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IRRIGATION RETURN WATERS

Roy B. Evans" and Paul Kruger
Civil Engineering Department

Stanford University

Biological denitrification has been proposed as a means of removing nitrates
from waste waters to control eutrophication in receiving waters. A potential use
for this method is the treatment of irrigation return waters containing high con-
centrations of nitrate-nitrogen, since direct discharge of such wastes may cause
objectionable algal growth in the receiving waters. For example, the process may
be used to treat agricultural waste waters in the San Joaquin Valley in Califor-
nia, where an estimated 580,000 acre-feet/year of return waters, containing 20
mg/X of nitrate-nitrogen, will require disposal by A.D. 2020. Two methods of
biological denitrification are presently under study for possible use in the San
Joaquin Valley. In one method nitrates are reduced to nitrogen gas by bacterial
action in deep ponds; in the other method bacterial denitrification takes place
in biological filters. In biological filters, bacteria are grown on columns of
submerged stones. A possible alternative to the conventional construction of
these filters is the creation of a rubble chimney by a contained nuclear explo-
sion. This paper presents the results of a preliminary investigation of the
feasibility of using a rubble chimney as a biological filter for denitrification.

IRRIGATION RETURN FLOWS AND WATER QUALITY

Arid regions which import large quantities of water for irrigation are some-
times faced with the problem of salt build-up. The imported water contains dis-
solved salts which accumulate in soils as the irrigation water evaporates, reduc-
ing the productivity of the soils. These salts can also find their way into
ground water through infiltration, degrading the ground water quality. The salt
build-up problem can be avoided by providing drainage facilities to convey agri-
cultural return flows to suitable disposal sites, but disposal of the return
flows can cause secondary water quality problems.

Use of water for irrigation seriously reduces the quality of the water.
Irrigation return water may have high concentrations of salts, pesticides, and
plant nutrients, and discharge of the return flows into rivers or other receiving
waters can seriously affect the quality of the receiving waters. The increased
availability of cheap fertilizers has had the undesirable side-effect of increas-
ing concentrations of nitrogen and phosphorus in irrigation return flows. The
presence of these elements can be troublesome. Both are nutrients necessary for
the growth of algae, and in some situations their presence may result in severe
algal blooms in the receiving waters. Their removal from waste water is consid-
ered difficult and expensive. Biological denitrification may be a relatively
simple means of removing nitrates. No comparable solution is presently available
for removal of phosphates.
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The optimum means of disposing irrigation return flows depends on the geog-
raphy of the particular problem area. Possible solutions include discharge to
an ocean, evaporation of the waters in evaporation pans where the salts can be
removed periodically, or treatment of the return flows to remove specific objec-
tionable contaminants before discharge to non-saline receiving waters. Where
economics permit, the return flows might be desalinized and reclaimed.

BIOLOGICAL TREATMENT FOR NITRATE REMOVAL

Two biological treatment processes have been suggested for removing nitrate-
nitrogen from irrigation return flows. The first, algae stripping, involves
growing algae in shallow, aerobic ponds and harvesting the algae crop to remove
assimilated nitrogen.

The second is biological denitrification. Two methods for biological deni-
trification have been proposed, one using deep ponds and another using biological
filters. In the deep pond process, organic material such as methanol is added to
the return water to provide a source of energy and carbon for anaerobic bacteria.
The waste is then routed through a deep reservoir with sufficient capacity to
provide a hydraulic detention time of about ten days. During passage through the
reservoir dissolved oxygen in the water is depleted by bacterial oxidation of the
organic materials. Under such anaerobic conditions, denitrifying bacteria reduce
nitrate-nitrogen to nitrogen gas which evolves to the atmosphere. After passing
through the reservoir, the water is reaerated and discharged. Nitrogen removal
efficiencies of 90 per cent or more have been obtained in pilot plant studies
using this method [9]. The process is illustrated in Figure 1.

The biological filter consists of a large mass of denitrifying bacteria
grown in a column filled with rocks or other suitable material. Models tested
in pilot plant studies are similar in design to the aerobic trickling filters
common in sewage treatment plants, but flow is upward in the anaerobic filter to
keep the matrix rocks completely submerged. This process is illustrated in
Figure 2.

The advantage of this configuration is the long biological solids retention
time possible. Microorganisms consuming the organic material added to the waste
water multiply rapidly and accumulate in the matrix void spaces, clinging loosely
to the surfaces of the matrix rock. Large masses of biological solids are con-
centrated in the filter, stabilizing the wastes with much shorter hydraulic de-
tention times than are available in the pond process. In the pond process a
large fraction of the bacteria produced is wasted in the effluent. The fraction
of organisms wasted from the biological filter is much smaller.

CHEMISTRY OF ANAEROBIC DENITRIFICATION

The chemistry of biological denitrification has been described by McCarty
[9] and McCarty, Beck, and St. Amant [11]. The process involves the reduction
of nitrates and nitrites to nitrogen gas by a variety of common facultative bac-
teria, including the genera Pseudomonas, Achrombacter, and Bacillus. In the ab-
sence of oxygen, these organisms use nitrates as terminal electron acceptors
while oxidizing organic matter for energy. The nitrates and nitrites serve essen-
tially the same purpose as oxygen does under aerobic conditions. Thus denitrifi-
cation can take place only if organic material is available as an energy source
and only under anaerobic conditions. Most investigations have used methanol as
the energy source because it is relatively inexpensive.

