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ABSTRACT
Field Demonstration of Biological Denitrification of Polluted Groundwater
and

Pilot Scale Field Testing of Biological Denitrification
with Widely Varied Hydraulic Loading Rates

From 1989 through 1991 a pilot-scale field study of biclogical denitrification of
shallow groundwater was conducted by faculty and students at the University of
Colorado at a site in Brighton, Colorado. One purpose of this study was to
demonstate the reliability of the biological process under field conditions, including
natural variations in water quality, especially nitrate concentration. A second more
specific goal was to study the effect of flow variations on the denitrification process.
Especially of interest were large changes in flow resulting from seasonal fluctuations
in water use. We have found that the fixed biomass denitrification reactor used in
the Brighton study readily adapted to fourfold variation of hydraulic loading rate (1.8

to 7.2 m3/m2/ day). At all loading rates, nitrate was reduced from over 13 mg/] to less
than 5 mg/1, as N. These findings were significant for two reasons: 1) they have
demonstrated that it is not necessary to maintain unused biological capacity to insure
consistent denitrification performance during seasonal water demand changes, and
2) the adaptation was not predicted by previous investigators, whose observations
were based on short duration experiments.

Final polishing of biologically denitrified water is necessary to remove biomass-
generated by-products. We have studied the removal of these contaminants in two
downstream processes, a biofilm prefilter and a slow sand filter. The prefilter/slow
sand filter combination consistently produced water with turbidity of 0.5 NTU. After
maturation, total coliform bacteria were reduced by over 95%; no E. coli were ever
found. Furthermore, the effluent water had the same organic "fingerprint" as the
untreated Brighton water supply, indicating that a polishing process had been
developed to reliably produce denitrified water to meet potable standards.
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1. MOTIVATION FOR RESEARCH

Nitrate contamination of much of the world’s groundwater resources has
reached serious levels. As researchers document the acute and chronic health effects of
nitrate contamination of drinking water, the need for effective treatment strategies
becomes increasingly important. Although current technologies such as reverse
osmosis and ion exchange can remove nitrates from drinking water, these
are not feasible for many communities which are most affected by nitrate pollution,
namely small towns in rural and semi-rural areas. For this reason, new nitrate
removal methods must be developed which can be successfully implemented by these
small communities.

The major acute health concern posed by nitrate contaminated water is the
blood disorder methemoglobinemia which is potentially fatal to infants. In infant
methemoglobinemia or “blue baby” disease, nitrate is converted to nitrite, which is
taken up by hemoglobin to form methemoglobin. Methemoglobin renders red blood
cells unable to transport oxygen from the lungs. In infants, nitrate is converted
especially efficiently to nitrite and methemoglobin is not destroyed fast enough,
leading to oxygen deficiency and possible suffocation (Shuval et al., 1980).

Other chronic health effects of nitrate have been noted, but not as clearly. In
adults, nitrates can be converted to N-nitroso compounds by bacteria in the saliva,
stomach, or infected urinary bladder. These compounds have been associated with
cancers of the stomach, esophagus, nasopharynx, and urinary bladder (Forman, 1989).
It has also been suggested that leukemia and non-Hodgkin’s lymphoma may be
induced by N-nitroso compounds (Weisenburger, 1990).

Because nitrate is very soluble and therefore highly mobile in water, it has
become a common groundwater contaminant. The major sources of nitrates in
groundwater are agricultural fertilizers (both chemical and natural), certain industrial
wastewaters, and municipal waste waters. Nitrate contamination of groundwater is
especially a problem for small rural communities where over-fertilization and
minimal wastewater treatment have pushed nitrate concentrations to critical levels in
many regions.

In Europe, a survey of the nitrate contamination situation in the twelve
European Economic Community Member States was presented at a Seminar of the
European Institute for Water in 1985. The data indicated a trend of increasing
contamination of European waters. An alarming percentage of these waters exceeded
the EEC standard of 11.3 mg/1 NO3-N. The following is a summary of some of the
findings (Fried, 1990). (Concentrations of nitrate have most likely increased in the six
years since this survey was conducted.)

Belgium - Groundwater concentrations of nitrate ranged from 2.3 mg/1 NOs-
N in the Ardennes to 22.6 mg/l NO3-N in the Bruxellian sand, with an
average concentration of 4.5 to 11.3 mg/l NO3-N in the agricultural zones
south of Brussels.



Denmark - Waterworks supplying more than 99% of the drinking water to
the population, have shown nitrate concentrations greater than 11.3 mg/]
NO3-N in 8% of the plants.

Germany - Surveys show that 5% of the waterworks supply drinking water
with nitrate concentrations in excess of 11.3 mg/l NOs-N.

France - In 1981, the Ministry of Health found that more than one million
people were supplied with water containing nitrate concentrations greater
than 11.3 mg/l NO3-N (approximately 2% of the population). If the present
trend were allowed to continue, it was estimated that 20% of the population
would be supplied with nitrate contaminated water exceeding 11.3 mg/1 NOs-
N by 1995. !

In the United States, surveys have found that approximately 5 percent of the
private wells sampled had nitrate levels above the U.S. Primary Drinking Water
Standard of 10 mg/1 NO3-N. In areas of the country that are heavily farmed, up to 20
percent of the wells exceed the standard (Amsden, US. E.P.A.). In Colorado, a recent
report of the Colorado Water/Sewer Needs Committee (Colorado Division of Local
Government, 1989) categorized the drinking water supplies of Baxter, Brighton,
Chambers Subdivision, Fort Lupton, Gilcrest, Hudson, Kim, LaSalle, Milner, Peyton,
Platteville, and Southgate as demonstrated health hazards or producing immediate
health effects due to high nitrate concentrations.

By law water sources exceeding the nitrate standard of 10 mg/1 NO3-N must be
treated. Most nitrate polluted groundwaters which are potential sources of potable
water contain between 10 and 40 mg/l NOs-N. Within this range biological
denitrification, using a fixed biofilm reactor with acetic acid as the supplemental
carbon source, is economically competitive with ion exchange and reverse osmosis.
Furthermore, it avoids the problems of by-product (brine) disposal associated with ion
exchange and reverse osmosis, and does not require specially trained operators. The
simplicity of operation of fixed biofilm processes makes biological denitrification a
suitable choice for water treatment in small communities which do not have the
resources to run an ion exchange or reverse osmosis plant.

There are some aspects of potable water denitrification that are significantly
different from wastewater processes. One is the requirement for reliability. Another is
the concern about bacteria contacting potable supplies (even nonpathogenic bacteria).
For these reasons, the following study was undertaken.

2. BIOLOGICAL DENITRIFICATION

Nitrate is removed from water readily by denitrification, a bacterial respiration
process which has end products of dinitrogen gas and nitrous oxide (Payne, 1973).
Denitrification is carried out by numerous bacterial species found in soil and aquatic
environments. These bacteria are primarily facultative heterotrophs, which can respire



using either oxidized nitrogen or oxygen as a terminal electron acceptor.
Denitrification is inhibited by the presence of oxygen which is a more energetically
favorable electron acceptor for the bacterial cell (Painter, 1970).

Heterotrophs require an organic carbon energy source (electron donor) for
respiration. Since most drinking water supplies contain very little organic carbon,
supplemental organic carbon must be added to the reactor influent for significant
denitrification to occur. The carbon source chosen for the research described here was
acetic acid, because of its availability, non-toxicity to humans, solubility in water and
the ease with which it is degraded by a broad range of bacterial species. Furthermore, it
can be stored without some of the special precautions required for the more flammable
organic compounds, methanol and ethanol.

3. PREVIOUS RESEARCH AT C.U., BOULDER

Research at the University of Colorado was begun by Nevis Cook, . Silverstein
and Victor Ketellapper (1988) who created a rational theoretical framework for
determining the quantity of acetic acid required for complete reaction of all influent
nitrate and dissolved oxygen. The stoichiometric equations given below were
developed by assuming that 65 percent of the carbon source (acetate) is used for cell
production when molecular oxygen is the terminal electron acceptor and that 35
percent of the acetate is converted to cell mass when nitrate is the terminal electron
acceptor:

1.00 02 + 1.43 CH3COO" + 0.263 NO3™ + 0.263 H* —>
0.265 CsH7NO2 + 00523 CO2 + 143 HCO3"+ 063 H20 . . ..o v e el Equation (1)

1.00 NO3" + 0.877 CH3COO" + H* —>
0.0877 CsH7NO2 + 0.456 N2 + 0422 CO» + 0.877 HCO3- + 1.07 Ho0. . . .Equation (2)

These equations were then verified experimentally using a bench scale packed tower
denitrification reactor (Ketellapper, 1988).

Kineti
A half-order model has been used to model fixed film denitrification kinetics
(Harremoes, 1976). The half-order rate expression is:

where: C = Substrate concentration (mg/1).
k = Half-order reaction coefficient ((mg/1)'/2/min).
r = Rate of substrate removal (mg/l-min).



From Equation (3), assuming an ideal plug-flow reactor:

Nitrate nitrogen concentration after detention time 6 in the reactor.
Initial (reactor influent) nitrate nitrogen concentration.
Combined half-order reaction coefficient (includes integration constant).

8y = Hydraulic detention time (empty bed).

Reactor
From November 1988 through October 1989, pilot scale tests of a fixed bed

denitrification process were conducted by Bill Hogrewe and faculty investigators (1990)
in the University of Colorado Environmental Engineering Laboratories. Table 1 shows
the standard operating conditions for these tests. Hogrewe et al.. developed a procedure
for removing excess biomass which allowed continuous reactor operation as well as
completing an extensive series of tests to determine the steady state performance of the
reactor system with r to nitrate concentration reduction. Hogrewe verified the
half-order kinetic model, with the fitted constant K ranging from 0.025 to 0.049

(mg/1)'/2/min (Hogrewe, 1990).
Table 1: Standar act

&

ating Conditi t

Influent Nitrate:

Influent Dissolved Oxygen:
Influent Acetate:

Influent Alkalinity:

19.5 mg/1 NO3-N
28mg/l

90% of stoichiometric
200 mg/1 as CaCO3 added

Temperature: 21C

pH: 6.5

Flow: 1.1 1/min.
Hydraulic Loading: 3.63 m3/hr./m?

Eiltration

To demonstrate a filtration technology appropriate for small communities
capable of producing water meeting the turbidity and bacteriological standards for
potable water, the denitrification reactor effluent was applied to two slow sand filters
operated in parallel for a period of three months. During the first month of operation,
two different filter configurations were investigated, during which odor and head loss
problems arose. For the last two months, the ting conditions summarized in
Table 2 were used for both filters (Bram, 1990). The denitrification effluent was also
aerated within both of the slow sand filters by using an air stone suspended in the filter
influent basin above the filter sand surface.

Table 2: Stan it for T u at C.L.
Sand Depth: 1.0 meter (3.25 ft.)

Sand Size (Dyg): 0.92 mm (0.036 in.)

Uniformity Coefficient (Dgo/D1g): 2.3

Hydraulic Loading: 0.08 gpm/sq. ft.

Terminal Head: 1.0 meter (3.25 ft.)




Both filters achieved effluent turbidity levels consistently below 1.0 NTU after
the fifth day of operation. The filters operated for 51 and 59 days respectively before one
meter of headloss developed, and the run was stopped (Bram, 1990). This was
considered an acceptable run length, demonstrating that slow sand filtration was a
viable filtration choice following denitrification and preceding disinfection.

