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SPATIAL AND TEMPORAL DISTRIBUTION OF SULFIDE AND REDUCED METALS IN THE

TAILWATER OF NARROWS DAM (LAKE GREESON), ARKANSAS

I

Introduction

Background

1. As early as 1957, Ingols pointed out the potential water qual-

ity impacts of hydroelectric power generation. Since that time, num-

erous studies have documented that reduced materials are often released

from the hypolimnion of seasonally anoxic reservoirs during the late

period of stratification. Many studies have been conducted to determine

the effect that releases from coldwater impoundments have on the

receiving stream (Walburg et al. 1981). A large percentage of these

studies have dealt with the impact on various biological systems and, in

general, have focused on the effect of decreased temperature.

2. A recent review by Gordon (1983) has summarized the literature

dealing with some of the chemical aspects of water released from the

hypolimnion of low-level release impoundments. In particular, this

review dealt with the occurrence of iron, manganese, and sulfide in the

stream and lake environment. These three chemical species are the most

common constituents to appear in the hypolimnion of lakes and reservoirs

In reduced states.

3. As nn ,na nut 1. Cnrdon (1983½) very little syvremstic work

has been conducted to evaluate the distribution and dynamics of reduced

materials after they are released into the tailwater environment. Sub-

sequently, Gordon (1984) conducted such an investigation of the

Duck River below Normandy Dam.
+2 +2

4. The removal of Fe , Mn , and hydrogen sulfide (H 2 S) appears

to occur primarily by oxidation. The oxidation process is initiated at

the time of oxygenation of the hypolimnetic water. Aeration of the

release water may take place in the tailrace or, in some cases, within

the turbine. The reduced iron species (Fe +2) released from the

hypolimnion is usually oxidized quickly to the +3 state, resulting in

V 3
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the formation of an insoluble hydrous oxide of iron. This hydrous oxide

can settle from the water column or remain suspended, often as particles

of colloidal size. The removal of manganese from the tailwater of dams

appears to be somewhat slower than iron and may involve more than direct:

oxidation to the insoluble +4 state. Theoretical treatments of the rate

of manganese oxidation (Wilson 1980), along with laboratory studies

designed to determine the rate of oxidation of manganese, indicate that

at the pH of most stream systems, the rate would be very slow and thus

cannot be used to explain the observed removal of manganese in actual

tailwater situations. It has been suggested that this removal may

involve absorption and possibly autocatalytic oxidation (Stumm and

Morgan 190),

5. Sulfide is generally considered very unstable after its intro-

duction into an oxygenated environment. In addition to degassing, H2 S

can be removed by oxidation, leading to the production of sulfate

(Garrels and Christ 1965). The study of H2S in the tailwater of dams

and at stations downstream from the dam is complicated by the limita-

tions of the analytical chemistry of H2 S. Hydrogen sulfide is generally

considered a "fleeting species" and is somewhat chemically illusive.

Its determination requires a quick field determination or extensive

preservation techniques which may not be appropriate at very low concen-

trations. The idometric titration method recommended for the determina-

tion of sulfide (US Environmental Protection Agency (USEPA) 1976;

American Public Health Association (APHA 1980) Standard Methods) does

not have the sensitivity needed to show the detailed distribution of

this species in most tailwater environments. Detection limits on the

order of 0.01 mg/k are needed in order to obtain the spatial distri-

bution of this species at stations located downstream from most dams.

6. Other than the recent work by Gordon (1984) and an earlier

study by Gordon and Bonner (1983), little attention has been focused on KC
the dynamics of the removal of reduced chemical species from the tail--

waters of coldwater-release dams. Several studies have attempted to .• -

sample tailwaters, but little attention has been given to aspects such

as time of travel of the water after its release, Sampling of the

4
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tailwaters of streams at varying distances downstream from a dam will

not give a meaningful picture of removal rates unless appropriate "lag

times," as determined by time-of-travel studies, are applied. Ideally,

one would want to sample a parcel of water as it left a dam, then sample

the same parcel at varying distances (times) below the dam. I
7. In order to predict arrival times at various downstream sta-

tionis, a clear understanding of the dynamics of the tailwater must be

obtained. Once the factors that influence arrival time have been

addressed, it should be possible to sample the stream at various down-

stream stations with some degree of certainty as to the time when the

water being sampled left the dam. Using this approach, it should be

possible to determine actual removal rates of reduced chemical species

introduced into the tailwater.

Study area description V

8. Narrows Dam on the Little Missouri River in southwest Arkansas

was constructed by the Corps of Engineers in 1950. Characteristics of

Lake Greeson, which was formed by this dam, are summarized below.
'.q

Characteristic Value
km2

Drainage area 614 km

Maximum power pool elevation 167.1 m NGVD

Maximum power pool area 29.4 km2

83
Storage of conservation 3.45 x 10 m a

pool plus power pool

Center-line elevation 148.8 m NGVD
of penstock

9. Lake Greeson has been observed to stratify and develop a sea-

sonally anoxic hypolimnion (Nix 1979). The depth of the penstock is

such that anaerobic releases are observed during the late summer and

fall seasons most years. The actual period of anaerobic releases as

well as the concentration of reduced chemical species resulting from the r

anaerobic conditions vary from year to year.

5i5T



10. Anaerobic conditions first develop in the reservoic at the

sediment/water interface and gradually progress up the water column

during the stratified period. Elevated concentrations of reduced
+2 +2

metals, such as Mn , Fe , and 112S closely follow the development of ..

the anaerobic conditions. In some reservoirs, the extent of the anaero- "

bic zone may progress upward until sulfide and reduced metals arc found

at tue clevation of the penstock. This, however, does not occur in S

Lake Greeson. Although anaerobic conditions develop at the sediment/

water interface and begin to extend into the hypolimnion, these condi-

tjons do not extend directly to the elevation of the penstock. Rather, ,.

a dissolved oxygen (DO) minimum begins to develop near the elevation of .0

the penstock during early summer and finally becomes anaerobic toward 0
midsummer. Subsequently, reduced chemical species appear in this layer

and can be released into the tailwater during periods of generation.

Nix (1981) has suggested that the origin of the reduced metals in the

metalimnetic region is due to the entrainment ot upstream hypolimnetic -

water in a density current within the thermocline region of the reser- C-

voir. This process results in moderately high concentrations of reduced

chemical species at the elevation of the penstock while much lower con-

centrations are observed above and below this elevation.

11. N-rrows Dam is used for the production of peaking power.

During the sunmmer and early fall, generation may occur for short periods -

of time or may extend over several hours. By late fall, the frequency 0

of generation usually decreased in response to lower rainfall. The I

Little Missouri River below Narrows Dam is easily accessible at several

downstream locations. Since the tailwater of Narrows Dam has been

observed to become anoxic during the summer and fall and since it is

easily accessible, this tailwater was chosen as a site to investigate

the rates of removal of sulfide and selected reduced metals. Sampling

stations were established from the dam to several points below the damti

Studies were conducted to estimate the time of flow to each of the

established stations during standard release conditions. Subsequently,

samples were secured from each station during the period when reduced

chemical species were being :-eleased into the tailwater.