The reduction of nitrates to nitrogen gas is described as a two-stage process
the nitrates are first reduced to nitrites, then nitrites are reduced to nitrogen
gas. The nitrogen gas is eliminated by release to the atmosphere. For a process
using methanol as the energy source, the overall reaction can be represented as
follows:
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N03" + |CH3OH ~> -|N2 + |CO 2 + | H 2 O + 0H
_ (1)

The stoichiometry of the reaction indicates that 1.9 mg/i, of methanol is 'required
for each 1.0 mg/i of nitrate-nitrogen present in the-waste-water. If less metha-
nol were added, the reaction would not go to completion, and the resulting efflu-
ent would be high in nitrite-nitrogen.

In addition to the material required to provide an energy source for the
reduction reaction, sufficient organic material must be added to allow the bacte-
ria to deplete the dissolved oxygen present in the influent water to create an-
aerobic conditions and to supply carbon which is assimilated to form new cells.
The amount of methanol necessary for the biological removal of the dissolved
oxygen is given by

°2 + 3CH30H "* | C 02 + "tH2° (2)

At least 0.67 mg/4 methanol would be required for each 1.0 rag/I dissolved oxygen
present in the influent.

McCarty, Beck, and St. Amant [11] experimentally determined the amount of
methanol required for bacterial growth and found that an additional amount of
approximately 30 per cent of the methanol needed for oxygen depletion and deni-
trification had to be added for this purpose. The total amount of methanol re-
quired is given by

C = 2.47 N + 1.53 Nn + 0.87 D (3)
m o 1 o

where:

as

C = required methanol concentration, mg/I

N = initial nitrate-nitrogen concentration, mg/i,

N1 = initial nitrite-nitrogen concentration, mg/4

D = initial dissolved oxygen concentration, mg/i,

The r a t e o f b i o m a s s p r o d u c t i o n , C, , i n mg/j£ i s g i v e n by M c C a r t y , e t a l . ,

C, = 0 . 5 3 N + 0 . 3 2 E + 0 . 1 9 D (4)
b o 1 o

RESULTS OF BIOLOGICAL FILTER PILOT PLANT STUDIES

Tamblyn and Sword [13] and St. Amant and McCarty [12] have reported on
pilot plant studies of anaerobic filter denitrification. These studies inves-
tigated the hydraulic detention times necessary for satisfactory nitrate-nitrogen
removal with filters constructed of different matrix materials. Matrix media in-
vestigated included sand, activated carbon, volcanic cinders, gravel, coal, and a
commercially-produced plastic trickling filter material. Media sizes ranged from
coarse sand to three-inch diameter gravels, and hydraulic detention times ranged
from one-half hour to two hours.

The sand filters were initially satisfactory but soon clogged as biological
solids filled the void spaces. Removal efficiencies of 80 to 100 per cent were
obtained at hydraulic detention times of one-half hour to two hours with all ma-
trix media except the three-inch gravel, which attained 58 to 76 per cent removal
at three to aix-hour detention times [47]. Apparently the void spaces in the
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three-inch gravel were too large to provide good biological solids retention.

St. Amant and McCarty [12] recommended that rounded stones, 1 to 2 inches
in diameter, be used as the matrix media for practical systems for denitrifica-
tion of municipal drinking water. They advised that hydraulic detention times
of about one hour would be required to ensure complete denitrification at water
temperatures of at least 12°C. Longer detention times would be required at lower
temperatures, while correspondingly shorter times might be satisfactory at higher
temperatures.

Most of these studies have been conducted with relatively small filters of
36-inch diameter or less. The largest filter yet constructed is ten feet square
and six feet high. No provision was made for removal of biological solids from
this filter, but it is expected that excess biological solids can be flushed out
by sharply increasing the flow-rate through the filter for a short period of time.

USE OF A RUBBLE CHIMNEY AS A BIOLOGICAL FILTER

The use of a rubble-filled chimney as a biological filter may offer several
attractions over alternative methods of denitrification. These include lower
construction costs, faster construction, and a smaller physical plant aesthetic-
ally more acceptable than conventional treatment plants. The essential element
in a biological filter is a large volume of crushed rock in an impervious con-
tainer. A contained nuclear explosion would provide a relatively inexpensive
means of constructing such a structure. A nuclear explosive could be detonated
in a suitable geologic formation at the desired filter location to produce a
rubble chimney. Methanol would be added to the waste waters and the mixture
would be pumped to the bottom of the chimney and forced upward through the rubble,
Large masses of denitrifying bacteria would accumulate in the rubble material.
The concept is represented schematically in Figure 3.

The considerations involved in the engineering use of a nuclear explosion
include the mechanical and radioactivity effects produced by the detonation. In
the use of a rubble chimney as a biological filter, further consideration must be
given to the effect of rubble size distribution on biological solids retention,
the effects of temperature and hydrostatic pressures on bacterial nitrate reduc-
tion, and the long-term geochemical reactions between the rock matrix and the
waste waters.