4. DESCRIPTION OF CURRENT PROJECT

Based on the previous research, a field demonstration of the biological
denitrification process followed by slow sand filtration was initiated. A simplified
schematic of this facility is shown in Figure 1. It was the objective of the project to
demonstrate the operation of the plant under conditions which are typical of a small
community water supply operation, i.e., significant periods of unattended operatipn,
natural variations of water temperatures and influent nitrate concentrations, and
seasonal variations in water demand producing variations in hydraulic loading to the
denitrification tower. After slow sand filtration the performance of the plant was
expected to produce a high-quality water meeting the Safe Drinking Water Act
standards for nitrate, turbidity, and coliform bacterial concentrations.

Figure 1: Schematic of Pilot Plant
[

Vertical Roughing
Filter
Denitrification
Reactor
Slow Sand
Filter
Acetate Feed ﬁ
Brighton Tap Water SSF Effluent

Out of several Weld County communities, Brighton was selected as the final
location for the demonstration facility. Brighton’s water supply is drawn exclusively
trom a shallow aquifer with a nitrate-contaminated groundwater which contains
between 13 and 17 mg/1 nitrate nitrogen (1.3 to 1.7 times the standard). Using Brighton
water as an influent to the denitrification reactor provided an excellent opportunity to
test the reactor’s performance on a naturally occurring contaminated groundwater. A
summary of Brighton water characteristics is shown in Table 3.



Table 3: Summary of Brighton W. r

Nitrate-Nitrogen: 13-17 mg/I NO3-N

Dissolved Oxygen: 5-6mg/]

Temperature: 15-16C

pH: 7.8

Alkalinity: 320mg/1

Calcium: 440 mg/1

Sulfate: 330 mg/1
Denitrification R (DNR)

The effects of varying the hydraulic loading on the DNR were investigated by
Nevis Cook, ]J. Silverstein and Marcia Mendonca (1991). The long-term (21 day
average) performance of the reactor and the short-term (48 hour) response to regular
air scour were of primary interest. An investigation into the effects of varying the
hydraulic loading rates on a biological denitrification reactor has been previously done
by Harremoes (1976). He reported no significant changes in the half-order rate
coefficient, K, when hydraulic loading rates ranging from 11.4 to 27.3 m3/hr/m?2 were
applied to a down-flow denitrification packed tower. Based on these results, an
increase of the hydraulic loading should result in a decrease of the reactor’s
performance, i.e., an increase in nitrate concentration in the reactor effluent.

However, an increase in hydraulic loading rate at a constant concentration of
nitrate and acetic acid results in an increase in mass loading of both electron donor and
electron acceptor to the denitrification reactor. From previous studies (Cook et al.,
1990), it was suspected that the reactor could accommodate biofilm growth resulting
from long-term changes in hydraulic loading. If this were the case, K would increase
and long-term denitrification performance of the reactor would not decrease.
Therefore, the primary purpose of these experiments was to test the constancy of K at
various hydraulic loadings, as well as to investigate the recovery of the reactor after air
scouring procedures.

Operation of the reactor began in January 1990 continuing through May 1991, for
a total of 17 months of continuous operation. Figure 2 shows the denitrification reactor
configuration. The reactor consisted of a single upflow packed column 15.2 am in
diameter and 5.2 m high. Twelve sample ports were evenly distributed along the
length of the reactor (41cm apart), with an additional sample port on the influent line
as well. 4.7 meters of the reactor height was packed with a high porosity plastic media
(Jaegar Tripack #2). The remaining volume was reserved for bed expansion during the
air scour procedure which was periodically carried out to remove excess biomass.



Figure 2: Denitrification Reactor Configuration

EFFLUENT

During the period of pilot plant operation, two separate hydraulic loading
sequences were performed. In the first sequence, there were three loading periods:
from January 22 to May 4, 1990 the hydraulic loading was 3.6 m3/hr/m?2, from May 5 to
July 7, 1990 the loading was increased to 7.2 m3/hr/m?2, after July 7, 1990 the loading
was reduced back to 3.6 m3/hr/m?. In the second sequence, performed by graduate
students at the University of Colorado (Dunning et al., 1991), there were two periods of
constant loading: from January 24 to February 26, 1991 the hydraulic loading was 1.8
m3/hr/m?2, after February 26, 1991 the loading was increased to 11.6 m3/hr/m?2.

Because of the possibility of producing anaerobic conditions in the reactor
effluent which could lead to odor problems, and the fact that the nitrate concentration
need only be reduced to less than 10 mg/1 NO3-N, it was decided to limit the acetic acid
feed to 75 percent of the stoichiometric requirement for complete removal of influent
dissolved oxygen and nitrate. In addition to avoiding anaerobic conditions in the
reactor effluent, this “standard” mode of operation has the advantage of minimizing
acetic acid requirements.

For continuous operation of the reactor, it is critical to remove excess biomass
which accumulates in the reactor due to bacterial growth. Once every three weeks, a
five minute air scour of 0.5 m?/min per m? of reactor cross-section was applied. The
reactor was then drained, removing any biomass that was loosened during the air
scour. The period of time between air scours constituted a cycle, making one cycle
equivalent to 21 days of reactor operation.

Two or three times per week, samples of the DNR influent and effluent were
analyzed for nitrate using the uV spectrophotometric method (Standard Methods,
1990), as well as for turbidity (Hach 2100A). Once per cycle, a reactor profile was also



analyzed for nitrate. Pressure in the DNR was measured with a pressure gauge
connected to sample port #1 at the bottom of the reactor. An 1SCO (model 1390)
automatic sampler was used to take samples from the DNR effluent every 2 hours for
48 hours after a backwash to form a reactor recovery profile. These results are
presented and discussed in Section 5.

Slow Sand Filter (SSF)

The ability of a slow sand filter and a roughing filter + slow sand filter
combination to act as a polishing process for DNR effluent was investigated by Nevis
Cook, ]. Silverstein and Roger Sydney (1991). In particular, the fate of particulates,
pathogenic and non-pathogenic bacteria, dissolved and colloidal organic compounds,
and chlorine demand in the downstream processes were examined. Run time was also
investigated as another important parameter of filter system performance.

Operation of the slow sand filter ran concurrently with the denitrification
reactor from January 1990 to May 1991. Figure 3 shows a schematic of the slow sand
filter. The slow sand filter stood 2.4 m high, with a cross sectional area of .348 m2 (6 m
by .58 m). The filter medium consisted of 90 cm of sand (d = .B5mm, uniformity coef. =
1.53), placed over 20 cm of gravel which acted as an underdrain. The effluent outlet
was placed 1.4 m from the bottom of the filter providing a minimum water level of 40
cm above the surface of the sand.

Figure 3: Filter Configuration
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The hydraulic loading on the SSF was maintained at 3.16 1/min.-m2
(approximately .08 gal/min-ft2), corresponding to a flow rate of 1.1 1/min. When a
headloss of 90 cm above the effluent outlet was achieved, the filter run was terminated
and the top layer of sand was removed.

The filter runs can be divided into three categories, runs 1-6 without a roughing
filter (RF), runs 7 and 8 with a roughing filter preceding the SSF and run 9 with a
roughing filter and with the DNR covered to control algae growth. The roughing filter
consisted of a 2.6 m high acrylic cylinder, 15.2 cm in diameter, packed with high rate
plastic roughing filter media (Koch Flexirings). The cylinder was covered to prevent
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the growth of algae.

Two or three times per week dissolved oxygen, flow rate, nitrate concentration,
pH, total organic carbon, total suspended solids, turbidity, temperature, and headloss
were measured. The presence or absence of coliform bacteria and E. coli were tested for
runs 7, 8, and 9. In addition, chlorine demand and a heterotrophic plate count were
conducted for run 8, and an apparent molecular weight distribution of nonpurgable
organic carbon was determined for run 9.

5. DENITRI

The following is a summary of Mendonca’s work on biological denitrification of
a nitrate contaminated groundwater in Brighton, Colorado (Mendonca, 1991).

Figure 4 shows the long term influent and effluent nitrate data. It should be
noted that sporadic failures of the feed system occurred during the first 11 days of
operation at 7.2 m3/hr/m2. Table 4 shows the average long term nitrate removal and
standard deviations for flow rates of 1.8, 3.6, 7.2, and 11.6 m3/hr/mZ,
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Table 4: Avgragg !,_Qng Term Nitrate-Nit;ngEn Removals
1.8 3.6 S

Hydraulic 72 11.6
Loading m3/hr/m2 | m3/hr/m2 | m3/hr/m2 | m3/hr/m?
Std. Std. Std. Std.
Statistic Mean| Dev. | Mean| Dev. | Mean| Dev. | Mean| Dev.

Influent NO3

(mg/1-N)

Effluent NO3 4.4 1.0 4.6 2.0 B 25 1120 | 1.2
(mg/1- N)

Removal NO3 8.1 1.3 8.4 2.1 8.3 2.0 4.8 1.6
(mg/1- N)




The system was obviously overloaded at a hydraulic loading of 11.6 m3/hr/m?2,
and no other useful results were collected. A t-test was applied to the nitrate removal
data (excluding data at 11.6 m3/hr/m?) and it was concluded with 99% probability that
the nitrate removals were the same. These results indicate that the DNR was able to
accommodate long term changes in hydraulic loading by increasing the rate of nitrate
removal (K) at higher flow rates, thus maintaining nitrate removal performance. It is
interesting to note that although the DNR was able to adjust to the higher flow rate, it
did take some time for it to reach the same denitrification level achieved at 3.6
m3/hr/m2. This can be seen in Figure 4 by the steady improvement of the DNR's
nitrate removal performance during the 7.2 m3/hr/m2 period. This seems to indicate
that an adjustment period is necessary for the biomass to assimilate to the new loading
conditions.

Kineti

Figure 5 shows typical nitrate profiles for hydraulic loadings of 1.8, 3.6, and 7.2
m3/hr/m2. Average values of K were calculated for each of the flow rates and are
shown in Table 5. The average rate coefficients K1, K, and K3 were compared using a t-
test. It was found that K; was significantly greater than Kj, and K3 was significantly
greater than Kj (K; < K3 < K3), i.e,, the half-order reaction rate coefficient appears to be
a function of hydraulic loading.

Figure 5: Typical DNR Nitrate-Nitrogen Profiles
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Table 5: Average Half-order Denitrification Coefficients
Hydraulic Loading K Std. Dev.
(m3/hr/m2 ((mg/D1/2/min) ((mg/N1/2/min)
1.8 0090 0022
3.6 .0161 0056
72 0437 L0078

Figure 6 shows the half-order reaction coefficient as a function of hydraulic
loading. This result contradicts Harremoes’ (1976) finding that the half-order

10



denitrification coefficient was unaffected by changes in hydraulic loading. It was
speculated that the period of loading in Harremoes’ experiments was shorter than the
three week minimum periods used for this project, not allowing time for the biomass
to adapt to the new loading conditions. While Harremoes did not specify the durations
he used, there is some evidence in his 1976 paper that each loading period was very
short.

Figure 6: Half-Order Reaction Coefficients vs. Hydraulic Loading
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One explanation for the proportional increase in K with flow rate (Figure 6) is
that the increase in substrate loading associated with an increase in hydraulic loading
resulted in increased DNR biomass growth. In turn, the biological capacity of the DNR
was increased, resulting in greater denitrification. This hypothesis is supported directly
by scoured solids and DNR pressure results from hydraulic loading periods of 3.6 and
7.2 m3/hr/m2. Effluent suspended solids and turbidity data from these hydraulic
loadings reinforce the conclusion that the DNR biomass is greater at higher hydraulic
loading rates.