6



12. In an effort to simulate the chemistry of tailwater condi-

tions, water was taken from Lake Greeson at a depth corresponding to the

depth of the penstock and then oxygenated in the laboratory. Artificial

hypolimnetic water was also made by placing sediment from Lake Greeson

in contact with lake water in a sealed container. The artificial

hypolimnetic water was also used in experiments designed to investigate

the rate of removal of reduced metals following oxygenation.

13. Laboratory oxidation experiments showed no appreciable

. removal of manganese over a 48-hr period. This confirms previous obser-

4. vaticns that oxidation of manganese in laboratory conditiois occurs at a

very slow rate (Delfino and Lee 1968). Since autocatalysis oxidation

has been suggested as a removal mechanism (Stumm and Morgan 1970), solid

manganese dioxide was added to the oxidation experiments. With man-

ganese dioxide present, reduced manganese was observed to be removed at

a much faster rate. Gravels from the tailwater of Narrows Dam, which
were coated with hydrous oxides of manganese (black), were substituted

for the manganese oxide and found to cause a similar increase in removal

rate.

14. The observation that the hydrous oxide-coated gravels signi-

ficantly impact the rate of reroval of manganese from solution prompted

an investigation of the fate of other metal ions under similar condi-

tions. The absorpcion of cobalt and copper onto the hydrous oxides of

manganese had been reported (Gray and Malati 1979, Hasany and Qureshi

1981). Laboratory experiments confirmed that the hydrous oxide-coated

gravels present in the tailwater of Narrows Dam serve as a sink for

cobalt, copper, nickel, lead, silver, cadmium, and zinc. These results

suggest that the presence of abundant hydrous oxide-coated gravels pre-

sent in the tailwaters of coldwater-release dams may be a significant

factor in regulating the chemistry of these environments.



Methods and Materials

15. Eight stations were established downstream frcon Narrows Dam,

at the locations shown in Figure 1. Station A was located immediately

below Narrows Dam, while Station H was 36.3 km below the dam,..

LANGLEY STA SALEM

LANGLEY

KIRBY

SGR EESON,4
LITTLE
MISSOURI N
RIVER

STA G-: DAM I
STA R SCALENARR,- ,,STA 0 5KM SO .-

(STA A)

7-r TA C

STA 0

STA E~ a-.-.

MURFREESBORO
ARKANSASsT__F-v'* H

STA G

S TA

Figure 1. Map of Little Missouri River and Lake Creeson showing

location of the eight sampling stations
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16. Martek Water Quality Analyzer systems were operative at Sta- "

tions A, E, and G during most of this study. These instruments measure

and record temperature, DO, p11, and specific conductance at 30-min

intervals (Nix 1985).

17. The first phase of the study involved an investigation of the

tailwater of Narrows Dam in order to determine factors which might

influence time of travel. A careful analysis of the data recorded by

the Martek unit at Station A indicated that during periods when no gen- K
eration is taking place, the leakage from the reservoir constitutes the

flow in the tailwater. As shown in Figure 2, the leak water is colder

than release water. Diurnal warming of this relatively small amount of .4

15 -

I0 -

S•0 GENE RATION 1

ON OFF
x

W > 5
0*

Cn

0

30Ir

10

0*

0 6 1 1 24

0- j

Figure 2.Temperature and 1)0 recorded at Station A, immediately
downstream from Narrows Dam, 4 August 1983
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wLter was also observed, as shown in Figure 3. Figure 2 shows data from

Station A on a day when generation occurred. The slight increase in

15-

L• 10 NO GENERATION

x
0

> 0W0o 0 0..

o- 00000eo • 0 0 o •O • •

o_ I6 0 0 2- 0 4•

{ I
210

C)

LU2 1
I-

, 2 0  6 12 18 24
-H *0ME, H R@0*00

._-.•Figure 3. Temperature and DO recorded at Station A, immediately.,.'-
•J-'•"downstream from Narrows Dam, 3 August 1983

S~~temperature observed as generation began indicates that the leak water •.

•- ~which was present prior to generation was colder than the release water. ":

i'• ~Lowered DO concentrations also mark the period of generation, but this ,-
ii•I ~quickly recovered as the cold leak water replaced the water released ••

S~through the penstock.

18. During the period of this study, full generation consisted off•

rlae through three generators, Assuming normal reservoir elevation,•ti

this condition results in a discharge of 70 cu m/sac. Reservoir •

ZIA
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elevation varied only slightly during the period of the study. Although K
there may have been some slight variations in discharge, it is likely

that these were small compared to the overall discharge. For the pur-

pose of this study it is assumed that during "full release conditions,"

the discharge is essentially constant.

19. The initial attempt to estimate time of flow to downstream r

stations was carried out by observing stream temperature and river ele-

vation prior to the arrival of the power wake, with observations con-

tinuing through stabilization as the power wave arrived. The results of I6.

the observations made at Stations B, C, and D are shown in Figure 4. By

assuming that stabilization at a minimum temperature indicates the

arrival of freshly released reservoir water, it is clear that stream

elevation begins to increase prior to the arrival of the freshly

released water. The water in the initial rise consists of water that h
had warmed significantly since the previous release period. Thus, the

stabilization of a minimum temperature at each station should be a

better indicator of the presence of freshly released reservoir water as

compared to river elevation.

20. During the week of 20 June 1983, Ryan temperature monitors

were implanted at each of the eight downstream stations indicated in

Figure 1. The results of the data retrieved from these monitors for a

2.5-day period are shown in Figure 5. The time of travel to each of the V

stations was estimated by measuring the length of time from the
I

beginning of generation until a minimum temperature was reached at each

station. This resulted in a time of travel of approximately 22 hr to

the most downstream station. The estimated time of travel, river dis-

tance, and elevation of each station are given in Table 1.

21. Before studies designed to determine removal rates of reduced

metals could be conducted, it was necessary to establish that a steady-

state condition developed following the onset of generation. To do

this, samples were taken at Station B over a period of 7 hr. Results of

the analysis of these samples are shown in Figure 6. These data

confirm that steady-state conditions develop during a release cycle.

Since steady-state conditions appear to be established, the exact time 'I

11 F
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Figure 4. Observation of river elevation and temperature at

three stations below Narrows Dam during a generation cycle

(generation began at 1600 hr)
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Figure 5. Temperature data at downstream stations
on Little Missouri River from 24-26 June 1.983,

obtained using Ryan temperature monitors



Table 1

River Distance, Elevation, and Estimated Time

of Travel for Each Sampling Station

- Distance Below Elevation Estimated Time
t Station Narrows Dam. km m, NGVD of Travel,* hr

A 0.2 122.0 0.1

B 0.6 120.8 0.5 F
C 3.7 115.9 2.5

D 8.2 108.3 5.0

E 10.4 106.4 6.5

F 18.2 100.6 9.5

G 27.4 95.2 16.0

H 36.3 85.4 22.0

* Estimated from temperature data from Ryan monitors.

of sampling at downstream locations becomes less critical as long as the

sampling time is after the arrival of the freshly ri leased reservoir

water but before the river begins to fall. If a sample can be taken

"within this time frame, it is -easonable to assume that it represents Elm
reservoir water released during the designated release cycle.