The parameter most convenient for the design of a biological filter appears
to be the hydraulic detention time necessary for satisfactory nitrate removal.
The hydraulic detention time depends strongly on the retention of bacteria
(biological solids) within the filter. There appears to be an optimum matrix
particle size for good solids retention. In pilot plant studies, best results
were obtained with round stones 1 to 2 inches in diameter. With smaller diam-
eters, filter clogging produced high back pressures and short-circuiting, causing
low nitrogen removal efficiencies. With three-inch gravel, biological solids
retention was poor, apparently because the void spaces were too large. Young
[10] suggested that the effective biological solids are retained in the filter
both as a layer of solids attached to the stones and as large flocculated par-
ticles loosely held in the void spaces. To some extent, therefore, solids re-
tention should be proportional to matrix surface area.

The pilot plant filters contained smooth, round stones of nearly uniform
size, but the rubble in a chimney produced by a contained nuclear explosion has
a distribution of particle diameters ranging from less than a centimeter to more
than a meter. Surfaces of the rubble are rough and irregular and should yield
more surface area per unit volume and better solids retention than smooth stones
of similar size. The particle size distributions of rubble observed in experi-
ments in granite and dolomite are given in Table I. Particle diameters are
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apparently larger than the 1 to 2 inch stones recommended for filter construction
by St. Amant and McCarty. Data on the size distribution of the void spaces is
required to estimate the extent of solids retention, but these data are not gen-
erally available. Void spaces in the rubble should be smaller than would be
found in crushed rock from quarries because there should be less displacement of
particles relative to their neighbors. As the chimney collapses after the detona-
tion, particles in the same geologic bedding plane tend to downwarp simultaneously,
and the collapse may produce little actual mixing of strata. To obtain quantita-
tive estimates of solids retention in rubble material, pilot plant studies with
filters constructed from rubble material are recommended.

The rock chosen for the chimney location must be resistant to decomposition
by water. Soft, friable rock such as mudstone or siltstone would tend to slump
and might form a slurry or mud with water, clogging the interstitial voids.
Shale might react in a similar fashion. The choice of media is probably restric-
ted to igneous rock, metamorphosed sedimentary rock, and possibly competent sand-
stones resistant to decomposition by water.

EFFECTS OF PRESSURE ON BACTERIAL NITRATE REDUCTION

Conventional biological waste treatment processes normally operate at pres-
sures corresponding to a few feet of water. However the pressures in a sub-
merged rubble chimney with a depth of burial of 3,000 feet would be of the order
of one hundred atmospheres. Hydrostatic pressure seems to affect metabolic chem-
ical reactions of organisms, possibly through the effect of volume changes in
these reactions. Terrestrial bacterial species generally will not grow at 600
atmospheres and may be killed at even lower pressures [27]. Reports by several
investigators [28,29,30] indicate that growth is severely retarded at pressures
greater than 300 atmospheres for most surface-dwelling species. One investigator
reported vigorous growth of several members of each of the genera Pseudomonas,
Achrombacter, and Bacillus at pressures of 200 atmospheres [29], though growth
of some species was retarded at only 50 atmospheres. Nitrate reduction by most
surface-dwelling bacteria is completely inhibited at 400 to 600 atmospheres [30].

There is insufficient evidence to support a firm conclusion about biological
denitrification at high pressures, but from the references cited it appears that
many bacteria are capable of multiplication and denitrification at 200 atmospheres
and that a denitrifying process operating at less than 200 atmospheres would prob-
ably be successful. This pressure is equivalent to a water inlet depth of 6800
feet. Since the economics of drilling and casing the inlet and outlet tubes
would probably prohibit the construction of a filter at this depth, the effects
of hydrostatic pressure can probably be disregarded for most practical filters.
However, this conclusion should be experimentally verified.

EFFECTS OF TEMPERATURE ON REACTION BATES

The kinetics of biological waste treatment are strongly affected by temper-
ature. Within broad limits, the rate of denitrification would be expected to in-
crease exponentially with temperature. Increasing the reaction rate would de-
crease the required detention time. The bacteria may be destroyed at temperatures
in excess of about 50°C. Although energy deposited by the nuclear explosion would
cause elevated temperatures in the rubble immediately after the detonation, flood-
ing of the chimney would quickly cool the rubble.

The steady-state temperature of the filter will be approximately that of the
inflow. The flow-rate through a filter of practical size will be sufficient to
nullify the effects of the geothermal gradient, which might be of the order of
1°C per 200 feet of depth. The operating temperature of the filter will vary
seasonally with the temperature of the inflow.
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AN EXAMPLE--THE SAN JOAQUIN VALLEY DRAINAGE PROBLEM

An example of the possible use of an underground nuclear rubble chimney as
a biological filter for anaerobic denitrification is for treatment of irrigation
return waters in the San Joaquin Valley of California. The San Joaquin Valley
drainage water problem offers an opportunity to compare the economics of a rubble
chimney filter with costs of conventional denitrification processes in a typical
application.

The San Joaquin Valley is a north-south structural trough about 250 miles
long, bounded by the Sierra Nevadas on the east, the Coast Ranges on the west,
and the Tehachapi Mountains on the south, comprising the southern part of the
Central Valley of California. The topography of this area is illustrated in
Figure 4. The climate is semi-arid; annual rainfall varies from approximately
4 inches in the south to 9 inches in the north. Near Hanford a low east-west
ridge divides the valley into two separate basins; the southern basin has no
surface outlet, and the northern basin drains via the San Joaquin River into the
Sacramento-San Joaquin Delta and subsequently into San Francisco Bay.