Biofilm growth is confirmed by the long term DNR pressure profile shown in
Figure 7. The general pattern is an increase in pressure from a low value just after air
scour to a high value at the end of the 21 day cycle, with the pattern being more
pronounced at the higher hydraulic loading (7.2 m3/hr/m2). Maximum DNR pressure
at 3.6 m3/hr/m?2 was approximately 9 psig with a cycle increase of about 1.5 psig. At 7.2
m3/hr/m? the maximum DNR pressure was approximately 11 psig with a cycle
increase of about 2 psig.

1



Figure 7: Reactor Influent Pressure, January - September 1990
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Increased biofilm growth resulting from an increase in hydraulic loading is
indicated by an increase in the dry weight of scoured solids drained from the reactor at
the higher loading rate. Table 6 shows scoured biomass data for hydraulic loadings of
3.6 and 7.2 m3/hr/m?2. Scoured biomass is approximately 67% greater at 7.2 m3/hr/m?
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than at 3.6 m3/hr/m2.

DATE

Jan 26=-Feb 28-Mar 27-Apr 27-May 26-Jun 26-Jul 25-Aug

Table 6: Scoured Biomass

Hyd. Loading Scoured Mean Std.
Date (m3/hr/m?) | Biomass (g) (g) Dev. (g)
June 14 7.2 — "ﬁ“ﬁm
July 5 7.2 99 - -
July 26 3.6 51 39 8
Aug. 6 36 67 - :
Aug. 27 3.6 59 - -

The biomass increase at 7.2 m3/hr/m2 had a marked effect on the effluent
suspended solids. Figure 8 shows that at a hydraulic loading of 7.2 m3/hr/m?2 the
effluent suspended solids increased to more than three times the average at 3.6
m2/hr/m2. It is interesting to note that the effluent suspended solids at 2.2 1/min did
not start to increase until after the first cycle, reinforcing the theory that it takes time

for the biomass to adjust to the new loading conditions.
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Figure 8: Reactor Effluent ids, Jan - Jul
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The biomass increase also had an effect on the effluent turbidity. Figure 9 shows
effluent turbidities for hydraulic loadings of 3.6 and 7.2 m3/hr/m?2. It can be seen that
the effluent turbidity during the 7.2 m3/hr/m? loading period gradually increased
until it was double the effluent turbidity at 3.6 m3/hr/m2. Once again this increase did
not begin until after the first cycle at 7.2 m3/hr/m?, further reinforcing the theory that
it takes time for the biomass to adjust to the new loading conditions.
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It was expected that immediately after air scour the denitrification performance
of the DNR would decrease for a short period while the biomass recovered before
returning to the performance previous to the air scour. It was discovered that the

recovery behavior of the DNR operating at a hydraulic loading of 3.6 m3/hr/m?
differed from the recovery of the DNR operating at 7.2 m3/hr/m2.
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3.6 m3/hr/m?

The recovery results for the 3.6 m3/hr/m? flow rate presented and discussed
here are from the period of operation from July 8 to August 29. These results were
selected because the water temperature during this period was comparable to that of
the June - July experiments at 7.2 m3/hr/m2. Surprisingly, it was found that the
denitrification performance of the DNR operating at 3.6 m3/hr/m2 showed no
decrease after air scour. Figure 10 shows two DNR recovery profiles. Although some
variations in nitrate concentration occur in the profiles, the concentration in the first
sample of a profile does not differ significantly from the concentration in the last
sample of the profile taken over 40 hours later. This is indicated by the relatively flat
appearance of the profiles in Figure 10. Statistical analysis of the profile data shown in
Table 7 verified that the average of the recovery data was identical (99% probability) to
the long term average denitrification during that same period (July 27 - Aug. 28). Thus,
it appears that the denitrification capacity of the DNR operating at 3.6 m3/hr/m? was
not exceeded even though the biomass had been vigorously stripped by the air scour
procedure.

Figure 10: DNR Recovery Profiles after Air Scour (3.6 m?/hr/m?)
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Table 7: Short Term Influent and Effluent Nitrate Response (3.6 m3/hr/m?)

Hyd. Loading | Profile 1 Profile2 [ Long Term
3.6m3/hr/m2 | Aug.6-8 | Aug.27-29 Denit.

| Mean| Std. |Mean| 5td. Std.
' X2 Dev. eanDev.

(mg/1- N) |
Effluent NO3 | 34 0.8 3.8 1.0 3.0 1.1
_ (mgfl-N} ; o
Removal NO3 || 97 | 08 | 92 | 1.0 | 100 | 1.1
(mg/1- N)
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The recovery response of the DNR operating at a hydraulic loading of 7.2
m3/hr/m?2 was significantly different than the response at 3.6 m3/hr/m2. Figure 11
shows three recovery profiles. In the first two profiles, taken on May 24 - 26 and June
14 -16, the nitrate concentration in the first sample taken immediately after air scour is
significantly greater than the nitrate concentration in the last sample taken 40 hours
later. But, by the third cycle, after six weeks of operation, the profile (taken July 5 - 7)

was much flatter (as in the profiles shown for 3.6 m3/hr/m?2).

Figure 11: DNR Recovery Profiles after Air Scour (7.2 m3/hr/m?)
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To verify the slope observations made above, linear regressions were performed
on each profile. The results of these regressions are shown in Table 8. Using a t-test, it
was concluded that B1 < 0 and B2 < 0, indicating steady improvement in denitrification
over the 48 hour recovery period. But, it was determined with 99% probability that B3

= 0, indicating no improvement in denitrification during the recovery period and
suggesting no decline in the denitrification performance of the DNR after air scour.

ble 8: Profile Li ion 7.2 m3/hr/m2)
Profile 1 Profile 2 * Profile 3
May 24 - 26 June 14 - 16 July 5-7
Slope (B) -0.6 - 0.8 -0.1
v - intercept 8.8 7.1 4.7

* Note: Samples 1, 2, and 3 were not considered.

It appears from Figure 11 that the average denitrification performance of the
reactor after air scour improved after each cycle. This trend was verified by making a
statistical comparison of the average nitrate removals, shown in Table 9, for each
profile. It was determined with 99% probability that the average denitrification (nitrate
removal) in the profiles increased from profile 1 to profile 2 to profile 3, i.e., x1 <x2 <
x3. In addition, the average denitrification data from profile 3 is similar to the long
term average denitrification for the 7.2 m3/hr/m? period. It appears that the DNR

15



adapted to the higher loading rate after the third cycle, and is performing much as it
did at a flow rate of 3.6 m3/hr/m?2.

Table 9: Short Term Influent and Effluent Nitrate Response (7.2 m3/hr/m?)
[ Hyd. Loading Profile 1 Profile 2 Profile 3 |
72m3/hr/m2 | May24-26 | June14-16 | July5-7
Mean| Std. |[Mean| Std.
.| x2 | Dev.] x3 | Dev.
140 | 07 | 140 | 07 | 140 | 07

Statistic:

Influent NO3
_(mg/1-N)

Effluent NO3 83 05 6.3 0.6 46 0.5
| (mg/1-N) ) N .
Removal NO3 57 | 05 [ 78 [ 06 | 94 | 05

(mg/] - N)

6. SLOW SAND FILTER RESULTS

The following is a summary of Sydney’s work on slow sand filtration of a
biologically denitrified water in Brighton, Colorado (Sydney, 1991).

Run Time

Table 10 shows the run durations for slow sand filter runs 1 through 9. The
durations of runs 1 - 6 were unacceptably short (average of 11 days). It was theorized
that the high organic carbon loading on the SSF led to intense microbiological activity,
clogging the SSF with a thick biofilm growth and that a reduction of the organic carbon
loading would lead to longer run times. An aerobic biofilm reactor (trickling filter) was
placed upstream of the SSF to act as a roughing filter to reduce the organic carbon
loading on the SSF. During run 8, algae growth was apparent in the DNR, so for run 9
the DNR was covered to investigate the effect of algae growth in the DNR on the SSF
run times.

lg,hlg ;g, Egg !iges for SSF Rug; I - 2
SSF [ Start End Number
Run | Date Date of Days

W

2 1/31 2/12 12

3 2/13 2/26 13

4 | 2/26 3/05 7

5 3/08 3/19 11

6 3/23 4709 17

A\P_EEEE for Runs 1 - 6: 11

7 5/29 7/07 39

8 7/09 8/24 46

) B/25 12/04 101 +
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The addition of the roughing filter led to a dramatic increase in the SSF run
times confirming the theory that high organic carbon loading played a role in the short
durations of runs 1 - 6. Runs 7 and 8 had durations of 39 and 46 days respectively.
Another dramatic increase in run time occurred during run 9 (with the DNR covered)
which ran for 101 days before being terminated with a headloss of only 10 cm, leaving
80 cm still available. This result demonstrated the importance of algae control if
maximum SSF run times are to be achieved.

Turbidity

Figures 12, 13, 14, and 15 show turbidity. profiles for SSFruns 1 - 6, 7, 8, and 9
respectively. The SSF performed very well with respect to turbidity removal. It can be
seen from the turbidity profiles that under widely varying turbidity conditions in the
SSF reservoir, the SSF consistently produced an effluent with a turbidity less than the
MCL of 1.0 NTU and often produced an effluent with a turbidity less than 0.5 NTU.

Figure 12: Turbidity Profile for Runs1-6
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Figure 13: Turbidity Profile for Run 7

127 ~-8-- DNR Effluent

104 — % 5S5F Reservoir

B_

=== SSF Effluent

E —

4 =

2 =

0 v r -

0 10 20 30 40
Day of Run
Figure 14: Turbidi file for R
14 ] 0
:f Peak Turb. t‘ 8 ==f-== DNE Effluent

L & HBINTE ! 5 \  —*— SSFReservoir
104 1 \/ \ === S5FEffluent

!
2

o M A o

L, I
10 20 30 40
Day of Run

18



anely

Turbidity (NTU)

14 5
12'-
10 7
8 4
6 -
4 -

2-

D_

Figure 15: Turbidity Profile for Run 9
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Figures 16, 17, 18, and 19 show total suspended solids profiles for runs 1- 6, 7, 8,
and 9 respectively. During runs 1 - 6, the SSF did not remove TSS very efficiently, but
after the installation of the roughing filter (runs 7 - 9), the SSF consistently produced
an effluent with a TSS concentration less than 1.0 mg/l.

TSS (mg/1)

Figure 16: Profile for Runs 1 -
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Figure 17: TSS Profile for Run 7
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Figure 18: TSS profile for Run 8
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Figure 19: TSS Profile for Run 9
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The presence or absence of coliform bacteria and E. coli were investigated for
runs 7, 8, and 9. In addition to determining the presence or absence of coliforms, total
coliforms were found for run 9. Tables 11, 12, and 13 show the results of the
presence/absence tests performed for run 7, 8, and 9 respectively, and Table 14 shows

: —_—
30 40 S0 B0
Day of Run

the results of the total coliform investigations performed during run 9.

able 11: Presence/Absence of coli , coli for Run 7
Coliforms E. coli
Date DNR Eff. SSF Eff. DNR Eff. SSF Eff.
Dilution
6/13 0 + a = .
6/19 0 - - - -
6/27 0 - - - -
7/04 0 + -+ - -
Table 12: Presence/Absence of coliforms and E. coli for Run 8
T Coliforms E. coli
Date DNR Eff. SSF Eff. DNR Eff. SSF Eff.
Dilution
=‘WT=-=W_‘===_==_==_=.
7/23 0 + + - -
7/23 1/10 - + - -
7/23 1/100 + + - -
21
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Table 13: Presence/Absence of coliforms and E. coli for Run 9

Coliforms E. coli
Date DNR Eff. SSF Eff. DNR Eff. SSF Eff.
Dilution i
9/03 0 + + - =
9/11 0 il + - -
9/18 0 + + - -
9/25 0 + + - -
10/02 0 + + - -
10/09 0 - + - -
10/09 1/10 NA + NA -
10/09 1/100 - NA - NA -
10/16 0 4 + - -
10/16 1/10 NA + NA -
10/16 1/100 NA - NA -
10/23 0 i + - -
10/23 1/10 NA - NA -
10/23 1/100 NA - NA .
10/29 0 + + - w
10/29 1/10 NA + NA -
10/29 1/100 NA - NA -
Table 14: Total Coliforms for Run 9
L= Date DNR Eff. | SSF Eff. | % Reduction |
8/28 930 450 51.6
9/03 330 160 515
9/11 570 23 96.0
9/18 1000 10 99.0
9/25 240 5 97.9
10/02 200 10 95.0

Coliform bacteria were present in the SSF effluent on all but two occasions
when the sample was undiluted, and at no time were E. coli ever discovered. When
the samples were diluted to 1/100 for tests run during run 9, only 1 out of 4 results
indicated the presence of coliforms, suggesting a coliform concentration of less than 2
logs/ml in the SSF effluent.