22. The development of the anaerobic zone in Lake Greeson was

monitored by periodically sampling the reservoir at Station C-I (see

Figure 1). Station G-I is located immediately upstream from Narrows Dam
directly over the old river channel. Samples were secured using a van

Dorn type sampler, while temperature, DO, pH, and specific conductance • ., )

were measured in situ using a Martek Mark V water quality aralysis sys-

tem. The field instrument was calibrated prior to each day-s use.

23. Martek Mark VIII recording water quality monitoring systems

were located at Narrows Dam, Station E, and Station G. The instruments

were housed in metal boxes. The sensor package was located in a well-
L

mixed portion of the stream. These instruments were calibrated weekly

by adjusting the calibration controls to cause the readings of the

Mark VIII to coincide with an instrument that had been calibrated in the

14
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Figure 6. Selected water quality parameters from samples taken at
Station B, 12 June 1983 (generation began at 0730 hr)

laboratory earlier the same day. These instruments were programmed to

record temperature, DO, ph, and specific conductance at 30-min inter-

vals. Data were recorded and stored on cassette tapes which were sub-

sequencly read into the memory of a Vax 750 computer.

24. Water samples from the reservoir and from river stations were

processed according tc the scheme shown in Table 2. All methods used

15
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Table 2

Scheme for Handling, Processing, and Analyzing Water Samples

Fraction Handling and Processing Analyses

A Raw sample stored at 4' C Chloride

Sulfate -•

Turbidity

Sulfide*ý

Alkalinity*

pH* .4

Free CO2

B Raw sample acidified with Total phosphorus
H S and stored at 40 C Total Kjeldahl nitrogen I'

C Raw sample acidified with HNO 3  Total sodium

Total potassium

Total calcium

Total magnesium

Total iron

Total manganese

D Filtered (0.45 p) and Nitrate nitrogen
stored at 40 C Soluble reactive pbhsphorus .

Silica

E Filtered (0.1 p) and acidified Dissolved iron
with HNO3 Dissolved manganese

F Filtered (glass fiber), acidi- Total organic carbon
fied with H SO, and stored
in glass at 4 C

* Field determination.

16



were those recommended in Standard Methods (APHA 1980) or by the USEPA

(1976) with the exception of that for H2S. The analysis of samples for

R2S was accomplished using a modified electrode method that is described

in Appendix A. A summary of analytical methods used is given in

Table 3. It should be noted that sulfide, alkalinity, and free carbon .

dioxide (CGO) were analyzed in the field within a few minutes of /

sampling. 71:

Table 3

Analytical Methods

Water Quality Parameter Method and Reference .

pH Electrode method C'

Alkalinity Titration, Standard Method

Sodium AAS (flame); EPA Method 273.1

Potassium AAS (flame); EPA Method 258.1

Calcium AAS (flame); EPA Method 215.1

Magnesium AAS (flame); EPA Method 242.1 -

Chloride Ion chromatography; National. Surface .- -
Water Survey, EPA, 1984 Draft

Sulfate Ion chromatography; National Surface
Water Survey, EPA, 1984 Draft

Nitrate nitrogen Ion chromatography; National Surface
Water Survey, EPA, 1984 Draft

Ammonia nitrogen Specific ion electrode
T'on-31 V4n1A b1 EPA Methno 341c] (mnodified for manual .4

nitrogen (TKN) determination) P..

Total dissolved EPA Method 365.4 (modified for manual .
phosphorus (TDP) determination)

Silica. EPA Method 370.1 (modified for manual 0
determination)

Total organic Persulfate oxidation; Oceanography

carbon (TOC) International Analyzer

Trace metal AAS - graphite furnace
A

A- ,
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Results and Discussion

25. The results of the analysis of samples taken from Lake Gree-

son and the Little Missouri River downstream from Narrows Dam are given V
in Appendix B. The following discussion focuses on the development of

reduced metals in the reservoir and their disappearance in the

tailwater.

26. Using data from the Martek recording instrument located imme-

diately downstream from Narrows Dam, the DO concentration of the Little

Missouri River during actual generation periods was noted (Figure 7).

15 1.5

w 10

.0.

0 .G)n 
>

U) ... H Z.

19833

Figure 7. Concentrations of dissolved oxygen (dots) and total V.'

manganese (bars) observcd at Station A during 1983

Supprcssion of DO in the tailwater during release periods was observed

to begin in ea:ly May. By mid-July, the DO in the tailwater had

declined to approximately 3 mg/k. At that time the manganese concen- Q
tration in the tailwater was noted to increase. The DO concentration

continued to decrease and became essentially anoxic in mid-August. Man-

ganese and other reduced metals were observed in the tailwater through-

out the period from mid-July until mid-November, when DO began to

reappear in the reservoir releases.

27. Figures 8, 9, and 10 summarize the DO, manganese, and iron

profiles observed in Lake Greeson during the summer and fall of 1983.

The depth of the intake structure at Narrows Dam varied from I/ to 18 m

during the period of this investigation. As expected, the DO
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Figure 8. Dissolved oxygen profiles at Station G-1 (Lake Greeson),
May-November 1983 6-

concentration of the water at the mud/water interface began to decline

in May 1983. The concentration of manganese and iron subsequently

increased as the thickness of the anoxic zone moved upward. By late

June, a DO minimum was observed in the metalimnetic region, roughly

coinciding with the depth of the penstock in Narrows Dam. This metalim-

netic zone became essentially anoxic by early August. The concentration

uf manganese was observed to increase in this zone by mid-August. U

Increases in the iron concentration in this same region did not occur

until mid-September. By early November, the concentration of manganese

in this metalimneuic zone was 3.0 mg/t. The distribution of manganese, %

iron, and DO observed in the late fall suggests that a density current

r.suits during gcncration periods and entrains reduced spe-i-0 from the

upstream hypolimnion, as shown in Figure 11 (Nix 1981). This advective

transport of water at or near the elevation of the penstock results in

the discharge of water with elevated concentrations of reduced metals. Z

As shown by the data presented in Appendix B, concentrations of manga-

nese, iron, and hydrogen sulfide were all elevated in the metalimnetic

region. During this period, lower concentrations of reduced metals were

observed both above and below the "withdrawal" zone.

28. As shown in Figure 7, the maximum concentration of manganese

observed in the t:ailwater during release periods was approximately

1 mg/i. The fact that even higher concentrations of manganese were

19 "7
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observed in the reservoir at the elevation of the penstock suggests that ,

the elevated concentration of manganese is restricted to a relatively

thin layer and that the "withdrawal zone" incorporates a considerable

amount of water with a lower manganese concentration. This is further

supported by the observation that elevated concentrations of manganese -

were observed to persist even as the DO concentration of the release

water began to increase in late November.

29. Figure 12 summarizes the results of the analysis of samples

taken at eight stations located downstream from Narrows Dam during a

generation cycle which occurred on 6-7 September 1983. The samples were

taken at a time which ensured that water from that release cycle was

present at each station.