Much of the valley is productive farmland, but the combination of low rain-
fall and high potential evapo-transpiration (40-70 inches/year) makes irrigation
essential. Little water flows into the valley from the Coast Ranges on the west
but several large streams originate in the Sierra Nevada on the east and are
diverted for irrigation by a system of dams and canals. As agricultural produc-
tion increased in the 1940's, the combined yield of pumpage from ground water and
diversion of the eastern streams fell short of the demand and the Central Valley
Project was developed by the U.S. Bureau of Reclamation (USBR) to import water
from the Sacramento Valley. The Delta-Mendota Canal, the first link in this
system, was placed in operation in 1951; the proposed network, when completed,
will include import canals on both eastern and western slopes of the valley.

Before the construction of the Delta-Mendota Canal only high quality water
from the eastern tributaries was used for surface diversion, and salt build-up in
the soil was not a general problem. Water imported from the Sacramento River
contains agricultural return flows from areas upstream from the canal's intake
point and consequently carries a higher salt content than the Sierra runoff;
this higher salt content and other factors have caused the deterioration of ground
water quality in the west side of the valley. Water quality in the lower San
Joaquin River was reduced to levels which caused damage to crops irrigated with
the water, and localized highly saline bodies of perched ground water developed.
Tile drainage systems had to be installed in some areas.

Increased water imports from the Sacramento Valley via the San Luis Canal
and the California Aqueduct are expected to aggravate the salt build-up problem,
and, consequently, both the California Water Plan and ennabling legislation for
the San Luis Project include requirements for tile drainage and return water
disposal to remove salts. The USBR has already begun construction of the San
Luis Drain, which will serve the Federal San Luis Unit. The location of the drain
is shown in Figure 5. The California Department of Water Resources (CDWR) is con-
tinuing its studies to construct a drain for the rest of the valley, with the
possibility that construction of drain facilities may be postponed until 1980 [1],

When completed, the San Luis Drain will be a concrete-lined canal extending
from Kettleman City in the south to a discharge point on the western edge of the
Delta near Antioch. The first reach of the canal from Tranquility to a shallow
holding reservoir near Gustine (Kesterson Reservoir) is to be completed by Janu-
ary, 1970. The second reach, from Kettleman City to Tranquility, will be com-
pleted before January, 1971. The third reach, from Kesterson Regulating Reservoir
to Antioch, is scheduled to be completed by January, 1972. Drainage waters will
be accumulated in Kesterson Reservoir for the first two years until the third
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reach to Antioch is completed. The total cost of the drain construction program
is between $50 and $60 million; this figure includes contingencies for construc-
tion of facilities for denitrification and for providing additional reservoir
space.

Several possible methods have been suggested for the disposal of San Joaquin
Valley return waters. These include pumping the water over the Coast Range into
the Pacific Ocean, evaporating the water, and treatment before discharge into the
San Francisco Bay - Delta system. The least expensive solution appears to be dis-
charge of the waters into Suisun Bay, part of the San Francisco Bay - Delta sys-
tem. However, direct discharge of the water into Suisun Bay without treatment
may degrade the quality of the receiving waters. The average concentration of
nitrate-nitrogen in the return water is expected to be about 20 mg/i, and stu-
dies by the Federal Water Pollution Control Administration (FWPCA) indicate that
this added nitrogen might cause severe algae blooms in Suisun Bay [3,4].

Investigations of the possible effects of discharging the San Joaquin Master
Drain at Antioch indicated that the concentration of nitrogen in the receiving
waters would be approximately doubled [3], It was concluded that such concentra-
tions might cause severe algal growth. The blooms, if they occur, would cause
objectionable smells and discoloration of Suisun Bay water. Potential detriments
from nutrient enrichment may be prevented if the total nitrogen concentration in
the waters of Suisun Bay is maintained below 2 mg/i, but freshwater reaches of
the Delta may require a lower limit to prevent blooms of blue-green algae under
minimum flow conditions. It was recommended that at least 90 per cent of the
nitrogen in the drain waters be removed to meet these limits [3,4].

Table II gives the estimated annual requirements for irrigation return water
disposal in the San Joaquin Valley between 1970 and 2050. Available estimates
indicate that the amount of brackish agricultural waste waters that will require
safe disposal in the valley is 85,000 acre-feet/year in 1970, 440,000 acre-feet/
year in 1990, and 580,000 acre-feet/year in 2020. Table III gives USBR estimates
of certain water quality factors expected in the San Luis Drain return flows in
1970 and 2020. Initial salt concentrations will be higher because large quanti-
ties of salt already present in valley soils will have to be removed by leaching
the soils and draining shallow ground water.

The feasibility of using biological treatment for removing nitrogen from the
drain waters is being investigated in a joint program by the Federal Water Pollu-
tion Control Administration, the California Department of Water Resources, and
the U.S. Bureau of Reclamation. Pilot plant studies of both algae stripping and
anaerobic denitrification have been performed. Feasibility of the algae strip-
ping process seems to depend on finding a commercial use for the harvested algae,
such as livestock feed. Pilot plant studies of both the deep pond process and
the anaerobic filter have been performed, and both processes appear technically
feasible.

Design of a rubble chimney filter for this application is based on an as-
sumed hydraulic detention time of ten hours. This value has been increased by an
order of magnitude over the one-hour detention time recommended by St. Amant and
McCarty to allow for uncertainties in the extent of biological solids retention.
The void volume required to accommodate the expected ultimate San Joaquin return
flow of 580,000 acre-feet/year would then be about 8.2 x 10^ m , the volume of a
sphere of radius 58 m.