The results shown in Table 14 indicate an increase in coliform removal
efficiency from approximately 51% to 95% as run time increased. This increase in
efficiency is probably due to the maturation of the S5F's biofilm layer or schmutzdecke,
leading to an increase in the SSF's pathogenic removal capacity. These results also
confirm that the SSF effluent contains an average coliform concentration of less than 2
logs/ml once the filter matures.




Chlorine Demand
The 10 minute chlorine demand was measured four times during run 8. The
results of these measurements are shown in Table 15.

Table 15: 10 Minute Chlorine Demand for Run 8

Day SSF Reservoir SSF Effluent
Date of Run (mg/1) (mg/1)
7/16 7 3.4 2.4
7/24 15 6.5 4.3
8/06 28 - 21 2.7
8/14 36 13.9 3.5

The SSF effluent had an average chlorine demand of 3.2 mg/l. The wide
variations in the chlorine demand of the SSF reservoir may have been caused by the
presence of algae. Even with these variations, the SSF produced an effluent with a
fairlv consistent 10 minute chlorine demand.

Heterotrophic plate counts were conducted four times during run 8. The results
of these counts is shown in Table 16. The results indicate a fairly consistent SSF
reservoir and effluent count.

Table 16: Heterotrophic Plate Count for Run 8

Da-y of SSF Res. SSF Eff. SSF Res. SSF Eff.
Date Run (cfu/mil) (cfu/ml) (log/ml) (log/ml)
7/23 14 6.0E+5 93E+3 5.78 3.97
7/30 21 4.9E+5 2.2E+5 5.69 5.34
8/06 28 1.2E+4 1.6E+4 4.08 4.20
8/14 36 7.0E45 7.1E+3 "5.85 3.85
Average: 4.5E+5 6.3E+4
Total Organic Carbon (TQC)

Figures 20, 21, and 22 show TOC profiles for runs 1 - 6, 8, and 9 respectively. A

TOC profile was not produced for SSF run 7. Several interesting observations can be
made about these figures.
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The roughing filter was very effective at removing organic carbon. Figures 21
and 22 show that most of the TOC removed by the polishing process (RF + SS5F) during
runs 8 and 9 was removed by the roughing filter, with only a small amount
subsequently removed by the SSF. It can be seen in Figure 20 that without the
roughing filter, the SSF was capable of reducing the TOC to approximately the same
levels as in runs 8 and 9, but at the expense of run time.

The roughing filter also proved to be very effective at protecting the SSF from
organic carbon spikes. Figure 21 shows a region of high TOC in the DNR effluent due
to an accidental overfeeding of acetic acid to the DNR from days 9 to 28. The roughing
filter almost completely reduced this TOC spike, protecting the SSF from a high
organic carbon loading and a possible decrease in run time.

It was interesting that the TOC concentration in the S5F effluent was very
consistent for all of the runs, averaging 2.5 mg/l (std. dev. = 0.6). Because of this
consistency and the low TOC removal by the SSF in runs 8 and 9, it was theorized that
the TOC remaining in the SSF effluent was not very biodegradable and was possibly
present in the DNR influent (Brighton tap water).

1 . el L i 1111 L LN

0 better understand the addition and removal of nonpurgable organic carbon
(NPOC) throughout the system, an investigation of the apparent molecular weight
(AMW) distribution of total NPOC was conducted during run 9. The distribution was
determined for samples taken from Brighton tap water, the DNR effluent, the SSF
reservoir, and the SSF effluent. The results are shown in Figure 23. It is important to
note that the NPOC for the SSF effluent and Brighton tap water were measured on
different days than the DNR effluent and SSF reservoir (Brighton tap water (12/04/90),
SSF Effluent (11/27/90), DNR Effluent (11/6/90), SSF Res. (11/6/90)).
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Examining the figure, it appears that the concentration (mg/1) of NPOC with an
AMW of 100k - 10k and 10k - 1k remain constant throughout the system, while the
concentration (mg/1) of NPOC with an AMW distribution less than 1k undergoes an
increase from Brighton tap water to the DNR effluent and a decrease from the DNR
effluent to the SSF effluent. It is important to note the similarity between the AMW
distribution of Brighton tap water and the AMW distribution of the SSF effluent. It
appears that any readily biodegradable organic carbon is completely removed by the
system (DNR + RF + SSF), leaving the less biodegradable organic carbon and producing
an effluent very similar to the system influent (Brighton tap water).

7. CONCLUSIONS

The purpose of operating a pilot scale denitrification plant in Brighton was to
demonstrate the operation of the plant under conditions which are typical of a small
community. A more specific goal was to investigate the response of the denitrification
reactor to variations in hydraulic loading and periodic air scourings. The performance
of the polishing process was also investigated to determine if a potable quality water
was produced by the system.

The denitrification reactor performed well under field conditions. It was
discovered that the reactor could accommodate changes in hydraulic loading without 2
decrease in denitrification performance, contradicting other researcher’s findings. It is
believed that this was due to increased biomass growth in the reactor with a
corresponding increase of the combined half-order rate coefficient. This was verified by
scoured biomass and reactor pressure measurements. Short term denitrification
performance recovery after air scour, which was normally immediate, exhibited a lag
period at the beginning of a higher hydraulic loading stage. However, after six weeks
the biomass adapted to the new loading conditions and short term recovery once again
became immediate.
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The roughing filter/slow sand filter polishing system also performed well under
field conditions. The polishing system consistently produced water with a turbidity of
0.5 NTU after maturation of the slow sand filter's schmutzdecke. In addition, total
coliform bacteria were reduced by over 95% and no E. coli were ever found. It was also
found that the effluent water exhibited the same TOC “fingerprint” as the normal
Brighton water supply, indicating that the polishing process was capable of producing a
denitrified water of drinking water quality.
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BACTERIAL RESPONSE TO THE SOIL ENVIRONMERT, by J.W. Beyd, T. Yoshida,
L.E. Vereen, R.L. Cada, and 5.M. Morrison.

COMPUTER SIMULATION OF WASTE TRAMSPORT IN GROUNDWATER ROUIFERS, by D.L.
Reddell and D.K. Sunada.

SNOW ACCUHULATION IN RELATION TO FOREST CANOPY, by J. Meiman, H. Froehlich
and R.E. Dils.

RUNKCFF FROM FOREST AND AGRICULTURRL WATERSHEDS, by M.E. Helland.
S0IL MOVEMENT IN AN ALPINE AREA, by W.D. Stziff;nz.

STABILIZATION OF ALLUVIRL CHANNELS, by N.G. Bhowmik and D.B. Simans.
STABILITY OF SLOPES WITH SEEPAGE, by C.D. Muir and D.B. Simons.
IMFROVING EFFICIENCY IN AGRICULTURAL WATER USE, by W.D. Kemper and

R.E. Danielson,

CONTROLLED ACCUMULATION OF BLOWING SNOW, by J.L. Rasmussen.

ECONOMICE AND ADMINISTRATION OF WATER RESOURCES, by J. Ecnest Flack.
CRGANIZATIONAL ADAFTATION TO CHANGE IN PUBLIC OBJECTIVES FOR WATER MANARGE-
MENT OF CACHE LA POUDRE RIVER SYSTEM, by D. Hill, P.O. Foss and R.L. Mesk.
ECONOMICSE AND ADMINISTRATION OF WATER RESOURCES, by K.C. Nobe.

ECONOMICE OF GROUNDWATER DEVELOPMENT IN THE HIGH PLAINS OF COLORADO,

by D.D. Rohdy.

HYDROGEOLOGY AND WATER QUALITY STUDIES IN THE CACHE LA POUDRE BASIN,
COLORADD, by James P. Waltz,

HYDRAULIC OPERATING CHARACTERISTICS OF LOW GRADIENT BORDER CHECKS IN THE
MANAGEMENT OF IRRIGATION WATER, by D. Heermann and M.A. Evans.

EXPERTMENTAL INVESTIGATION OF SMALL WATERSHED FLOODS, George L. Smith,
¥. Yevievich, and M.E. Holland. e =

AN EXPLORATION OF COMPONENTS AFFECTING AND LIMITING POLICYMAKING OPTIONS
IN LOCAL WATER AGENCIES, by Duane W. Bill, C.L. Garrison and P.0O. Foss.

EXPERIMENTAL INVESTIGATION OF 5MALL WATERSHED FLOODS, by E.F. Schulz and
V.M. Yevievich,

HYDRAULICE OF LOW GRADIENT BORDER TRRIGATION S5YSTEMS, by Morman A. Evans,
Dale F. Heermann, Orlando W. HMowe and Dennis C. Kincaid.

IMPROVING EFFICIENCY IN AGRICULTURAL WATER USE, by W.D. Kemper.
WATERFOWL-WATER TEMPERATURE RELATIONS IN WINTER, by Ronald A. Ryder.

AN EXPLORATION OF COMPONENTS AFFECTING AND LIMITING POLICYMAKING OPTIONS
IN LOCAL WATER AGENCIES, by Duane W. Hill and R.L. Meek.

A SYSTEMATIC TREATMENT OF THE PROBLEM OF INFILTRATION, by H.J.
Horel-Seytoux.

STUDIES OF THE ATMOSPHERIC WATER BALANCE, by J.L. Rasmussen.

EUHPGRATIGH OF WATER AS RELATED TO WIND BARRIERS, by E.B. Verma and
-E. Cermak.

WATER TEMPERATURE AS A QU
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LOCAL WATER AGENCIES, COMMUNICATION PATTERMS, AND THE PLANNING PROCESS,
by Duane M. Hill and R.L. Meck,

COMBINED COOLING AND BIO-TREATMENT OF BEET SUGAR FACTORY CONDENSER WATER
AFFLUENT, by George 0.G. Lof.

INENTIFICATICN OF URBAN WATERSHED UNITS USING REMOTE MULTISPECTRAL SENSING,
by R.R. Root and L.D. Miller.

GEOHYDRAULICS AT THE UNCONFORMITY BETWEEM BEDROCK AND ALLUVIAL AQUIFERS,
by J.P, Waltz and D.K. Sunada.

SEDIMEMNTATION AND CONTAINMENT CRITERIA FOR WATERSHED PLANNING AND MANAGE-
MENT, by Hsieh W. Shen.

BACTERIAL MOVEMENT THROUGH FRACTURED BEDROCK, by 5.M. Meorrison and
Martin J. Allen.