30. Recovery of the DO concentration of the Little Missouri River

apparently occurs within the first 18 km of the tailwater (Station F),

which corresponds to water that was released from Narrows Dam 9.5 hr

earlier. Only a slight warming trend was observed from the dam to the

most downstream station, corresponding to a warming rate of only yr

0.10 C/km or 0.2' C/hr. It should be pointed out that this warming rate

was observed during an actual release cycle. During periods when the

river is not under the influence of a release cycle, warming probably

occurs considerably faster.

31. The loss of free CO and the resulting increase in pH were

observed following the release of water from Narrows Dam. Hydrogen sul-

fitp was niiirklv 1nor from the stream and reached undetectable levels at

a downstream distance of 10 km, corresponding to water which was

released 6.5 hr earlier. Both manganese and iron decreased in a down-

stream direction, with manganese reaching ambient concentration at the

most downstream station. Iron removal rates were observed to be slower

than those of manganese. The observation that a high percentage of the

iron was Dresent in the particulate form (difference in total and dis- %

solved) indicates thac iron is beinj, precipitated, then continues to be

transported in the particulate form. The fact that the concentration of

particulate manganese is very low and that total rvinganese drops to a

very low concentration in the river suggests that the manganese is being

23
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deposited in the streambed. This deposition is apparent from the

appearance of hydrous oxide-coated gravels throughout the region of the

river that was studied. In the section of the tailwater located nearest

the dam, the entire riverbed is black from such deposits.

32. Gravels were collected from the bed of the Little Missouri

River on 25 June 1983. These gravels, which were black from a coating

of a hydrous oxide of manganese, were leached with concentrated hydro-

chloric acid. The black deposits were completely removed within

2 to 3 min. The resulting solution was diluted and subjected to analy-

sis for manganese, iron, and several other trace metals. The results of

this analysis are presented in Table 4. It is obvious that relative to

the ratio of manganese to iron present in the tailwater, the gravels are

significantly enriched in manganese. This suggests different removal

mechanisms for iron and manganese.

33. An attempt was made to collect this hydrous oxide of man-

ganese coating onto a porcelain substrate implanted in the river. Por-

celain disnes were placed upside down in the riverbed at each of the

downstream stations. After I week they were collected. The dishes .-

that were collected from Stations A, B, C, and D were observed to be

orange. The other dishes had no apparent coating. The orange coating

was stripped from the dishes with hydrochloric acid and analyzed for

iron and manganese. The results showed the material to be a compound of

iron (probably a hydrous oxide) with very low concentrations of man- I

ganese. Subscquent were equal ------------------------------------

coating that was rich in manganese. The fact that manganese is obvi-

ously being deposited on gravels in the river suggests that the nature

of the substrate is critical in this process.

34. The rate of removal of manganese from the Little Missouri

River during the release cycles observed from August through October

ranged from 0.016 to 0.022 mg/t/hr which compares to 0.041 Tng/Y.,/hr K
observed by Gordon (1984) in the Duck River below Normandy Dam. During p
the rather short period when removal of H S was observed in the tail-

2
water of Narrows Dam, the rate was 0.05 mg/,/hr.
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35. As pointed out by Gordon (1983), numerous investigators have

attempted to simulate tailwater conditions by aerating water taken from "

the hypolimnion of a reservoir under laboratory conditions. In general,

these experiments have failed to produce removal rates of manganese as

high as those observed in the Duck River below Normandy Dam (Gordon 5:
1984). On three occasions, a 20-i water sample was collected from the ,-

deep hypolimnion (36 m) and the metalimnetic region (20 m) of Lake Gree-

son. The introduction of air into these samples was minimized by pump-

ing the sample into a bottle that had been flushed with nitrogen. These

samples were transported to the laboratory, where a portion was trans-

ferred to a 4-k beaker equipped with a magnetic stirrer. Samples were

removed from this container periodically. The DO concentration in the

container was also monitored. The length of observation ranged from

5 to 48 hr. The results of such an experiment, using water taken from a

depth of 20 m on 16 November 1983, are showr in Figure 13. A manganese

removal rate of 0.006 mg/i/hr was observed. Removal rates in other

experiments were found to be similar. No significant differences were

noted between removal rates with water taken from the deep hypolimnion

and water taken from the metalimnion.

36. Approximately 20 kg of sediment from the bottom of Lake
Greeson at Station G-I was secured using a ponar sampler. The mud was

inmiediately placed in a 200-k polyethylene tank, then covered with

Lake Greeson water. The container top was sealed with a silicone

sealant. The headspace of the tank was flushed with nitrogen gas, and a

slightly positive pressure of nitrogen was maintained to prevent the

introduction of oxygen. A glass tube that was sealed into the container

permitted removal of water from near the center. Within 1 month, water

from the tank showed the presence of reduced manganese and iron. "Arti-

ficial hypolimnetic water" from this tank was used in laboratory experi-

ments to determine the removal rates of reduced species. The results of

these experiments were very similar to those using water taken from the

anoxic zones of Lake Greeson.

37. The autocatalytic oxidation of manganese involving absorption

onto the surface of a hydrous oxide of manganese has been suggested as a .
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oxidation of "artificial hypolimnetic water"

removal mechanism (Stumm and Morgan 1970). To test this hypothesis, a

1-g portion of granular manganese dioxide was added to a 4-P, beaker con--

taining artificial hypolimnetic water. As in previous experiments, the

water was stirred with a magnetic stirrer. Samples taken within the

first 2 hr following the introduction of the manganese dioxide showed

that reduced manganese was being removed at a much laster rate compared %

28



to water without the manganese dioxide. Subsequently, a similar experi-

ment was performed substituting gravels taken from the Little Missouri

River downstream from Narrows Dam. The gravels were black and obviously

coated with the hydrous oxide of manganese. Figure 14 shows the results

of an experiment conducted with and without the gravels. The acceler-

ated removal of manganese is obvious, The action of the gravels on the

removal of reduced manganese from the water was further confirmed by

adding manganese chloride to distilled water and observing the subse-

quent changes in manganese concentration both with and without the

gravels being present. Again, relatively fast removal rates on the

order of 0.5 mg/2/hr were observed when the coated gravels were present.

38. Since the gravels coated with the hydrous oxide of manganese

appear to have a significant effect on the removal of manganese from

water, the decision was made to determine if these gravels could play an

active part in the removal of oLher trace metals. Numerous investi-

gators have noted that cobalt, copper, and zinc are absorbed onto man-

ganese oxide coatings existing in soils and streams (Gray and Malati

1979, Hasany and Qureshi 1981).

39. A 3-k portion of distilled water was spiked with 100 ug/k of

the following metals: copper, cobalt, zinc, lead, silver, and nickel

and 10 ug/h of cadmium. Ten hydrous oxide-coated gravels ranging in

size from 1 to 2 cm were placed in a 4-k beaker with the solution con-

taining the metals. This solution was sampled periodically for a period

. appLoA.LwaL'.Ly 4t LL ILL= 1t IU.. . .. .WOLC a--.-. with

the concentration of each of the metals was determined using the graph-

ite furnace atomic absorption technique. The results of this experiment

are. i3.11.xtrated in Figure 15. A decrease in concentration of all of the

metals was observed. The removal of these metals from solution appears

to follow first-order kinetics with hall-time for removal ranging from

95 min for nickel to 20 min for lead.

