 2.4 x 10® coliform
organisms per 100 ml were located at G3 feet north, northeast, and north-
west, and at 100 feet south of the recharge well,

Conecentrations of coliform organisms as hirgh as 4.7 x 10° per 100 ml, in 27
percent sewage injected at 37 gpm over significant periods of time, produced
peak bacterial numbers on the order of 23 per 100 ml at a maximum distance
of 100 feet from the recharge well in the direetion of normal ground water
movement. Similar maxima in other directions were observed at distances
of only 050 and 63 feet.

The M.IPN. of coliform organisms in observation wells Auctuated from day
to day, as did coliforms in raw sewage, but there was no tendency for a
progressive inerease inm pollution after the third day, in any well showing
contamination.

. Injeetion of recharge water containing 10 percent of primary settled sewage,

over sampling periods of 41 and 32 days, failed to extend baeterial pellution
to 100 feet east and 19 feet south and southeast of the point of recharge.

. Inereasing the concentration of organisms in the recharge water produced no

greater observed extent of pollutiom travel.

Increasing the rate of injection from 13.5 to 64 gpm had no effect in extend-
ing the distance of bacterial travel.

The prinecipal effect of greater amounts of sewage or greater injection rates
wiasg to shorten the permissible period of recharge between well redevelopments
for the purpose of removing clogging.

. Baeterial pollution in the aguifer did not move outward when fresh water

injection followed sewage recharge without well redevelopment.
There was no difference in the distance of travel of coliform organisms and
Streptococeus fecalis,

Plate counts and observations of changes in nitrogenous compounds indieate
that the travel of other types of bacteria iz no greater than that of coliform
and 8. fecalis. ;

. High baeterial plate counts in two observation wells open to ontside sources of

contamination show that dissolved nutrients traveled at least 460 feet to
zerve a8 a substrate for indigenous saprophytic organisms.

. The small numbers of organisms reaching wells located it 63 feet north, north-

east, and northwest, and at 100 feet south of the recharge well, together with
the absence of organisms in more distant sampling wells, lends to the con-
clusion that bacterial travel beyond those points is negligible.

. Chemical analyvses indieated that a mixture of previously injected fresh water

and sewage often existed at the most distant observation wells. The continued
absence of coliform organisms in these wells, therefore, is added evidence of
limited distance of hacterial travel.

Results of tracer studies show that injected water flows from the recharge
well to all observation wells, hence bacterial travel iz not limited by discon-
tinuity of the aquifer.

. Secondary humps on fluorescein concentration curves indicate that recharged

water arrives at any observation well by a variety of routes, and that in all
directions some portion of the recharged water moves faster than the rest.

Both the time of first arrival of fluorescein and the time of arrival of the peak
concentration were determined in the investization.

The concentration of injected fluorescein reaching any observation well fol-
lowed a typical pattern; building up to a maximum and tapering off again
along a typical skewed frequency curve,

The nr:rizml of thﬁ_ first detectable amount of tracer is significant because in
interpreting pollution travel data the fact of arrival of pollution is more im-
portant than the shape of the time-concentration curve.

The time of arrival of the peak concentration of fluorescein tracer may be
tinken as representative of the rate of travel of the greatest mass of water re-
charged in a unit of time, with aeccuracy equal to that of other accepted
mens=ure of aquifer characteristics.
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Chemieal, as well as bacteriological, results show that the rate and extent of
pollution travel do not depend upon displacement of all ground water in the
aquifer. Displacement is more closely related to the peak concentration.

From an analysis of data on chemical travel, and from the extent of movement
of recharged water in the aquifer in any period of time, it is shown that well
clogging limits the time during which chemical travel which can be aceurately
observed and demonstrates that studies of chemical pollution had best be
run with some indicator other than sewage.

Recharge Well Operation
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Serious clogging can result from the dispersion of the clay fraction of an
aquifer, or of clay in the boundary layers of the aquifer, if excess sodium is
introdueed.

Clogging of an aquifer is directly proportional to the amount of solids injected
in any period of time. With 20 and 27 percent sewage, clogging produced an
average rate of pressure inecrease in the recharge well of 5.5 feet of water
per day.

A rise in recharge wellhead pressure without appreciable change in elevation
of the piezometriec surface at other points showed conclusively that aquifer
clogging takes place close to the recharge well scereen.

Particulate organic matter does not penetrate the aquifer to any important
extent. With the exception of bacteria and similar small particles, it tends to
remain in a filter mat at or near the aquifer face.

Settling out of solids in the sewage delivery line encouraged the growth of
sphaerotilus, which later hastened the clogging of the aquifer.

Under recharge with sewage containing suspended solids, aquifer clogging pro-
gressed in an orderly fashion but showed no indication of changing rate before
the recharge eguipment should fail, the overburden should fracture, or the
aquifer become separated due to expansion.

The buildup of clogging during sewage injection produces a pressure pattern
in the recharge well which shows conclusively that biological decomposition
of organic solids takes place underground and acts to lower the rate of clogging.
A sharp break in the pressure curve takes place after two or three days, in-
dieating that a biological equilibrium has been established.

Pumping at moderate discharge rates are inadequate to remove clogging to a
satisfactory degree.

Gas binding of the aquifer occurred when the temperature of the recharge
water was less than the temperature of the ground water.

Analysis of gases entrained in the well discharge showed that it was 95 percent
nitrogen. The presence of 1.32 percent of argon indicated that the source of the
gas was the atmosphere,

Gas binding of the aquifer resulted from the release of dissolved gases due to
temperature rise. Oxygen was absent from the released gas because of its
utilization by biologieal activity in the aquifer, near the recharge well. Gas
binding does not seem to be a serious deterrent to recharge operations.

The recharge well ean be successfully developed by injecting heavy doses of
chlorine to break up the organiec mat built up in the aquifer, allowing a contact
period, them pumping at approximately 80 gpm for periods up to four hours.
It was found that in general the chlorine should extend to the 13-foot observa-
tion wells, remain in contact for about half a day, and be sufficient in amount
to show a slight residual in the well discharge at the beginning of pumping.
Injected chlorine has an immediate effect in reducing well clogging. A steady
pressure decline of 10 feet in 2.5 hours was observed during the injection of
chlorine. Such a decline might be used as a eontrol test in well redevelopment.
Loss of fine materinl during redevelopment does not seem to endanger the
aquifer at the discharge rates (up to 80 gpm) used in the investigation.

It was necessary to develop the recharge well once a week in order to make
possible continued injection of 20 or 27 percent sewage at 37 gpm.
Redevelopment of the recharge well involved a maximum discharge of from
four to five percent of the injected water.
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