THE MECHAMISM OF WASTE TREATMENT AT LOW TEMPERATURE, PART A: MICROBIOLOGY,
by 5.M. Morrison, Gary C. Wewton, George D. HBoone and Kirke L. Martin.

THE MECHANISM OF WASTE TREATMENT AT LOW TEMPERATURE, PART E: SANITARY
ENGINEERING, by John C. Ward, John 5. Hunter and Richard P. Johansen.

AN APPLICATION OF MULTI-VARIATE ANALYSIS IN HYDROLOGY, by V. Yevijevich,
M. Dynr-Hielsen, and E.F. Schulz.

URBAN-METROPOLITAN INSTITUTICNS FOR WATER PLANNING DEVELOPMENT AND MANAGE-
MENT: AN ANALYSIS OF USAGES OF THE TERM "INSTITUTIONS,™ by HN. Wengert.

SEARCHING IN SOCIAL SCIENCE LITERATURE OW WATER: A GUIDE TO SELECTED
INFORMATION STORAGE AND RETHIEVAL SYSTEMS - PRELIMINARY VERSION,
by Fred Hogge and Norman Wengert.

WATER QUALITY MANAGEMENT DECISIONS IR COLORADO, by Steven R. Nichols,
Gaylord V. Bkogerboe and Robert ©, Ward.

INSTITUTIONS FOR URBAN-METROPOLITAN WATER MAMAGEMENT: ESSAYS IN SOCIAL
THEQORY, by Horman Wengert.

SELECTION OF TEST VARIABLE FOR MINIMAL TIME DETECTION OF BASIN RESPONSE
TO NATURAL OF INDUCED CHANGES, by H.J. Morel-Seytoux.

GROUND WATER RECHARGE AS AFFECTED BY SURFACE VEGETATION AND MANAGEMENT,
by A. Klute, R.E. Danielson, D.R. Linden and Philip Hamaker.

THEQRY AND EXPERIMENTS IN THE PREDICTION OF SMALL WATERSHED RESFONSE,
by E.F. Schule and V. Yevijevich.

EXPERIMENTE IN BMALL WATERSHED RESPONSE, by E.F. Schule and V. Yevievich.
ECONOMIC, POLITICAL, ANWD LEGAL ASPECTS OF COLORADO WATER LAW, by G.E.
Radosevich, K.C. Nobe. R.L. Meek and J.E. Flack.

MATHEMATICAL MODELING OF WATER MANAGEMENT STRATEGIES IN URBANIZING RIVER
BASINS, by Wynn R. Walker and G.V. Skogerboe (Partial Completion Report).

EVALURTION OF URBAN WATER MANAGEMENT POLICIES IN THE DENVER METROPOLITAN
AREA, by W. Walker, R. Ward, and G. Skogerboe (Fartial Cempletion Heport).

COORDINATION OF AGRICULTURAL AND URBRN WATER QUALITY MARAGEMENT IN THE

UTAH LAKE DRAINAGE AREA, by W.R. Walker, T.L. Huntzinger, and
G.V. Bkogerboe (Partial Completion Report).

INSTITUTIONAL REQUIREMENTS FOR OPTIMAL WATER QUALITY MANAGEMENT IN ARID

URBAN AREAS, by W.R. Walker, G.V. Skogerboe, R.C. Ward and T.L. Huntzinger.

IMPROVEMENTS IN MOVING SPRINKLER IRRIGATION SYSTEMS FOR CONSERVATION OF
WATER, by Donald J. Miles.

SYSTEMATIC TREATMENT OF INFILTRATION WITH APPLICATIONS, by H.J. Morel-
SeyLoux.

AN EXPERIMENTAL S5TUDY OF SOIL WATER FLOW SYSTEMS INVOLVING HYSTERESIS,
by A. Klute and R.W. Gillham,

CONSOLIDATION OF IRRIGATION SYSTEMS: PHASE 1 - ENGINEERING, LEGAL, RND
SOCIOLOGICAL CONSTRAINTS AND/CR FACILITATORS, by Gaylord V. Skogerboe,
George E. Radosevich, and Evan C. Vlachos.

SYSTEMATIC DESIGHN OF LEGAL REGULATIONS FOR OPTIMAL SURFACE - GROUNDWATER
USAGE - PHASE 1, by H.J. Meorel-Seytoux, R.A. Young and G.E. Radosevich.

GEOLOGICAL FACTORS IN THE EVALUATION OF WATER POLLUTION POTENTIAL AT
MOUNTAIN DWELLING SITES, by L.K. Burns, D.,R. McCrumb, and S.M. Morrison,
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WATER LAW IN RELATION TO ENVIRONMENTAL QUALITY, by David R. Allardice,
Geaorge C. Radosevieh, Kenneth R. Kobal, and Gustav A. Swanson.

EVALUATION AND IMPLEMENTATION OF URBAN DRAINAGE AND FLOOD CONTROL PROJECTS,

by Neil 5. Grigg, Leonard R. Riee, Leslie H. Bothan, and W.J. Shoemaker.

ENOW-AIR INTERACTIONS AND HMANAGEMENT OF MOUNTAIN WATERSHED SNOWPACK. by
James R. Maiman and Lewis 0. Grant.

PRIMARY DATA ON ECONOMIC ACTIVITY AND WATER USE IN FROTOTYPE OIL SHALE
DEVELOPMENT AREAS OF COLORADOD: AN INITIAL INQUIRY, by 5. Lea Gray.

A SYSTEM FOR GEOLOGIC EVALUATION OF POLLUTION AT MOUNTAIN DWELLING SITES,
by Jamax F. Waltz.

RESEARCH NEEDS AS RELATED TO THE DEVELOPMENT OF SEDIMENT STANDARDS IN
RIVERS, by Johannes Gessler.

ECONOMIC AND INSTITUTIONAL ANMALYSIS OF COLORADO MATER QUALITY MHANAGEMENT,
by Robert A. Young, G.E. Radosevich, 5.L. Gray, and Kenneth Leathers.

FEASIBILITY AND POTENTIAL AND ENHANCING WATER RECHAEATION OFPORTUNITIES ON
HIGH COUNTRY RESERVOIRS, by Robert Aukerman.

ANALYSIS OF COLORADO PRECIPITATION, by Marie Xuo and Stephen Cox.
COMPUTER ESTIMATES OF HATURAL RECHARGE FROM 5011 MOISTURE DATA- HIGH
PLAINS OF COLORADD, by Robert A. Longenbaugh.

URBAN DRAIMAGE AND FLOOD CONTROL PROJECTS: ECONOMIC, LEGAL AND FINANCIAL
ASPECTS. by Neil 5. Grigg, L.S. Tucker, Leonard Rice, and J. Shoemaker.

INDIVIDUAL HOME WASTEWATER CHARACTERIZATION AND TREATMENT, by Edwin R.
Bannett and K. Daniel Linstedt.

TOXIC HEAVY METALS IN GROUNDWATER OF A PORTION OF THE FRONT MINERAL BELT,
by Kenneth W. Edwards and Ronald W. Klusman.

SEYSTEMATIC DESIGN OF LEGAL REGULATIONS FOR DPTIMAL SURFACE-GROUNDWATER
USAGE - PHASE 2, by H.J. Morel=Seytboux,

ENGINEERING AND ECOLOGICAL EVALUATION OF ANTITRANSPIRANTS FOR INCREASING
RUNCFF IN COLORADO WATERSHEDS, by Frank Kreith.

AN ECONOMIC AMALYSIS OF WATER USE IN COLORADO'S ECONOMY, by 5. Lee Gray.

SALT TRANSPORT IN SOIL PROFILES WITH APPLICATION TO IRRIGATION RETURN FLOW

- THE DISSOLUTION AND TRANSPORT OF GYPEUM IN SOILS, by T.K. Glas and
D.H. McWhorter.

TOXIC HEAVY METALS IN GROUNMDMATER OF A PORTION OF THE FRONT RANGE MINERAL
RELT, by Ronald W. Klusman and Kenneth W. Edwards.

PRODUCTION OF MUTANT PLANTE CONDUCIVE TO SALT TOLERANCE, by M.W. Nabors.
THE RELEVANCE OF TECHNOLOGICAL CHANGE IN LONWG TERM WATER RESOURCES
FLANNING, by Roger G. Kraynick and Charles W. Howe.

PHYSICAL AND ECONOMIC EFFECTS ON THE LOCAL AGRICULTURAL ECONOMY OF WATER
TRANSFER TO CITIES, by R.L. Anderson, N.I. Wengert, and R.D. Beil.

DETERMINATION OF SNOW DEPTH AND WMATER EQUIVALENT HY REMOTE SENSING, by
Harold W. Steinhoff and Albart H. Barnas.

EVAPORATION OF WASTENATER FROM MOUNTAIN CABINS, by John C. Ward.

SELECTING AND PLANNING HIGH COUNTRY RESERVOIRS FOR RECREATION WITHIN A
MULTIFPURPOSE MANAGCEMENT FRAMENORK, by R. Ackersan, C.A. Carlson, R.L.
Hiller and J.W. Labadie.

EVALUATION OF THE STORAGE OF DIFFUSE SOURCES OF SALINITY IN THE UPPER
COLORADO RIVER BASTN, by J.B. Laronne and 5.A. Schumm.

ACHIEVING URBAK WATER COMSERVATION, A HANMDBOOK, by Ernmest J. Flack,
Wade P. Weakley and Duane W. Hill.

ACHIEVING URBAN WATER CONMSERVATION: TESTING COMMUNITY ACCEPTANCE, by
Robert W. Snodgrass and Duane W, Hill

DEVELOPMENT OF A SUBSURFACE HYDROLOGIC MODEL AND USE FOR INTEGRATED MANAGE-

HMENT OF SURFACE AND SUBSURFACE WATER RESOURCES, by H.J. Merel-Seytoux.
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MODELING THE DYRAMIC RESPONSE OF FLOCDPLAINS TO URBANIZATION IN EASTERN
WEW ENGLAND, by Donald 0. Doehring and Mark E. Smith.

POLLUTICNAL CHARACTERISTICS OF STORMWATER RUNOFF, by Edwin R. Bennett
and K. Daniel Linsted:t.

DEVELOFMENT OF A DRAINAGE AND FLOOD CONTROL MANAGEMENT PROGRAM FOR URBAN-
IZING COMMUNITIES - PART I, by E.J. Rlordan, N.8. Grigg and R.L. Hiller.

DEVELOPMENT OF A DRAINAGE AND FLOOD CONTROL MAMAGEMENT PROGRAM FOR URBAN-
IZING COMMUNITIES - PART II, by E.J. Riordan, N.S. Grigg and R.L. Hiller.

DEVELOFMENT OF A STREAM-AQUIFER MODEL SUITED FOR MANAGEMENT, by H..J.
Morel-Seytoux.

INSTITUTIONAL ARRANGEMENTS FOR EFFECTIVE WATER MANAGEMENT IN COLORADO, by
Fhillip 0. Fo=zs.

SYNTHESIS AND CALIDRATION OF A RIVER BASIN WATER MAMAGEMENT MODEL, by John
M. Shafer and John W. Labadie.

MODELS FOR SYSTEM WATER PLANNING WITH SPECIAL REFERENCE TO WATER REUSE,
by D.W Hendricks and H.J. Morel-Seyboux.

ECONCMIC BENEFITS FROM INSTREAM FLOW, IN A COLORADD MOUNTAIN STREAM, by
John T. Dauvkert, Robert A. Young and 5. Lee Gray.

HYDRAULIC CONDUCTIVITY OF MOUNTAIN SOILS, by Owan R. Williams, Stanley L.
Ponce, James R. Meiman and Mark Spearnak.