40. Other investigators have suggested that the involvement of

manganese oxide-coated gravels in the removal of reduced manganese from

solution may involve a bacterial catalyzed interaction (Meyers 1961).

The affinity of the gravels for such a large number of metals suggests
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that it is store likely that the removal involves direct absorption. It

seems unlikely that bacterial action could be so similar for such a wide

variety of metals. Since absorption of metals onto hydrous oxides has

been treated by numerous investigators as a straightforward absorption C;
process (Gray and Malati 1979), there is no need to involve a biological

mechanism.

41. The abundance of hydrous oxide-coated gravels in the tail- -

water of Narrows Dam clearly impacts the chemistry of this tailwater. -

This study suggests that these gravels are an important factor in the ,.-Ž

removal of manganese from streams receiving water from anoxic regions of

a reservoir. The findings further suggest that the presence of these

gravels is an important factor in the ultimate fate of other trace

metals which may be introduced into these tailwater environments.

Should the nature of a tailwater stream be such that there are no gravel

or rock surfaces on which coatings of hydrous manganese oxides could be

maintained, it would be expected that reduced manganese as well as other
trace metals might be transported much further downstream. The possi- .-

bility of the release of trace metals from absorption sites under more

acidic conditions should also be considered.

42. It would appear that the coatings of the hydrous oxides of

manganese are maintained by the periodic release of reduced manganese

into the tailwater. Once this situation is established, removal rates

of manganese can be expected to increase. In tailwaters where manganese

has been a problem, particularly for municipal and industrial users, the

maximizing of contact with the coated gravels should be explored as one

way to improve downstream water quality. .

way.

K
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Appendix A: Field Determination of Hydrogen Sulfide in Water

1. The method described for the determination of sulfide in the

field is not new. Rather, it is a combination of methods that the

authors have found to be successful for studies of water from the hypo-

limnion of reservoirs, as well as the tailwaters of dams that release

hypolimnetic water. This discussion of the method is not intended to be

a formal development of ain analytical method. The authors have simply

combined some proven techniques into a procedure that seems to work well

for relatively low concentrations of hydrogen sulfide. Although the

method requires the transport of some small equipment into the field, it le

is easily carried out under field conditions.

2. Hydrogen sulfide is usually determined using the titrimetric

procedure described in USEPA (1976), "Methods for the Analysis of Water

and Wastes." Two problems are encountered with this method: (a) a lack

of sensitivity and (b) preservation techniques that may be questionable

at low concentrations. Use of the methylene Blue method described in

the 1976 USEPA manual can overcome the problem of sensitivity but still

requires sample preservation. 6:9

3. Sulfide in the aquatic environment is a rather illusive mate-

rial. It is easily lost by degassing and can be oxidized to sulfate.

Thus, the manipulation of the sample and the exclusion of air become

very important. Hydrogen sulfide usually develops in response to low

redox conditions caused by a depleetion of DO. When DO is iLLLtuduced

into anaerobic water containing hydrogen sulfide, the reduced sulfur

species and oxygen can coexist for a short period of time. It is not

clear if the usual sample preservation techniques (coprecipitation of

zinc sulfide with zinc hydroxide) stops the oxidation process or if it

can continue after the addition of the preservative. With such doubts

about the integrity of a "preserved" sample, it be':omes obvious that a

field determination would be highly desirable in order to obtain mean-

ingful data, especially at low concentrations.

4. The direct use of a sulfide selective electrode is precluded

due to the fact that iron is often present in anaerobic water which

Al



contains hydrogen sulfide. The conditions required for operation of the

electrode include bringing the sample to a high pH by the addition of a

strong base. At high pH, the hydrogen sulfide is converted almost

totally to the sulfide ion, which then can react with iron (as well as

other metals) to fone insoluble sulfides. In order to use a selective

iron electrode, the sulfide species must be removed from metals that

would precipitate as sulfides under strongly basic conditions.

5. Hydrogen sulfide is easily stripped from acidic solution with

nitrogen gas. The redissolving of the hydrogen sulfide is accomplished

by exposing the gas stream to a strongly basic solution. The stripping

followed by redissolving in a basic solution results in a solution that

is free of interferences, thus allowing the effective use of the sulfide

electrode. In addition to the removal of interfering substances, the

stripping-redissolving step serves to concentrate the sulfide, which

extends the effective range of the electrode.

6. A Procedure for the determination of sulfide is described

which is easily adaptable to use under field conditions. Concentrations

of sulfide on the order of 0.01 mg/9 are easily detectable.

Materials

7. All reagents used were analytical-grade chemicals. The

sulfide ion sensi-electrode was an Orion Model 94-16, used in conjunc-

tion with an Orion Model 231 digital pH meter. The pH meter was used in

the millivolt mode which was sensitive to ±1 mV. The apparatus that was C

used for the degassing of the samples is shown in Figure Al. This appa-

ratus is easily constructed from rubber tubing, glass tubing, rubber

stoppers, sintered glass gas dispersion tubes, and readily available

bottles and flasks. C

8. All samples were secured using a van DortL type water sampler

with a rubber tube attached to the lower port. Sample bottles were

1.0-k polyethylene with polypropylene tops (narrow mouths). A small

lecture bottle of compressed nitrogen was found to be most convenient to

transport into the field.

A2 '
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Figure Al. Degassing apparatus

9. The following solutions were prepared:

a. Sodium sulfide solution. Dissolve approximately 7.9 g
of Na 2 S-9H,2 0 in a small amount of distilled water, then
dilute to approximately 1 k. An appropriate dilution of
this solution was standardized using the titrimetric pro-
cedure described in the EPA Manual (1979). This standard-
ization was done on the same day that it was to be used.

b. 100 mg/L sulfide standard. After standardization of the
sodium sulfide solution, an appropriate volume was diluted
to produce 200 ml of a 100 mg/i solution. This solution

must be made on the same day of use.

C. 9 molar H 2SO Add 50 m! of concentrated H SO, to 50 ml
of water witg constant stirring and cooling of the

container. MAKE ADDITION SLOWLY AND WITH CAUTION.

d. Antioxidant. Dissolve 80 g of NaOH in .pproximately
100 ml of water, then add 130 g of ascorbic acid.
Dilute the resulting solution to 500 ml.

Procedure

10. Samples were obtained using a 2.0-i van Dorn type sampler.

The rubber tube connected to the lower port of the sampler was placed in

the bottom of a 1.0-k sample bottle and the bottle was overfilled by

approximately 500 ml. The tube was removed ond the bottle was capped

with a minimum of trapped air. Sample analysis was begun within 10 min

after the time of collection.