Possible locations for a rubble chimney filter in the San Joaquin Valley
are severely restricted by the alignment of the San Luis Drain, shown in Figure 5,
and the geology of the west side of the valley. Any treatment process for the
drain waters should be located downstream from the last return water inflow.
Figure 6 indicates that the northernmost drainage problem area is in Contra Costa
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TABLE I

PARTICLE SIZE DISTRIBUTIONS FOR CHIMNEYS IN GRANITE AND DOLOMITE

Particle
Diameter

over 0.3 m.
0.15-0.3 m.
less than 0.15 m.

Percentage of Chimney Volume

Granite [32]
(Hardhat)

10%
407o
50%

Dolomite [33]
(Handcar)

28.3%
38.5%
33.2%

TABLE II

ESTIMATED ANNUAL AGRICULTURAL WASTE WATER DISPOSAL REQUIREMENT,,

1970

1980

1990

2000

2010

2020

Year1

, 1975

, 1990

, 2005

, 2020

, 2035

, 2050

San Luis
Unit2

5

53

123

155

162

162

Annual Requirement
(1000 A-F)

Other parts of
valley-^

82

200

318

401

414

421

Total

87

253

441

556

576

583

Earliest and latest estimated dates.

USBR estimate.
3
DWR estimates include a requirement for Kern County and a maximum of 40,000
A-F/year for Tulare Lakebed.

*
From "Final Report," San Joaquin Valley Drainage Advisory Group, January,
1969, a report to the DWR.
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County, close to the discharge point. However, this.isolated area would produce
only an estimated 10,000 acre-feet/year, or about 1.7% of the expected ultimate
flow from the entire valley, according to the San Joaquin Valley Drainage Advi-
sory Group [7]. In terms of the total nitrogen load, this amount is less than
the variation in treatment efficiency for the process and can probably safely be
left untreated.

The filter would have to be located as close to the drain alignment as pos-
sible to minimize pumping costs. Reasonably hard rock which does not decompose
upon submersion in water would be necessary. A location which may satisfy
these requirements lies in the extreme southeastern corner of Contra Costa County,
at a point on the canal alignment about four miles south of the town of Byron.
An emplacement hole at this point would contact the upper portion of the Panoche
Group, an Upper Cretaceous sedimentary formation. The uppermost formation likely
to be encountered in the area is the Moreno Shale. Conformably underlying the
Moreno Shale is the Panoche Group, a complex of massive, concretionary sandstones,
shale, siltstones; and conglomerate lenses. In the Pacheco Pass Quadrangle,
fifty miles to the south, the Moreno Formation is about 1000 feet thick and the
Panoche Group is about 25,000 feet thick. In the Pacheco Pass area, the Panoche
Group contains a few massive sandstones that might serve as matrix rock for a
rubble chimney filter.

Schilling reports that the Panoche Group in the Pacheco Pass area contains
two sandstone members at least 850 feet thick and two others over 3000 feet
thick [19]. These are located in the upper portion of the Panoche, in what
Schilling calls Formation B. He describes the sandstone as arkosic, well-cemented,
concretionary, and generally quite solid though friable in places. The composi-
tion of this sandstone is 297O quartz, 127o plagioclase, 167> K-feldspar, 177O lithic
grains (quartzite, chert, and volcanics) , and 57<> fine silt and clay matrix, with
variable amounts of calcite cement.

The reaction of the sandstone to immersion in water is a problem in geochem-
ical equilibria. Disintegration of the rock will depend on the rate of dissolu-
tion of calcium, magnesium, and carbonate ions in the drain water, temperature
of the rubble filter, and the hydrostatic pressure. No simple analytic solution
can be given. However, the sandstones could be easily tested by immersing sam-
ples in drain water.

Figure 7 is an idealized cross-section through the proposed filter site
based on the mapping of Pampeyan [21] and the columnar section of the Panoche
Group given by Schilling [19] for the Pacheco Pass area. This assumed geology
places the bottom of the uppermost sandstone of Formation B about 4500 feet below
the surface at the filter location.

The geologic environment of Project Gasbuggy more closely resembles the
Panoche Group than does the geology of any other experiment for which adequate
data have been published. Experience from Gasbuggy can be used to predict chim-
ney height and void volume for a detonation in Panoche sandstones. The nuclear
device would be detonated just below the bottom of the sandstone member, as
shown on Figure 7. The chimney void volume would be approximately the volume of
the spherical cavity formed by the explosion. The radius of this cavity is given
by [34]

w 1 / 3R - C - J 4
 (5)

where:

R = cavity radius, in meters;
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W = energy yield of nuclear device, kilotons;

3
p = average overburden density, grams/cm ;

C = empirical constant for a given type of rock.

Higgins and Butkovich [37] have considered the effect of water vapor in estimat-
ing the cavity expansion following an underground nuclear explosion, but suffi-
cient experimental data on water content are not available for this purpose.

Substitution of the appropriate values for the proposed site:

R = 58m,

P = 2 . 3 g/cm3,

h = 4500 feet = 1370 m,

C = 61,

into Eq. (5) indicates that the required energy yield would be about 370 kilo-
tons. The assumptions regarding overburden density and depth of burial strongly
influence this estimate. Scaling from Gasbuggy, the chimney height would be ap-
proximately 245 meters.