APPLICATION OF GECMORPHIC FRINCIPLES TO ENVIRONMENTAL MAMNAGEMENT IN SEMI-
ARID REGIONS, by S.A Schumm, M.T. Bradley and Z.B. Begin.

WATER RESOURCES FOR URBAN LAWNS, by W.R. Kneebone, I.L. Pepper, R.E.
DPanielson, W.E. Hart, L.0. Pochop and J. Borelli (Regional Project - CWIC).

SALINITY MANAGEMENT CPTIONS FOR THE COLORADO RIVER, by Jay C. Anderson
and Alan P, Kleinman (Regional Project = E=107=-Utah).

CONSOLIDATION OF IRRIGATION EYSTEMS: FHASE I]:Ir ENGINEERING, ECONOMIC,
LEGAL, AND SOCIOLOGICAL REQUIREMENTS, by E.C. Vlachos, P.C. Huszar,
G.E. Radosevich and G.V. Skegerkboe.

DROUGHT=-INDUCED PROBLEME AND RESPONSES OF SMALL TOWNS AND RURAL WATER
ENTITIES IN COLORADO: THE 1976-1978 DROUGHT. by Charles W. Howe.

THE PRODUCTION OF AGRICULTURALLY USEFUL MUTANT PLANTS WITH CHARACTERISTICE
CONDUCIVE TO SALT TOLERANCE AND EFFICIENT WATER UTILIZATION, by Murray
¥. NHabors.

WATER REQUIREMENTS FOR URBAN LAWNS IN COLORADO, by Robert E. Danielson,
William E. hart, Charles M. Feldhake and Peter M. Haw.

THE EFFECT OF ALGAL INHIBITORS ON HIGHER PLANT TISSUEE, by Paul Kugrens.

APPLICATIONS OF REMOTE SENSING IN HYDROLOGY, by William D. Striffler
and Diana C. Fitz.

A WATERSHED INFORMATION SYSTEM: by Anton G. Thomsen and Wi 1liam D.
Striffler.

AN EMPIRICAL APPLICATION OF A MODEL FOR ESTIMATING THE RECREATION VALUE OF
INSTREAM FLOW, by R.G. Walsh, R.K. Eriesen, D.J. Arosteguy, and
M.P. Hansen.

MEASURING BENEFITS AND THE ECONOMIC VALUE OF WATER IN RECREATION ON HIGH
COUNTRY RESERVOIRS, by R.G. Walsh, ®. Avkerman, and RE. Milton.

EMPIRICAL APPLICATION OF A MODEL FOR ESTIMATING THE RECREATION VALUE OF
WATER IN RESERVOIRS COMPARED TO INSTREAM FLOW, by Richard G. Walsh.

DETECTION OF WATER QUALITY CHANGES THROUGH OPTIMAL TESTS AND RELIABILITY
TEETS, by Roy W. Koch, Thomas G. Sanders, and H.J. Morel-Seytoux.

MUNICIPAL WATER USE IN NORTHERN COLORADO: DEVELOPMENT OF EFFICIENCY-OF-USE
CRITERION, by A.U. White, A.N. DiNatale, J. Greenbert, and J.E. Flack.

UREAR LAWN TRRIGATION AND MANAGEMENT PRACTICES FOR WATER SAVING WITH
MINIMUM EFFECT ON LAWN QUALITY, by R.E. Danielson and C.M. Feldhaks.

ROLE OF SEDIMERT IN NON-POINT SOURCE SALT LOADING WITHIN THE UPFER
COLORADO RIVER BASIN, by H.W. Shen, J.B., Laronne, E.D. Enck, G. Sunday,
K.K. Tanji, L.D. Whictig, and J.W. Biggar.

WATERLOGGING CONTROL FOR IMPROVED WATER AND LAND USE EFFICIENCIES: A
SYSTEMATIC ANALYSIS, by A. Simpson, H.J. Meorel-Seyteoux, R.A. Young, G.E.
Radosevich, and W.T. Franklin.
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SALT= AND DROUGHT-TOLERANT CROP PLANTS FOR WATER CONSERVATICON, by Hurray
W. Nabors.

GEOMORPHIC AND LITHOLOGIC CONTROLE OF DIFFUSE-SOURCE SALINITY, GRAND
VALLEY, WESTERN COLORADD, by R.K. Johnson and S.A. Schumm.

INVESTIGATION OF OBJECTIVE FUNCTIONS AND OPERATION RULES FOR STORAGE
RESERVOIRS, by V. Yevjevich, W.A. Hall and J.D. Salas.

DAILY OPERATIONAL TOOL FOR MAXIMUM BENEFICIAL USE MANAGEMENT OF SURFACE
CROUNDWATERS IN A BASIN, by H.J. Morsl=-Seytoux, Kristine L. Verdin and

AND

T.H. Illangasekare.

A WATER HANDBOOK FOR METAL MINING OPERATIONS, by Thomas R. Wildeman.
PLANNING WATER REUSE: DEVELOPMENT OF REUSE THEORY AND THE INPUT-OUTPUT
MODEL, VOL. I: FUSDAMENTALS, by D. Kloox and D.N. Bendricks.

PFLANNING WMATER REUSE: DEVELOPMENT OF REUSE THEORY AND THE INEOUT-OUTEUT
MODEL, VOL. I1: APPLICATION, by D. Klooz and D.W Hendricks.

EFFECTS OF RELEASES OF SEDIMENT FROM RESERVOIRS ON STREAM BIOTA, by
James V. Ward.

DYMAMIC WATER ROUTING USING A PREDICTOR-CORRECTOR METHOD WITH SEDIMENT
ROUTING, by D.B. Simons, R. M. Li, J. Garbrecht and R. K. Simons.

ECONOMIC ASPECTS OF COST-SHARING ARRANGEMENTS FOR FEDERAL IRRIGATION
FROJECTS: A CASE STUDY, by G. Kelsta, R.A. Young and E. Sparling.

ECONOMIC ISSUES IN RESOLVING CONFLICTS IN MATER USE, by 5. Lee Gray and
Robert A. Young.

THE EFFECTS OF WATER CONSERVATION ON NEW NATER SUPPLY FOR URBAN COLODRADD
UTILITIES, by Carcl Ellinghouse and George McCoy.

SOLAR HEATING OF WASTEWATER STABILIZATION PONDS, by Stanley L. Klemsatson.
ECONOMIC IMPACTS OF TRANSFERRING WATER FROM AGRICULTURE TO ALTERNATIVE
USES IN COLORADO, by Robert A. Young.

ARTIFICIAL GROUNDWATER RECHARGE, SAN LUIS VALLEY, COLORADO, by Dan Sunada.

EFFECTS OF WILDERNESS LEGIELATION ON WATER PROJECT DEVELOFMENT IN COLORADOD,
by Glan D. Weaver.

A RIVER BASIN NETWORK MODEL POR CONJUNCTIVE USE OF SURFACE AND GROUND-
WATER: PROGRAM CONSIM, by J.W. Labadie, 5. Phamwon and R.C. Lazaro.

INCREASING THE ECONOMIC EFFICIENCY AND AFFORDABILITY OF STORM DRAINAGE
PROJECTS, by Harold C. Cochrane and Paul C. Huszar.

MATHEMATICAL MODELS FOR PREDICTION OF SOIL MOISTURE PROFILES, by H.J.
Morel-Seytoux.

+ DISSOLVED SOLIDS BAZARDS IN THE SOUTH PLATTE BASIN, VOL. I: SALT TRANSPORT

IN THE RIVER, by Ramon V. Gomez-Ferrer and David W. Handricks.

DISSOLVED SOLIDS HARARDS IN THE SOUTH PLATTE RIVER BASTE, VOL. IT: SALT
BALANCE ANALYSIS, by C.D. Turner and D.W. Hendricks.

COMJUNCTIVE OPERATION OF A SURFACE RESERVOIR AND THE GROUNDMATER STORAGE
THROUGH A HYDRAULICALLY COMNECTED STREAM, by H.J. Morel-Seytoux.

THE EFFECT OF LITHOLOGY AND CLIMATE ON THE MORPHOLOCY OF DRAINAGE BASINS
IN NORTHWESTEAN COLORADO, by Sandra L. Eccker.

SPECIFIC YIELD BY GEOPHYSICAL LOGGING POTENTIAL FOR THE DENVER BASIN,
by David B. Mc¥horter.

VOLUNTARY BASINWIDE WATER MANAGEMENT: SOUTH PLATTE RIVER BASIN, COLIORADG,
by N.%5. Grigg, H.P Caulfiald, Jr., N.A. Evans, J.E. Flack, D.W. Hendricks,
Jd.W. Labadie, D.B. McWhorter, H.J. Morel-Seytoux, M.L. Raley and R.A. Young.

EFFECTS OF ALTERNATIVE ELECTRICITY WATES AND RATE STRUCTURES ON
ELECTRICITY AND MATER USE ON THE COLORADO HIGH PLAINS, by R.L. Gardner,
R.A. Young and Lawrence Conklin.

COST-EFFECTIVE DESIGN AND OPERATION OF URBAN STORMWATER CONTROL SYSTEMS:
DECISEION-SUPPORT SOFTWARE, by John W. Labadie, Nell 5. Grigy, Dennis M.
Morrew, and David K. Rebinson.
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163.

VARIARILITY OF UNUTILIZED SURFACE WATER SUPPLIES FROM THE YAMPA AND WHITE
RIVER BASINS. by H.5. When, R. Anderson, H.P. Caulfield, Jr., and S5.K. Yan.

THE EWNDANGERED SPECIES ACT AND WATER DEVELOPMENT WITHIN THE SCUTH PLATTE
BASIN, by lawrence J. MacDopnell.

THE POTENTIAL OF MODIFIED FLOW-RELEASE RULES FOR KINGSLEY DAM IN MEETING
CRANE HABITAT REQUIREMENTS--PLATTE RIVER, MEBRASKA, by Hsieh Wen Shen,
Kim Loi Hiew and Eric Loubser.

GUIDELIMES FOR DEVELOPING AREA-ORIGIN COMPENSATION, by L.J. MacDonnell,
Charles W. Howe, James N. Corbridge, Jr. and W, Ashley Ahrens.

MONITORING STRATEGIES FOR GROUNDWATER OQUALITY MANAGEMENT, by J.C. Loftis,
E.H. Montgomery, J. Harris, D. HNettles, F.5. Porter, R.C. Ward and

T.G. Sanders.

POTENTIAL GROUNDWATER IMPACTS FROM CHEMIGATION, by James W. Warner and
KEit Wielsen.

IMPACTS OF WASTEWATER DISCHARGE TO FOUNTAIN CREEK ON NITRATE CONTAMIMATION
IN THE WIDEFIELD AQUIFER, by Kimball Stark Loomis and James W, Warner.

GEOCHEMICAL ASSESSMENT OF AQUIFER RECHARGE EFFECTS IN THE SCOUTHWEST DENVER
BASIN, by Andrea H. Aikin and A, Keith Turner.

EVALUATION OF DESIGH FLOW CRITERIA FOR EFFLUENT DISCHARGE PERMITS IN
COLORADO, by Cynthia L. Paulson and Thomas G. Sanders.

INTEGRATING TRIBUTARY GROUNDWATER DEVELOPMENT INTC THE PRIOR APPROPRIATION
SYSTEM: THE S0UTH PLATTE EXPERIENCE, by Lawrence J. MacDonnell.