A3
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11. The plastic cap was removed from che sample bottle. A small

air pocket was created in the bottle by pouring out approximately 25 ml K

of the water. The gas dispersion tube was inserted into the bottle and

the rubber stopper firmly pushed into the bottle top.

12. A 3.0-ml aliquot of the antioxidant was added to 100 ml of

distilled water and placed in a 125-ml Erlenmeyer flask. The second gas

dispersion tube was placed in the Erlenmeyer flask. After the apparatus r
was secured, 1.0 ml of the 9 molar sulfuric acid was added to the

sample. The rubber stopper was quickly reinserted into the bottle after

the addition of the acid. The nitrogen flow was adjusted to

approximately 1.0 i/min. The stripping procedure was continued for

2.5 min.

13. Immediately after the flow of nitrogen stopped, the sulfide

electrode was immersed in the flask and the initial millivolt reading

was obtained while gently hand-stirring the flask. After the initial

reading had been obtained, a 1.0-ml aliquot of the 100 mg/i sulfide '

solution was pipetted into the solution. As before, with gentle hand-

stirring, the final reading was obtained. A AmV was calculated by ,

subtracting the final reading from the initial reading.

14. Standardization of the procedure was accomplished by prepar-

ing 1.0 Z of a series of solutions of known sulfide concentration by

dilution of appropriate aliquots of the 100 mg/k standard. The concen-

tration of 0.01 mg/i, 0.1 mg/k, and 1.0 mg/i were found to provide sat-

isfactory calibration- The AmV values determined for each of these

standards were plotted against their respective concentrations on a

semilog graph. The resulting straight line was used to convert the AmV

values obtained for samples into concentrations of sulfide. A typical

calibration curve is shown in Figure A2. The volume of the original

sample was measured with a graduated cylinder. The sulfide concentra-

tion obtained from the calibration graph was corrected for actual sample K,
size.
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Append ix B: Data Listings, Lake Greeson and Little
Missouri River, May-December 1983

LAKE GREESON DATE 5-23-83
G - 1 I

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
mg/L umhos/cm

0 22.7 8.7 6.7 17

1 22.6 8.7 6.7 18

2 22.5 8.6 6.7 18

3 20.9 8.8 6.8 is

4 20.4 8.6 6.6 17

5 19.8 8.0 6.E 18

6 18.8 7.4 6.4 18

7 18.0 7.2 6.3 17

8 17.8 7.1 6.3 17

9 17.6 7.2 6.2 17

10 17.4 7.2 6.0 18

11 170 7.2 6.0 18

12 16.6 7.2 6.0 is

13 15.7 7.2 5.9 18

14 15.2 7.1 5.8 17

15 14.1 7.2 5.8 18

16 13.5 7.1 ::.8 18

17 13.4 7.0 b.8 18

18 12.3 7.1 5.7 18

19 11.9 7.1 5.6 17

20 11.7 7.1 5.6 17

21 11.4 7.1 5.6 17

22 11.0 7.0 5.5 18

23 10.4 7.0 5.5 16 r:N.
24 10.0 7.0 5.5 17

25 9.6 6.8 5.4 17

26 9.1 6.6 5.4 17

27 8.4 6.4 5.a- 17

28 8.1 6.2 5.3 16

29 7.8 6.1 5.3 16

30 7.5 6.1 5.3 16



Ii
5-23-83

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
ma/I. umhos/cm

31 7.4 6.2 5.3 16

32 7,3 6.2 5.3 16
33 7.2 6.3 5.3 16 .
34 7.0 6.4 5.3 15

35 6.9 6.6 5.3 15

36 6,8 6.4 5.3 15

37 6.8 6.1 5.3 15

38 6.7 6.0 5.3 17
39 6.7 5.9 5.3 7 •,

40 6.7 5.9 5.4 17

41 6.6 5.8 5.4 17

42 6.6 5.6 5.4 17

43 6.6 5.4 5.4 17

44 6.6 5.4 5.4 17

45 6.6 5.2 4. 1?

46 ,7

48

49

50

L
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LAKE GREESON DATE 5-29-83
G -1

Depth Temperature ( 0 C) Dissolved Oxygen pH Specific Conductance
mg/L umhos/cm

0 26.8 8.4 6.7 15
1 26.9 8.3 E.7 15 0-•
2 26.8 8.2 6.9 15
3 26.2 8.0 6.9 16
4 25.6 8.1 6.9 16
5 22.9 5.4 6.6 16

6 20.5 2.8 6.3 15
7 19.3 2.9 E.0 15
8 18.8 3.0 5.9 15
9 18.5 5.8 14

10 17.8 4.1 5.6 14 Mo
11 17.5 4.3 5.7 14
12 16.9 4.8 5.7 13
13 16.6 5.2 5.7 13
14 16.2 5.5 5.6 13
15 15.8 5.3 5.6 13
16 15.3 5.5 5.6 13

17 14.6 5.9 5.7 14
18 13.8 6.1 5.6 13
in 11 A r- 'I --19 V. 1 " .V•

20 12.2 6.1 5.E 13
21 11.9 6.1 5.5 13
22 11.3 6.1 5.5 12
23 10.8 6,2 5.5 12
24 10.3 6.1 5.5 12
25 9.9 5.8 5.5 13
26 9.1 5.5 5.5 11
27 8.4 5.5 5.4 12
28 8.0 5.5 5.4 12
29 7.7 5.9 5.3 12
30 7.4 G..2 5.3 10

B6



Depth Temperature (0C) Dissolved Oxygen pH Specific Conductance
mglt. umhos/cm

31 7.2 6.1 5.3 10

32 7.11 6.1 5.3 10

33 7.1 6.3 5.2 10

34 6.9 5.5 5.2 10

35 C.8 5.8 5.2 10
36 6.8 5.7 5.2 10

37 6.7 5.5 5.2 11

38 6.7 5.2 5.2 II

39 6.7 5.0 5.2 11

40 6.6 4.5 .l
41 6.E 3 5.2 11

42 6.6 3,4 5.2 12

43 6.6 2.4 5.2 14

44 C.7 0.3 5.3 17

45

46
47

48

49

50
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LAKE GREESON DATE 8-1-83
G- 1

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
mg/L umhos/cm _

0 32,4 3.1 7.3 19

1 32.0 8.0 7.3 19
2 31.8 7.6 7.4 19
3 31.6 7.4 7.4 19

4 30.A 7.7 7.5 20
5 26.9 3.C 7.3 19

6 25.6 1.4 6,f 20
7 24.2 1.0 E.7 19

8 23.0 1.1 6.5 20
9 22.3 1.2 6.4 20

10 211.8 1.4 6.3 19

II 21.2 1.2 6.2 is

12 20.6 0.9 6.1 20
13 19.8 0.6 6.0 20
14 18.8 0.7 6.0 20
15 17.8 1.3 5.9 21
16 17.2 1.2 5.3 21

17 16.5 1.2 5.8 21
18 15.8 1.2 5.8 22
19 15.1 1.4 5.7 22
20 14.4 1.8 5.7 22
21 13.' 2.1 5.7 22
22 12,1 2.4 5.7 21