RATE OF BIOMASS PRODUCTION

The rate of biomass production can be estimated from Eq. (4) by assuming
that the nitrate-nitrogen concentration is 20 mg/X, the nitrite-nitrogen concen-
tration is negligible, and the initial dissolved oxygen, present in the inflow
to the filter is 8.0 mg/I. Complete nitrate removal would produce approximately
12.1 mg/i, of cells, corresponding to a mass production of about 990 kg/hr when
operating at full capacity. The volume rate of production would be about 5 cubic
meters per hour, assuming that solidly packed cells displace a volume of approxi-
mately 0.5 per cent per gram of volatile suspended solids per liter [10].

Some small fraction of the biomass produced will escape from the filter but
most of the biological solids should be retained, at least during the initial
stages of filter operation. Assuming that all biological solids produced are
retained in the filter, the time required to fill half of the void volume of the
filter would be approximately ten years. If accumulating biomass clogged the
filter and interfered with its operation, it is expected that an increased flow-
rate through the filter would flush out the excess organisms. The flushed bio-
mass could then be removed from the effluent with appropriate filters and dis-
carded. Since pilot plant studies have not yet confirmed that excess biomass
can be satisfactorily removed by flushing, further experimental study of this
topic is recommended.

ENVIRONMENTAL EFFECTS

An evaluation of the feasibility of a rubble chimney for waste water treat-
ment must include consideration of the environmental effects of radioactivity
produced by the explosion. The concentrations of radionuclides expected in the
chimney water after flooding may be estimated by the methods given by Stead [40]
and Knox [41,42].

Radioactivity will be created in the explosion by three processes: fission,
fusion, and neutron activation. The radioactive fission products include many
different radionuclides, but most of these are relatively short-lived and will
not be of long-term interest. Of biological significance are the relatively few
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long-lived fission products, such as Sr-90 and Cs-137. The required device
yield is estimated to be 370 kt. If the device used is one of the family of
Plowshare explosives announced in 1964, the fraction of the total yield contrib-
uted by fission could be relatively small, on the order of three kilotons.
Most of the device energy may be derived from fusion, which produces tritium in
amounts of the order of 20 kilocuries per kiloton. Activation products of the
explosion will depend on the chemical composition of the device itself, the
casing of the emplacement hole, and the surrounding rock.

Quantities of selected radionuclides which would be produced by a 370 kt
explosion with 3 kt of fission yield are given in Table IV. Also listed are the
fraction of the radionuclides which would be found in the rubble and concentration
guides for water recommended by the NCRP in NBS Handbook 69.

It is assumed that radionuclides are distributed throughout the zone of
intense dynamic fracturing by direct explosive action. Stead [40] assumed a
spherical geometry for the zone of fracturing, and the discussion presented here
will also assume a spherical crushed zone. Porosity and grain density of the
sandstone are assumed to be 10 per cent and 2.5 grams/cm , respectively.

Experience from the Gasbuggy experiment indicates that tritium will rapidly
form HTO and that tritium ion exchange with the sandstone is negligible [45].
Assuming that the Panoche Sandstone will fracture to 4.2 times the initial cavity
radius, similar to conservative estimates of fracturing produced by the Gasbuggy
detonation, the 7.4 x 10" curies of tritium produced will be diluted in approxi-
mately 6.8 x 10^2 m^ of water, resulting in a tritium concentration of the order
of 1.1 pCi/m^, about 1100 times the NCRP standard. Two methods are considered
for reducing tritium concentrations to acceptable levels.

One is to purge the chimney by forcing water through the rubble in normal
operating fashion. This water would be removed at the outlet and disposed of
by diluting to reduce the tritium concentration to the required concentration.
The volume of water would also depend on the hydraulic detention time used for
purging. If long hydraulic detention times are used, the water in the chimney
will mix with influent water and concentrations will decrease nearly exponential-
ly with the total volume of water passed through the chimney [38]. In this case,
a purging volume of water equal to nine times the void volume of the chimney
would reduce the concentration of tritium by about four orders of magnitude. If
short hydraulic detention times were used, water in the chimney would be dis-
placed in a piston-like fashion, and purging would require less water.

The other method of purging the chimney of tritium could be used if the
surrounding formation were sufficiently permeable and if the hydraulic head of
the ground water were less than the hydraulic head in the chimney. In this
case, water would flow from the flooded chimney into the formation. For a case
where the chimney completely penetrates a confined aquifer, the flowrate into
the formation would depend on the formation permeability and thickness, the
radius of intense dynamic fracturing, the difference in hydraulic heads between
the chimney and the formation, and on time. Assuming a formation thickness of
about 800 feet, a formation permeability of 50 millidarcies, and a difference in
hydraulic heads of 1,000 feet between the chimney and the formation, flowrates
out of the chimney during the first several months might average about 2.4 x
cubic meters/day, or 34 days per chimney void volume. Thus, if the chimney were
allowed to stand while adding water to balance the flow into the formation,
tritium levels would be reduced below 1.0 x 10"3 pCi/mi, within 10 months.