THE ECONOMIC ROLE OF WATER IN COLORADO: AN INPUT-OUTPUT ANALYSIS, by
5. Lee Gray, John R. McHean and Thomas A. Hiller.

GROUNDWATER FAUNAS AE INDICATORS OF GROUNDWATER QUALITY: THE SOUTH PLATTE
RIVER SYSTEM, by J.V. Ward, Neal J. Voelz, and James H. Harvey.

WATER QUALITY AND WATER RIGHTS IN COLOWADO, by Lawrence J. MacDonnell.

ENHANCED MICROBIAL RECLAMATION OF WATER POLLUTED WITH TOXIC ORGANIC CHEMICALS,
by Steven K. Schmidt.

BIOLOGICAL DENITRIFICATION OF POLLUTED GROUNDWATER, hy Nevis E. Cook, Jr. and
JoAnn Silverstein.

ACID MINE DRAINAGE; STREAMEED EORPTION OF COPPER, CADMIUM AMD ZINC, by Donald
L. Macalady, Kathleen 5. Smith and James F. Ranville.

RIVINT - AN IMPROVED CODE FOR SIMULATING SURFACE/GROUNDWATER INTEREACTIONS WITH
HODFLOW, by Judith Schenk and Eileen Poater.

FOTENTIAL FESTICIDE TRANEPORT IN COLORADC AGRICULTURE: A MODEL COMPARISON, by
Walter L. Wicecoli, Jim C. Loftis and Deanna 5. Durnford.

SCREENING METHODS FOR GROUNDWATER POLLUTION POTENTIAL FROM PESTICIDE USE IN
COLORADD AGRICULTURE, by Deanna 5. Durnford, Kirk R. Thompsen, David A.
Ellerbrosk, Jim C. Loftis, G. Scott Davies, and Kenneth W. Knutson.

URBAN WATER SUPPLY RELIABILITY: PREFERENCES OF MANAGERS, ELECTED OFFICIALS AMD
WATER USERS IN BOULDER, COLORADO, by Charles W. Howe, Lynne Bennett,

Charles M. Brendecke, J. Ernest Flack, Robert M. Hamm, Roger Mann, Lee Rozaklis,
Hark Griffin Smith, and Karl Wundarlich.

ADSORPTION OF COPPER, CADMIUM, AND ZINC ON SUSFENDED SEDIMENTS IN A STREAM
CONTAMINATED BY ACID MINE DRAIMAGE: THE EFFECT OF SEASONAL CHANGES IN DISSOLVED
ORGANIC CARDBON, by Donald L. Macalady James F. Ranville, Kathleen S. Smith, and
Stephen R. Daniel.

A MODELING APPROACH FOR ASSESSING THE FEASIBILITY OF GROUNDWATER WITHDRAWAL
E:?ﬂ TH% DENVER BASIN DURING FERIODS OF DROUGHT, by Sigurd Jaunarajs and
a8an Foetfear.

ECONOMIC IMPACTS OF ALTERWATIVE WATER ALLOCATION INSTITUTIONS IN THE COLORADO
RIVER BASIN, by James F. Booker and Hobert A. Young.

FIELD DEMONSTRATION OF BIOLOGICAL DENITRIFICATION OF POLLUTED GROUNDWATER AND
FILOT SCALE FIELD TESTING OF BIOLOGICAL DENITRIFICATION WITH WIDELY VARIED

HYDRAULIC LOADING RATES, by NWevis E. Cook, Jr., JoAnn Silverstein, Bill Veydovec,

Maria Marcia de Mendonca, and Roger Sydnay.
FATE AND EFFECTS OF HEAVY METALS ON THE ARKANSAS RIVER, by William H. Clements.
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THE DENVER BASIN: ITS BEDROCHK AQUIFERS, by M.W. Bittinger.

SHNOWPACK AUGMENTATION BY CLOUD SEEDING IN COLORADO AND UTAH, by Roderick
A. Chisholm II and Ronald L. Grimes.

THE IMPACTS OF IMPROVING EFFICIENCY IN IRRIGATION SYSTEMS ON WATER AVAIL-
ABILITY IN THE LOWER SOUTH FLATTE RIVER BASIN, by H.J. Morel-seytoux,

T. Illangasekare, M.W. Bittinger and Norman A. Evans.

SAN LUIS VALLEY WATER PROBLEMS: A LEGAL PERSFPECTIVE, by G.E. Radosevich
and R.W. Rutz.

FEDERAL WATER STORAGE PROJECTS: PLUSES AND MINUSES, by C.W. Howe.
CUTTING CITY WATER DEMAWD, by J. Ernest Flack.
WATER FOR THE SOUTH PLATTE BASIN, by D.W. Hendricks, H.J. Morel-Seytoux

and C. Turner.

PUBLIC PARTICIPATION PRACTICES OF THE U.5. ARMY CORPS OF ENGINEERE, by
Charles E. Chriast and Ronald Lanier.

ADMINISTHATION OF THE SMALL WATERSHED PROGRAM, 1955-1978, - AN ANALYSIS,
by Wllden J. Fontenot.

PROCEEDINGS OF THE WORKSHOP ON INSTREAM FLOW HARITAT CRITERIA AND
MODELING, edited by George L. Smith.

EXPLORING WAYS OF INCREASING THE USE OF SOUTH PLATTE WATER, by John

- Labadie and John Shafer.

PROCEEDINGS: HIGH=-ALTITUDE REVEGETATION WORKSHOP NO. 4, edited by Charles
L. Jackson, and Mark A. Schuster (Climax Molybdenum Company) .

AN EVALUATION OF THE CACHE LA POUDRE WILD AND SCENIC RIVER DRAFT ENVIRON-
MENTAL IMPACT STATEMENT AND STUDY REPORT, by Michael J. Eubanks.

THE MATIONAL FLOOD INSURANCE PROGRAM IN THE LARIMER COUNTY, COLORADD ARER,
by Harry Shoudy.

PROCEEDINGES: FOURTH WORKSHOPF ON HOME SEWAGE DISPOSAL IN COLORADO - STATE/S
COUNTY COOPERATION IN MAMAGING SMALL WASTEWATER FLOWS, by Robert C. Ward.

THE DECLINING ROLE OF THE U.5. ARMY CORPS OF ENGINEERS IN THE DEVELOPMENT
OF THE NATION'S WATER RESCURCES. by Charles Yoe.

SECTION 404 OF THE CLEAN WATER ACT - AN EVALUATION OF THE ISSUES AND PERMIT
PROGRAM IMPLEMENTATION IN WESTERN COLORADO, by Dennis W. Barnett.

PROCEEDINGS, HIGH-ALTITUDE REVEGETATION WORKSHOP MO. 5, edited by Robin L.
Cuany and Julie Ecra.

FROCEEDINGS: FIFTH WORKSHOP ON HOME SEWAGE DISPOSAL IN COLORADO: OPERATION
AND MAINTEMANCE OF ON-SITE WASTEWATER TREATMENT SYSTEMS, by Robert C. Ward.

POSSIBLE CAPTURE OF THE MISSISSIPPI BY THE ATCHAFALAYA RIVER, by John D.
Higby, Jr.

ENVIRONMENTAL REGULATION: APPLICANT BEHAVIOR AS A FACTOR IN OBTAINING
PERMITS, by Barney M. Opton.

A CRITICAL ASSESSMENT OF METHODOLOGIES FOR ESTIMATING URBAN FLOOD DAMAGES=-
PREVENTED BENEFITS, by David Plarak.

PROCEEDINGS: HIGH-ALTITUDE REVEGETATION WORKSHOP NWO. 6, edited by Thomas A.
Colbert and Robin L. Cuany.

ARTIFICIAL AQUIFER RECHARGE IN THE COLORADD PORTION OF THE OGALLALR RQUI-
FER, by R. Longenbaugh, D. Miles, E. Hess and J. Rubingh.

WORKSHOP ON WATER QUALITY MONITORING IN COLORADD, edited by Rebert C. Ward
and William L. Raley.

GROUNDWATER QUALITY PROTECTION POLICIES FOR THE ROCKY MOUNTAIN REGION AND
THE MATION, Transcript of Proceedings.

PROCEEDINGS: SIXTH WORKSHOP ON ON-SITE WASTEWATER TREATHENT IN COLORADG,
edited by Robert C. Ward.

PROCEEDINGS: HIGH ALTITUDE REVEGETATION WORKSHOP WO. 7, edited by Mark A.
Schuster and Ropald H. Zuck.

FROCEEDINGE: HIGH ALTITUDE REVEGETATION WORKSHCOP NO. 8, edited by Warren
R. Keammerer and Larry F. Brown.

Jan.
1974

Aug.
1979

Jan.
1978
Jan.

1974

June
15979

Hay
1978

Mar.
1879

July
1979

Aug.
15979

Dec.
19749

1980
June
1980

Aug.
1980

Rhug.
1380

Rurg.
1981

Aug.
1981

1585

Dec.
1982

June
1983

Rug.
1983

July
1984

July
1984

Dac.
1984

Nov.
1984

July
1985

Apr.
1986

May
1986

Dct.
1986

July
1988

Free

5.00

Free

5.00

Free

Free

Free

Frees

6.00

6.00

.00

5.00

10.00

12.00




60.

6l.

63.
64.
65.
66.

67.

10.
1l.

12.
13.
13.
15,

18,
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20,

PROCEEDINGS: SEVENTH WORKSHOF ON ON-SITE WASTEWATER TREATMENT IN COLORADO,
edited by Robert C. Ward.

PROCEEDINGS: INTERNATICNAL SYMPOSIUM ON THE DESIGH OF WATER QUALITY INFORMATION
SYSTEMS, edited by Robert €. Ward, Jim €. Loftis, and Grabam B. McBride.

HYDROLOGIC ASPECTS OF DAM SAFTY, Edited by Weil 5. Grigg.

PROCEEDINGS: HIGH ALTITUDE REVEGETATION WORKSHOR MO. 9, Edited by Warren
R. Keammerer and Jeffrey Todd.

PROCEEDINGS: COLORADD WATER WORKSHOP, JULY 22-24, 1990, "COLORADO WATER
INSTITUTIONS, VALUABLE TRADITIONS - NEW FRONTIERS.

PROCEEDINGS: WATER PROJECT DEVELOPMENT AND FINANCING IN THE 19905, Edited by
Kate A. Berry.

SOUTH PLATTE RIVER RESOURCE MANAGEMENT: FINDING A BALANCE, by R. Craig Woedring,
Editer.

COLORADD CITIZENS WATER HANDBOOK - Coleorado, The Next 100 Years - by George
Vranesh.

TECHNI SERIES

SURFACE REHABILITATION OF LAND DISTURBANCES RESULTING FROM OIL SHALE
DEVELOPMENT, by C. Wayne Cook.

ESTIMATED AVERAGE ANNUAL WATER BALANCE FOR PICEANCE AND YELLOW CREEK WATER-
EHEDE, by Ivan F. Wymore.

IMPLEMENTATION OF THE FEDERAL WATER PROJECT RECREATION ACT IN COLORADO, by
John A. Spence.

VEGETATION STABILIZATION OF SPENT OIL SHALES, by H.P. Harbert and
W.A. Berqg.

REVEGETATION OF DISTURBED SOILS IN VARIOUS VEGETATION ECOSYSTEMS OF THE
PICEANCE BASIN, by P.L. Sims and E.F. Redente.

COLORADC ENVIRONMENTAL DATA SYSTEMS (abridged), by Ross A,. Whaley and
A.A. Dyer. y

MANUAL FOR TRAINING IN THE APPLICATION OF PRINCIPLES AND STANDARDS (Water
Resources Council), by Henry Caulfield, Jr.