23 11.0 2.7 5.7 22
24 1MO 2.8 5.7 22
25 9.1 3.3 5.6 20
26 .6 3.85. 19
27 8.1 4.3 5 , 17 V

28 7.9 4.5 '.6 18
29 7.7 4.6 5.6 16 L
30 7.5 C .3 5.6 16



8-1-83

Depth Temperature (CC) Dissolved Oxygen pH Specific Conductance
MCIA. umhos/cm

31 7.4 4.9 505 1E

32 7.2 4.4 5.6 16
33 7.2 4.5 5.5 16

34 7.1 4.6 5

35 7.0 4.6 5.4 16

36 7.0 4.0 5.5 16
37 6.9 3.7 5.4 16

38 6.9 3.8 5.4 16
39 6.9 3.1 5.4 16

40 6.9 0.9 5.5 18

41 6.9 0.M 5.4 22

42 6.9 0.3 24
43 7.0 0.3 5.4 39

44

45

46

47

48

49

50
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LAKE GREESON DATE 8-16-83
G- I

Depth Temperature ( 0C) Dissolved Oxygen pH Specific Conductance
mg/L umhos/cm

0 30.6 6.9 6.9 19

1 30.6 7.1 6.9 19
2 30.6 7.2 6.9 19
3 30.6 6.9 7.0 19

4 30.6 7.1 7.0 19
5 29.6 4.4 7.1 19

6 27.1 1.7 6.7 20
7 25.2 1.3 6.6 20

8 23.7 1.2 6.5 20
9 22.4 1.4 6.4 20

10 22.0 1.2 6.3 19
!l 21.4 1.1 6.2 1,
12 20.9 1.1 6.1 19
13 20.2 1.1 6.1 21
14 19.9 1.1 6.0 21
15 18.4 1.1 6.0 21
16 17.6 1.2 5.9 21 p
17 16.8 1.4 5.9 21

18 16.1 1.6 5.9 22
19 15.4 1.6 5.9 22

201. 185.8 22
21 13.3 2.3 5.8 23
22 12.4 2.7 5.8 22

23 11.0 3.0 5.8 22

24 10.0 3.1 5.8 21
25 9.3 3.5 5.7 20
26 8.8 3.9 5.7 19
27 8.3 4.3 5.6 19
28 8.1 4.5 5.6 17
29 7.8 4.7 5.5 18

30 7.7 4.8 5.5 16
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Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
ma/l. umhos/cm

31 7.5 4.7 5,5 16

32 7,4 4.5 5.5 16

33 7.3 4.4 5.5 16

34 7.2 4.3 5.5 16

35 7,2 4.0 5,5 16

36 7.1 3.6 5.5 16

37 7.1 2.4 5.5 18

38 7.0 0.8 5.5 19

39 7.0 0.6 5.4 21

40 7.1 0.6 5.4 24

41 7.1 0.5 5.4 31

42 7.2 0.5 5.4 49

43

44

45

46

47

48

49
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LAKE GREESON DATE 3-29-33
G-1 I.'

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
mg/L umhos/cm

0 29.8 6.9 7.2 23
1 29.8 6.8 7.2 23
2 29.7 6.8 7.3 23
3 29.7 6.8 7.3 22

4 29.6 6.8 7.3 22
5 29.3 5.8 7.3 22
6 27.8 2.6 7.0 23

7 24.7 1.4 6.8 23
8 23.2 1.4 6.6 24
9 22.i 1.3 6.4 24

10 21.2 1.3 6.3 24
11 20..I U.2 24

12 19.8 1.2 6.1 24
13 19.2 1.1 6.0 25
14 18.5 0.8 5.9 25
15 17.8 0.8 5.8 25
16 16.8 0.7 5.9 26
17 15.9 0.7 5.8 27

18 15.0 0.7 5.8 27
19 14.0 0.9 5.7 26
20 12.8 1.4 5.7 26
21 11.5 1.8 5.7 25
22 10.c 1.9 5.6 24
23 9.8 2.1 5.6 Zr
24 9.2 2.5 5.C 21
25 8.5 3.2 5.5 22
26 8.1 3.8 5.5 20

27 7.9 4.1 .54 20 r
28 7.7 4.3 5,1 19
29 7.5 0.4 E.' 19
30 7.3 4.4 5.4 I1
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U1 --

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
mOl. unhos/cm

31 7.2 4.4 5.4 19

32 7.1 3.8 5.4 19

33 7.0 3.8 5.4 19 L

34 6.9 3.4 5.4 1.

35 6.8 2.7 5.4 19

36 6.8 1.5 5.4 21

37 6.8 0.6 5.4 24

38 6.8 0.5 5.3 25
39 6.8 0.5 5.3 33

40 6.3 0.5 5.3 3

41 6.9 0.5 5.3 7

42

43
44

45
46

47

48

50 II-
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LAKE GREESON DATE 9-12433
G- 1

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
mg/L uMhos/cm '

0 29.2 1.8 7.1 20

1 29.0 6.9 7.1 20
2 23.9 6.8 7.1 20
3 28.8 6.6 7.1 2 0

4 28. -. 4 7.2 20
5 23.5 C'.0 7.1 2 0 ,,'

6 2. 4 5.6 7.1
7 28.2 5.0 7. 21

8 24.7 C.9 6,1

9 L22.7 0. C22
10 21.5 0.3 5.7 21
11 20.9 0.4 5.7 23

12 20.3 0.4 5.6 23
13 19.8 0.4 5.5 23
14 19.2 0.4 5.6 ,25

15 18.1 0.4 5.6 26
"16 17.3 0.4 5.5 26

17 16.1 0.3 5.6 26

18 15.1 0.3 5.5 26
19 13.9 0.3 5.5 25

20 i12.3 0.7 5.5 25
21 10.7 1.0 5,4 25
22 9,9 1.2 5.3 24

23 8.9 2.3 5.3 21
24 8.5 2.9 E.3 20 _

25 S.0 3.4 5.2 19
26 7.8 3.6 5.2 18
27 7.6 3.6 5.1 18
28 7.5 3.7 3,. I8

29 7.3 3.2 5.1 1'
30 7.2 3.3 5.1 18

B41



Depth Temper ture (00) Dissolved Oxygen PH Specific Conductance

ma/I1. umh*os/cm

31 7.0 3.2. 5.1 is

32 7.0 2.6 5.1 18

33 6.9 2.0 5.1 is

34 6.8 0.9 5.1 1s8A

35 6.8 0.3 5.0 21

36 6.E 0.3 5.0 22

37 6.8 0.3 5.0 30

38 6.8 0.3 5.0 36
39 6.9 0.3 1,5
440 6.9 0.? . 6C

410

424
434
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LAKE GREESON DATE !C-2P-83
G- 1