Ion exchange will be significant for radionuclides other than tritium.
Some portion of the Sr-90 will be adsorbed onto the rubble material, and an ion
exchange equilibrium will be reached between the water and the solids. Assuming
that 520 curies of Sr-90 will equilibrate with about 1.3 x lO1^ grams of solids
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TABLE III

ESTIMATED CONCENTRATIONS OF SUBSTANCES IN SAN LUIS DRAIN WATERS

Substance
1970

Conditions
2020

Conditions

Total Dissolved Solids

Salts:

Sulfate

Sodium

Chloride

Calcium

Magnesium

Bicarbonate

Potassium

Boron

Nutrients:

Total Nitrogen

Total Phosphate

7,000

3,000

1,500

1,200

300

200

200

20

10

20

0.15

3,000

700

700

900

100

50

100

10

3

20

0.15

Virtually all of the nitrogen is expected to be present as nitrate nitrogen.

TABLE IV

SELECTED RADIONUCLIDES PRODUCED BY 3 KT OF FISSION (U-235)
AND 370 KT OF FUSION

Nuclide

Sr-90

Cs-137

Ru-106

Ce-144

Tritium

Amount
Produced
(Ci) [41]

520

510

960

1.8 x 104

7.4 x 106

Half-Life

28 yr

30 yr

365 days

290 days

12.3 yr

Tolerance Level ^
Recommended by NCRP"

3 x 10"8

7 x 10"6

3 x 10'6

3 x 10"6

1 x 10'3

Recommended values for the general population in an uncontrolled area.
These values were obtained by dividing occupational concentration guides (for
a 168-hour week) recommended by the National Council on Radiation Protection in
NBS Handbook 69 by a factor of 10 for the general population and by another
factor of 3 recommended by the Federal Radiation Council to allow for devia-
tions of individuals from the sample average.
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and 6.8 x 10 mi, of water and that the distribution coefficient for Sr-90 for
the combination of drain water and sandstone will be on the order of 10 cm^/gm,
the initial concentration of Sr-90 in the water might be about one order of mag-
nitude above the concentration guide of 3 x 10"8 pCi/m£. For a distribution co-
efficient for Cs-137 of about 100 cm-Vgm, the initial concentration of Cs-137
might be two orders of magnitude below the concentration guide of 7 x 10""

Concentrations of Sr-90, Cs-137, and other radionuclides affected by ion ex-
change would be reduced by purging the chimney with water, but their rate of
removal from the chimney would not equal that of tritium. Ion exchange would
alter the dynamics of purging from the perfect mixing model applicable to tritium.
Rabb [39] has reported on small-scale batch-leaching tests of granite rubble from
the Piledriver chimney. These tests indicated that about one-third of the gamma-
ray emitting activity in the rubble would be removed with the initial volume of
water through the chimney. Rabb indicated that further dissolution and extrac-
tion would proceed at a slower rate, so that years might be required to attain
60 to 75 per cent extraction from the rubble.

The presence of large masses of bacteria in the chimney would add to the
total mass available for ion exchange. The bacteria would have effective distri-
bution coefficients much higher than those of the sandstone, and large masses of
biological solids in the chimney would significantly reduce the fraction of
radionuclides released to the water. The effects of the presence of biological
solids on leaching of radioactivity from the chimney should be investigated.

While tritium cannot be removed from the filter effluent, radionuclides
affected by ion exchange could be removed by filter beds with appropriate ion-
exchange properties. Water used in the purging phase of filter construction
could be passed through such filters to avoid the necessity of discharging these
radionuclides to the receiving waters.

COMPARISON OF COSTS WITH ALTERNATIVE PROCESSES

The main operating expense for anaerobic denitrification will be the cost
of the injected methanol. Eq. (3) with an assumed nitrate-nitrogen concentra-
tion of 20 mg/£, a dissolved oxygen concentration of 8 mg/i,, and a cost of $0.25
per gallon for methanol indicates the annual cost for methanol to treat the de-
sign capacity would be about $3,350,000.

Electric power for pumping is another important operating expense. McCarty
[9] estimated pumping power costs for the anaerobic ponds at about $150,000,
assuming a price of $0.01 per kilowatt hour. The total hydraulic head loss for
the rubble chimney process is the sum of the head loss through the chimney plus
the head loss through the inlet and outlet tubes. Assuming a rubble particle
size distribution similar to that reported by Boardman, et. al., [33] for the
Handcar experiment in dolomite, calculations (using standard techniques for
predicting head losses through graded crushed rock) indicate that head losses
through the chimney will be less than one foot. Head loss through the inlet and
outlet tubes will be much greater than head loss through the rubble for any
feasible tube size. Losses through tubes of seven-foot diameter would be ap-
proximately 80 feet, assuming tube lining with approximately the same roughness
as commercial iron pipe. At a power cost of $0.01 per kilowatt-hour, this head
loss would result in annual pumping costs of about $600,000 when operating at
design capacity. For ten-foot diameter tubes, total head losses would be about
15 feet and annual pumping costs would be about $115,000.

Preliminary estimates of construction costs for the rubble chimney filter
compare favorably with estimated construction costs of the alternative treat-
ment processes. The estimates given here do not include the cost of auxiliary
facilities such as equipment for methanol injection, effluent re-aeration, and
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finishing. However, auxiliary equipment required for the rubble chimney filter
will be essentially the same as required for the two conventional anaerobic
treatment processes.

Device and emplacement costs listed in Table V-a are based on device cost
estimates released by the Atomic Energy Commission in 1964 [34] and on published
estimates of the Gasbuggy operations costs [35]. Costs of the ten-foot diameter
inlet and outlet tubes are based on drilling costs for the emplacement of large-
diameter nuclear devices published by Hair [36]. Construction costs for the
inlet and outlet tubes account for more than 807o of the total estimated cost of
$16,000,000.