MODELE DESIGNED TO EFFICIENTLY ALLOCATE TRRIGATION WATER USE BASED ON CROP
RESPONSE TO SOIL MOISTURE STRESS, by R.L. Anderson, D. Yaron and R. Young.
THE 1972 FEDERAL WATER POLLUTION CONTROL RCT'S ARER-WIDE PLANNING PROVI-

SION: HAS EXECUTIVE IMPLEMENTATION MET CONGRESSIONAL INTENT? by D.F. Stark.

EFFICIENCY OF WASTEWATER DISPOSAL IN MOUNTAIN AREAS, by Richard G. Walsh,
Jared P. Scper and Anthony A. Pratoe.

FEDERAL WATER RECREATION IN COLORADD: COMPREHENSIVE VIEW AND AMALYSIS, hr
Kharel E. Stefanec.

RECREATION BENEFITS OF WATER QUALITY: ROCKY MOUNTAIN MATIONAL PARK, SOUTH
PLATTE RIVER BASIN, COLORADD, by R.G. Walsh, R.¥. Erieson, J.R. McHean
and R.A. Young.

IMPACT OF IRRIGATION EFFICIENCY IMPROVEMENTS OM WATER AVAILABILITY IN THE
S0UTH PLATTE RIVER BASIN, by M.W. Bittinger, R.E. Danielson, N.A. Evans,
W.E. Hart, H.J. Morel-Seytoux and M.M. Skinner.

ECONOMIC VALUE OF DENWEFITS FROM RECREATION AT HIGH MOUNTAIN RESERVOIRS, by
Richard G. Walsh, Hobert Aukerman and Dean Rudd.

WEEKLY CROP CONSUMPTIVE USE AND PRECIPITATION IN THE LOWER SOUTH PLATIE
RIVER BASIN (Fort Morgan, Sterling and Julesburg) 1947-1975.

WATER MANAGEMENT MODEL FOR FRONT RANGE RIVER BASINS, by John W. Labadie
and John M, Shafer.

LAND TREATMENT OF MUNICIPAL SEWAGE EFFLUENT AT HAYDEN, COLORADO, by K.A.
Barbarick, B.R. Sabey, and N.A. Evans.

AN THTERACTIVE RIVER BASIN WATER MAMAGEMENT MODEL: SYNTHESIS AND

“APPLICATION, by John M. Shafer.

AN ECONOMIC EVALUATION OF THE GENERAL MANAGEMENT FOR YOSEMITE NATIONAL
PARK. by Richard G. Walsh.

DEVELOFMENT OF METHODOLOGIES FOR DETERMINING OPTIMAL WATER STORAGE
STRATEGIES, by Darrell G. Fontane and John W. Labadie.
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THE ECONOMY OF ALBANY, CARBON, AND SWEETWATER COUNTIES, WYOMING - DESCRIP-
TION AND AMALYSIS, by John K. McHean and Joseph C. Weber.

AN INPUT-ODUTPUT STUDY OF THE UPPER COLORADD MAIN STEM REGION OF WESTERN
COLORADD, by John R. McKean and Joseph C. Weber.

THE ECONOMY OF MOFFAT, ROUTT AND RIO BLAWCO COUNTIES, COLORADO - DESCRIP-
TION AND ANALYSIS, by John R. McKean and Joseph C. Weber.

THE SURVEY-BASED INPUT-OUTPUT MODEL AS A RESOURCE PLANNING TOOL, by John
R. McEean.

THE ECONOMY OF NORTHWESTERN COLORADD - DESCRIPTION AND ANALYSIS, by S.L.
Gray. J.R. McXean and J.C. Meber.

AN INPUT-OUTPUT ANALYSIS OF EPORTSMAN EXPENDITURES IN COLORADOD, by John K.
Holean.

AN TNPUT-DUTPUT STUDY OF THE XREMMLING REGIUN OF MESTERN COLORADO, by John
R. McKean and Joseph Weber.

AN ASSESSMFNT OF MATER USE AND POLICIES IN NORTHERN COLORADO CITIES, by
Kelly N. DiNatale.

AN ECOMOMIC INPUT-OUTPUT STUDY OF THE HIGH FLAINS REGION OF EASTERN
COLORADOD, by J.R. McKean, R.K. Ericson and J.C. Weber.

ENERGY PRODUCTION AND USE IN COLORADO'S HIGH PLAINS REGION, by Emsm McHroom.
COMMUNITY AND SOCIO-ECONOMIC ANALYSIS OF COLORADOS HIGHE PLAINS REGION,
by Robert Burns.

HYDROLOGIC AND FUMPING DATA FOR COLORADO'S OGALLALA AQUIFER REGICN, 197§,
by Robert Longenbaugh.

PROJECTED POPULATION, EMPLOYMENT, AND ECONOMIC OUTPUT IN COLORADO'S EASTERN
HIGH PLAINS, 1978-2020, by John R. McKean.

ENERGY AND WATER SCARCITY AND THE IRRIGATED AGRICULTURAL ECONOMY OF THE
COLORADO HIGH PLAINS: DIRECT ECONOMIC-HYDROLOGIC IMPACT FORECASTS (1978-
2020), by R.A. Young, L.R. Conklin, R.A. Longenbaugh and H.L. Gardner.

THE ECONOMIES OF MESA COUNTY AND GARFIELD, MOFFAT, RID BLANCO AND ROUTT
COUNTIES, COLORADO, by J.R, HMcKean, J.C. Weber and R.K. Ericson.

THE ECONOMY OF THE POWDER RIVER BASIN REGION OF EASTERN WYOMING: DESCRIP-
TION AND ANALYSIS, by J.R. McKean, J.C. Weber and R.K. Ericson.

AN INTERINDUSTRY ANALYSIS OF THREE FRONT RANGE FOOTHILLS COMMUNITIES:
ESTES PARK., GILPIN COUNTY AND WOODLAND PARK, COLORADO, by John R. McKean,
Warren Trock and David R. Senf.

GROUNDWATER QUALITY REGULATION IN COLORADD, by Thomas J. Looft.

SPORTSMEN EXPENDITURES FOR HUNTING ARD FISHING IN COLORADD - 1981, by John
R. McKean and Xenneth C. Nobe.

THE ECONOMY OF LINCOLN, SUBLETTE, SWEETMATER AND UINTA COUNTIES, WYOMING,
ROCK SPRINGS BILM DISTRICT, by J.R. McEsan and J.C. Weber.

THE ECONOMY OF ALBANY, CARBON AND FREMONT COUNTIES, WYOMING. RANLINS BLM
DISTRICT. by John R. McKean and Jossph C. Weber.

TEE ECONOMY OF BIC HORN, HOT SPRINGS, PARK AND WASHAKIE COUNTIES, WYOMING,
WORLAND HLM DISTRICT, by Johm R. McKean and Josaph C. Weber.

THE ECONOMY OF EASTERN WYDMING, CASPER BLM DISTRICT, by John R. McKean and
Joseph C. Webar.

DIRECT AND INDIRECT ECOMOMIC EFTECTS OF BUNTING AND FISHING IN COLORADO -
1981, by John H. McKean and Kenneth C. Nobe.

THE ECONOMY OF SOUTHWEST COLORADO, DESCRIPTION AND ANALYSIS, by John R.
McHean and Wendell D. Winger.

EXPANSION OF WATER DELIVERY BY MUNICIPALITIES AND SPECIAL WATER DISTRICTS
IN THE NORTHERN FRONT RANGE, COLORADO, 1972-15982, by Raymond L. Anderson.

HANAGING AN INTERRELATED STREAM-AQUIFER SYSTEM: ECONOMICS, INSTITUTIONS,
HYDROLOGY by J.T. Daubert, R.A. Young and H.J. Morel-Seytoux.

EVAPOTRANSPIRATION OF PHREATOPMYTES IN THE SAN LUIS VALLEY, COLORADO, by
Fredarick L. Charles.

ECONOMIC BENEFITS AND COSTS OF THE FISH STOCKING PROGRAM AT BLUE MESA
RESERVOIR, COLORADO, by Donn M. Johnson and Richard G. Walsh.
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50. WILDLIFE AND FISH USE ASSESSMENT: LONG-RUN TORECASTS OF PARTICIPATION IN Dec. 5.00
FISHING, HUNTING AND NONCONSUMETIVE WILDLIFE RECREATION, by R.G. Walsh, 1987
D.A. Harpman, K.H. John, J.R. McHean and Lauren LeCroy.

51. ETATUS. ISSUEE AND IMPACTS OF COAL SLURRY PIPELINES ON AGRICULTURE RND Jan. 5.00
WATER, by Ari M. Michelsen and John W. Green. 1988

£2. COUNTY INPUT-OUTPUT MODELS FOR THE STATE OF WYOMING: WITH ANALYSIS OF MNEW Oet 5.00
INDUSTRIES AND WEW CONETRUCTION IMPACTS. by J.R. McKean and Agricultural 1987
Enterprises, Inc.

53. GUNNISON COUNTY INTERINDUSTRY SPEMDING AND EMPLOYMENT ATTRIBUTED TO FISHING Dec. 5.00
AT BLUE MESA RESERVOIR. by J.R. McKean, D.M. Johnson and R.G. Walsh. 1988

E4. REVIEW OF OUTDOOR RECREATION ECONOMIC DEMAND STUDIES WITH NOMMARKET BENE- Dec. 6,00
FIT ESTIMATES, 1968-1988, by R.G. Walsh, D.M. Johnson and J.R. McHean. 1988

EL. A COMPARISON OF LONG-RUN FORECASTS OF DEMAND FOR FISHING, HUNTING, AND WON- Dec. 4,00
CONSUMPTIVE WILDLIFE RECREATION BASED ON THE 15980 AND 1985 SURVEYS, by 1988
Richard G. Walsh, Kun H. John and John R. McKean.

5§. MULTIVARIATE METHODS FOR DETECTING WATER QUALITY THENDS, by Jim €. Loftis, Feb.  5.00
Charles H. Taylor and Phillip L. Chapman. 1930

57. REAL-TIME RESERVOIR OPERATICHN DECISION SUPPORT UNDER THE APPROPRIATION DOCTRINE, May 10.00
by John R. Eckhardt. 1991

58. VALUING TIME IN TRAVEL COST DEMAND ANALYSIS BY VISITORS TO BLUE MESA RESERVOIR, June 5.00
by John R. McEean, Richard G. Walsh and Donn M. Johnson. 1991

SPECIAL REPORT SERIES

1. DESIGN OF WATER AND WASTEWATER SYSTEMS FOR RAPID GROWTH AREAS AND RESORTS, 1976 5.00
by J. Ernest Flack.

2. ENVIRONMENT AND COLORADO - A HANDBOOK, edited by Phillip 0. Foss. 1876  5.00

3. IRBIGATION DEVELOPMENT POTENTIAL IN COLORADO, by MNorman K. Whittlesey. May 5.00

1977

4. ENVIRONMENTAL INVENTORY OF R PORTION OF PICERNCE BASIN IN RIO BLANCO Dac. 11.00
COUNTY, COLORADD, 1971

3. A GUIDE TO COLORADD WATER LAW, by Ward H. Fischer, Steven B. Ray, Glen D. Sept. 1.50
Rask and Windel L. Wyatt. 1978

€. NETWORK ANALYSIS OF RAW WATER SUPPLIES UNDER COMPLEX WATER RIGHTS AND Mar. 5.00
EXCHANGES: DOCUMENTATION FOR PROGRAM MODSIM3, by J.W. labadie, Andrew M. 1984
PFineda and Dennis A. Bode.
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