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
mg/L umhos/cm

0 20.1 F.. 7 6.0 21

1 20.2 5.7 6.0 21

2 20.1 5.3 6.0 21
3 20.1 5.5 6. 21,
4 20.1 5.8 (..0 21

5 20.1 5.7 C.7, 21

6 20.1 5.7 6.0 21
7 20.1 5.C 5.9 21

8 20,1 5.7 5.9 21

9 23.1 5.7 .9 21,

I0 20.1 5.7 5.9 21

11 20.1 5.6 5.9 21

12 20.0 5.7 5.9 21

13 20.0 5.7 5.9 21

14 20.0 5,7 5.9 21

15 19.2 0.5 5.8 34

16 17.2 0.3 5.7 34

17 16.0 0.3 5.8 33

18 15.0 0.3 5.8 30

19 1%.2 0.2 5.7 24

20 12.0 0.2 5.7 22

21 11.0 0.2 5.6 22

22 9.9 0.7 5.6 21

23 9.0 2.2 5.5 17

24 8.6 2.5 5.r 17

45 8.3 2.7 5.5 17
26 7,8 3.7 5.4 15

27 7.7 3.6 5.5 15

28 7.5 3.4 5.4 15

29 7.5 3.? 5.4 15

30 7.3 2.7 5.'. 15

B46



1C-24-03

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
mo/I. umhos/cm

31 72I 2.4 5.4 15

32 7.0 0.7 5.4 13
33 6.9 0.3 5.3 27

34 7.0 0.2 5.5 33

35 7.0 0.2 5.6 55

36 7.0 0.2 5.7 61

37 7.0 0.1 5.7 82

38 6.9 0.1 5.9 91

39 7.0 0.1 6.0 112

40 7.1 0.1 6.1 128
41

42

43
44

45

46
47

48
49

50
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LAKE GREESON DATE 11-2-83
G - 1

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
mg/L umhos/cm

0 19.1 6.4 5.8 22
1 19.1 5.8 5.8 22
2 19.1 5.7 5.9 22

3 19.1 5.7 5.8 22
4 19.1 5.6 5.8 22
5 19.1 5.7 5.8 22
6 19.0 5.7 5.8 22

7 19.0 5.7 5.8 22
8 19.0 5.7 5.9 22 X'
9 18.9 5.3 5.? 23

10 18.8 5.0 5.9 23 S
11 18.8 4.3 5.8 23
12 18.7 4.2 b.8 24 ,
13 18.6 0.4 5.7 24
14 18.2 0.4 5.7 38
15 17.7 0.3 5.7 41
16 16.7 0.3 5.8 39
17 15.2 0.3 5.7 36

18 14.2 0.3 5.7 35
19 12.8 0.3 5.6 31
20 11.4 0.3 5.4 25

21 10.6 0.3 5.4 25
22 8.7 2.2 5.4 19
23 8.5 2.3 5.4 19
24 8.0 3.1 5,4 17
25 7.8 3.4 5.4 18
26 7.6 3.2 5,a 18
27 7.5 3.0 5.4 18
28 7.4 2.6 5.4 18
29 7.2 2.4 3.4 18

30 7.1 2.2 5.1i 13
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I. Z

Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
m./l. umhos/cm

31 7.1 0.3 5.4 21

32 7.0 0.3 5.4 24

33 7.0 0.2 5.4 34

34 7.3 0.2 5.5 46

35 7.0 0.2 5.5 64

36 7.0 O.Z 5.6 70

37 7.0 0.2 5.6 91

38 7.0 0.2 5.7 97

39 7.1 0.2 5.S 121

40

41

44

45 , ',,

46
47 '

49

50

A

IB
,I.

-I

-,.d



LAKE GREESON DATE i1--.-S3
G- I

Depth Temperature (0C) Dissolved Oxygen pH Specific Conductance

mg/L umhos/cm

0 18.2 5.4 5.8 22
1 18.4 5.2 5.8 23
2 18.4 4.9 5.8 23
3 18.4 4.9 5.8 23
4 18.4 4.8 5.8 23
5 18.4 4.7 5.8 23
6 18.4 4.7 5.8 23
7 18.4 4.7 5.8 23
8 18.4 4.6 5.8 23
9 18.4 4.7 5.8 23

10 18.4 4.7 5.8 23
11 18.3 4.7 5.8 23
12 18.3 3.1 5.8 24
13 18.1 0.6 5.8 29
14 17.9 0.4 5.8 32

15 17.6 0.5 5.7 42
16 17.2 0.4 5.7 43 A.
17 16.2 0.4 5.8 38
18 15.0 0.3 5.7 34

19 13.4 0.3 5.8 32
20 11.8 0.3 5.8 25
21 10.6 0.3 5.8 23
22 9.8 1 2 5.7 22
23 8.9 2.0 5.7 10

24 8.6 2.3 5,6 19
25 8.2 2.6 5.6 17
26 8.0 2.9 5.5 17
27 7.8 2.9 5.5 18
28 7.7 2.5 5.5 18
29 7.5 2.2 5.4 18
30 7.4 2.0 5.4 18
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Depth Temperature (0C) Dissolved Oxygen pH Specific Conductance
ma/I. umhos/cm

31 7.2 0.4 5.,4 19
19b32 7.2 0.3 5.4. 22

33 7.1 0.2 5.4 42
34 7.1 0.2 5.4 48
35 7.1 0 .2 5.6 63

36 7.2 0.2 5.6 71

37 7.2 0.2 5.7 8E
38 7.2 0.2 5.7 93
39 7,3 0.25. 114

40 7.3 0.2 5.3 136

41

42

43

44

45
46 '

47

48
49

50
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LAKE GREESON DATE I1-I3
G-~

"Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance PZ
mg/L umhos/cm

"0 16.6 6.0 6.4 21

1 16.3 5.8 6.2 20
2 16.2 5.7 6.2 20
3 16.1 5.7 6.2 20
4 16.1 5.7 6.1 20
5 16.1 5.7 E.1 20
6 16.1 5.6 6.1 20
7 16.1 5.7 6.0 20
8 16.1 5.7 6.0 20

* 9 16.1 5.7 5.9 20.n
10 16.1 5.7 6.0 20
11 16.1 5.7 5.9 29

12 16.1 5.7 5.9 20
13 16.1 5.7 5.9 20
14 16.1 5.6 5.9 19
15 16.1 5.7 5.9 19
16 16.1 5 6 5.9 19
17 16.0 5.4 5.8 20n
18 14.0 1.6 5.8 30
19 13.1 0.4 5.7 30 4

i•" 2.0 0 .4 5.7/ 2!4 ,

21 11.1 0.4 5.7 22
22 10.0 0.8 5.6 22
23 9.6 1.7 5.6 18

"24 8.8 2.3 17
25 8.6 2.8 5.5 16

26 8.2 3.2 5.5 15
27 8.0 3.1 5.4 16

28 7.8 2.8 5.4 15

29 7.7 2.5 5.4 15

"30 7.5 2.0 5.4 16
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Depth Temperature (°C) Dissolved Oxygen pH Specific Conductance
mQ/I. umhos/cm

31 7.r 0.7 5.4 16

32 7.4 0.4 5.L 24

33 7.3 0.3 5 30

34 7.3 0.3 5,4 47

35 7.3 0.3 5.4 59

7.4 0.3 5,5 69 9
37 7.4 0.3 5.3 75

38

39

40

41

42

44

45

46 "
47

48

49

50

p._
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