Tables V-a and V-b show that the rubble chimney filter might cost about
$1,900,000 less than a conventionally-construeted anaerobic filter at the same
location, $10,000,000 less than the anaerobic pond process, and about $28,000,000
less than the algae stripping process. The indicated cost advantage of the rubble
chimney filter is very significant compared with the anaerobic pond and algae
stripping processes but less significant compared with the conventional filter.

The estimates quoted for the rubble chimney filter should be viewed with
caution because the largest single item, construction of the inlet and outlet
tubes, is based on questionable projections of costs for drilling slightly
smaller holes. The casing or lining of these holes comprises about 857o of
their estimated cost. A steel casing with two-inch walls and steel-rib rein-
forcing was assumed. Some less expensive way of lining the tubes might be
found. The cost advantage of the rubble chimney filter in this application
depends primarily on the cost of the tube lining, not on the cost of the nuclear
operations phase.

CONCLUSIONS

The San Joaquin example points out certain conclusions which apply to the
general concept of using rubble chimneys for biological treatment. Because a
filter constructed at the Byron location would have to be located 4500 feet
beneath the surface, the estimated cost of constructing the inlet and outlet
tubes is very high compared to other phases of the construction. Inlet and
outlet tubes for a chimney at a shallower depth of burial would cost much less.
The large depth of burial at the Byron location also dictates a much larger
device yield than would be required at a shallower depth to produce the same
chimney void volume. A smaller device producing the same void volume at a shal-
lower depth would produce lower initial radioactivity concentrations, and the
initial phase of radioactivity purging would require less time.

In any application of a rubble chimney filter, the most significant cost
is likely to be the construction of the inlet and outlet tubes. Their cost can
be minimized by locating the filter at as shallow a depth as permitted by the
geology of the locale. Cost of the device emplacement hole will increase with
both diameter and depth, but costs of other phases of filter construction are
likely to remain nearly constant regardless of filter capacity. The cost of the
nuclear operations phase will vary little with device yield. The concept of
waste water treatment with rubble chimney filters appears to be economically
feasible provided shallow depths of burial can be used.

Waste water treatment with rubble chimney filters also appears technically
feasible, but certain aspects of the concept should receive further experimental
investigation. Experiments to determine biological solids retention in rubble
material are indicated. If the necessary hydraulic detention time could be re-
duced to one hour, both the void volume and the device yield could be reduced
by a factor of ten below the values assumed in the discussion above. Reduction
of the device yield would reduce the initial concentrations of radioactivity
correspondingly.
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TABLE V-a

COSTS FOR NUCLEAR CONSTRUCTION

ITEM

Geologic Test Hole
Emplacement Hole
Device Cost

(370 kilotons)
Safety
Support
Inlet and outlet tubes

(2 holes, 10-foot inside dia.,
lined, 4500 feet deep)

Engineering and inspection
Contingency
5 acre construction site

($2200/acre plus acquisition costs)

TOTAL

ESTIMATED COST

$ 70,000
450,000
500,000

425,000
910,000

13,000,000

200,000
400,000
15,000

$15,970,000

TABLE V-b

CONSTRUCTION COSTS FOR ALTERNATIVE PROCESSES

Algae Stripping Ponds

ITEM ESTIMATED COST

Purchase of land $19,900,000
(9000 acres between Delta and
Bethany at $2200/acre plus
acquisition costs)

Land Development and Piping 23,850,000
(9000 acres at $2650/acre)

TOTAL $43,750,000

Anaerobic Denitrification Ponds

Purchase of land $ 4,425,000
(1,500 acres between Delta and
Bethany at $2200/acre plus
acquisition costs)

Land Development and Piping 23,625,000
(1,500 acres at $2650/acre plus
30c/sq.ft. for pond covers)

TOTAL $26,950,000
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Conventionally Constructed Anaerobic Denitrification Filters

ITEM ESTIMATED COST

Purchase of land $ 450,000
(200 acres between Delta and Bethany
at $2200/acre plus acquisition costs)

Filter Construction* 17,000,000
(8.7 million cubic feet of stone at
$2.00 per cubic foot)

TOTAL $17,850,000

_

Based on a one-hour detetion time for the design capacity,
337o void volume in the stones, and a cost of $2.00 per cubic
foot for the stones in place, as estimated by St. Amant and
McCarty [12].

Costs quoted in Table V-b are based on [9,12,46,47].
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The effects of temperature and pressure on the denitrification process
should be verified by experiment. The rate of leaching of radioactivity from a
chimney containing large amounts of biological solids should be further investi-
gated. The concept appears sufficiently promising to justify further attention.

Preliminary estimates of construction costs for the rubble chimney filter
in the San Joaquin Valley example compare favorably with estimated construction
costs for the alternative treatment processes. If another location permitting
a shallower depth of burial could be found, the rubble chimney filter would offer
significant; cost advantages over the alternatives in this particular application.
The rubble chimney filter also offers aesthetic advantages over the conventional
alternatives. All of the conventional treatment processes require larger physi-
cal plants covering many acres, and the anaerobic pond and algae stripping pro-
cesses are likely to produce unpleasant odors. The rubble chimney filter would
produce no odors and would require only a few acres of land for housing auxil-
iary equipment.
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