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CONTRIBUTIONS TO THE HYDROLOGY
OF THE UNITED STATES

THE WATER QUALITY OF
SAM RAYBURN RESERVOIR,
EASTERN TEXAS

By Jack Rawson and Myra W. LanNsForp

ABSTRACT

Inflow of wastes to the Angelina River has caused some local deterioration of
the quality of water downstream from Lufkin. However, the volume of flow in
the Angelina River has been adequate to prevent serious deterioration of the
quality of water in Sam Rayburn Reservoir.

From March 1965 to September 1968, the time-weighted concentration of
dissolved solids in water released from Sam Rayburn Reservoir averaged about
120 mg/1 (milligrams per liter). The average dissolved-solids content of water
in the reservoir during 13 surveys ranged from about 100 to 145 mg/1.

The dissolved-oxygen content of water in the reservoir varied seasonally and
was intimately related to the pattern of thermal stratification. During 10 reser-
voir surveys, the depth-integrated concentration of dissolved oxygen at deep sites
in the downstream half of the reservoir averaged more than 5 mg/l. The con-
centration of dissolved oxygen usually was much greater during periods of
winter circulation than during periods of summer stagnation. About 2 river miles
upstream from Sam Rayburn Dam, the depth-integrated dissolved-oxygen con-
centration ranged from 1.2 mg/l (16-percent saturation) on June 30, 19€5, to
10.9 mg/1 (91-percent saturation) on February 4, 1966. During periods of surumer
stagnation, water below depths of 25-35 feet usually contained less than 2.5 mg/1
dissolved oxygen and often contained less than 1.0 mgy/I1.

*The dissolved-oxygen content of water usually was less in the upstream half
of the reservoir than in the downstream half. During 10 reservoir surveys, the
depth-integrated concentration of dissolved oxygen about 41.5 miles upstream
from Sam Rayburn Dam averaged 4.2 mg/l. Part of the dissolved-oxygen d~ficit
(difference between saturated concentration and actual concentration) res+lted
from the inflow of wastes; however, data for tributary arms of the reservoir
indicate that part of the dissolved-oxygen deficit resulted from the decomposi-
tion of naturally occurring organic debris in the water and in the area inundated
by the reservoir.

J1
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Concentrations of iron and manganese in the water varied seasonally and were
related to the dissolved-oxygen content of the water. The concertrations of iron
and manganese throughout the reservoir were much smaller during periods of
winter circulation than during periods of summer stagnation. During each of
three reservoir surveys in February, the concentrations of iron and manganese
near Sam Rayburn Dam were less than 0.40 and 0.25 mg/l, respectively. How-
ever, on October 6, 1965, the iron content of water ranged from less than
1 mg/l at depths less than 30 feet to as much at 14 mg/l at greater depths.
Similarly, on September 9, 1966, the concentration of manganese near the dam
ranged from less than 0.5 mg/1 at depths less than 10 feet to as much as 6.9 mg/1
at greater depths.

Although storage of water in Sam Rayburn Reservoir has resulted in a decrease
in variations of dissolved solids and principal chemical constituents in the
Angelina River downstream from the reservoir, it has resulted in significant
seasonal variations in the concentrations of dissolved oxygen, iron, and man-
ganese at downstream sites.

Results of periodic surveys indicate that dissolved-oxygen concentrations at
three sites in the 19-mile reach of the Angelina River downstream from Sam
Rayburn Dam were low in late summer and early fall after periods of summer
stagnation in the reservoir. Moreover, the amount of reaeration that occurred
in the reach was insignificant. During periods when the dissolved-oxygen
deficiency was large, the concentrations of iron and manganese at each of the
three sites increased greatly.

INTRODUCTION

Sam Rayburn Reservoir on the Angelina River is a multipurpose
project owned by the U.S. Government and operated by the U.S. Army
Corps of Engineers. The reservoir was designed to control and regu-
late floods, generate power, and conserve water for municipal, indus-
trial, agricultural, and recreation purposes. Construction of the
project by the Corps of Engineers was started in September 1956 and
was completed in July 1966. Deliberate impoundment of water began
in March 1965, and power generation began in July 1966 (Dowell and
Breeding, 1967, p. 177-180).

Before closure of Sam Rayburn Reservoir, chemical-quality data
for the Angelina River indicated that water impounded in the reser-
voir would be of acceptable quality for most uses. However, some of
the tributaries to the reservoir are used for the disposal of industrial
or municipal effluents. Normally, the flow of the Angelina River is
sufficient to dilute these wastes adequately ; however, during extended
low-flow periods, significant changes in the quality of water in the
Angelina River and Sam Rayburn Reservoir could result from the
inflow of municipal and industrial wastes. In October 1963, before
closure of Sam Rayburn Reservoir, the U.S. Geological Survey in
cooperation with the Corps of Engineers began a study to obtain infor-
mation on the quality of water available for storage in the reservoir.
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After closure of the reservoir, the study was expanded to monitor and
explain the variations of selected water-quality parameters—including
dissolved solids, dissolved oxygen, iron, and manganese—in the reser-
voir and in the Angelina River downstream from the reservoir.

DESCRIPTION OF SAM RAYBURN RESERVOIR
AND ITS ENVIRONMENT

The area studied is in eastern Texas and extends from near Lufkin
in Angelina County to near Bevelport in Jasper County (fig. 1). The
drainage area consists mostly of heavily timbered low hills with wide
flood plains along the Angelina River.
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Sam Rayburn Dam is on the Angelina River about 11 miles north-
west of Jasper in Jasper County; Sam Rayburn Reservoir extends
into Angelina, Sabine, San Augustine, and Nacogdoches Counties.
The reservoir has a total capacity of 2,852,600 acre-feet and a surface
area of 114,550 acres at the top of the power and conservation pools
at elevation 164.0 feet. Other data regarding the dam and reservoir
are given below.

Feature Elevation Capacity
(fext) (acre-feet)

Maximum-design water surface..._________________ 183.0 5, 610, 000

Crest of emergency spillway ______________________ . 176.0 4,442,400
Top of flood-control pool..______..___. I 173.0 3,997, 600
Top of power designated power pool. . _ — e 164. 0 2, 852, 600
Top of power head and sediment pool..______._._____________.__.__.._..___._. 149.0 1,452,000
Invert of flood-control outlet works ... ... .. __ . .. __.._.__ 105.0 21,940

Records of reservoir contents are published annually by the U.S.
Geological Survey (1965-68).

ANALYSIS OF WATER-QUALITY DATA

STREAM RECORDS

Locations of the water-quality data-collection sites are shown in
figure 1. Water-quality records for the daily stations are summarized
in table 1. Results of periodic water-quality surveys at selected sites
are given in table 2.

Duration data in table 1 show that before closure of Sam Rayburn
Reservoir, the concentrations of dissolved solids, sodium, hardness,
and chloride in the Angelina River generally were less variable at the
station below Sam Rayburn Dam than at the station near Lufkin. For
example, during about 80 percent of the period October 1963—Febru-
ary 1965, the dissolved-solids content of the Angelins River below
Sam Rayburn Dam was between 75 and 430 mg/1 (milligrams per
liter). During about 80 percent of the period, the dissolved-solids
content of the Angelina River near Lufkin ranged between 110 and
590 mg/l. The time-weighted concentration of dissolved solids aver-
aged about 220 mg/l at the station below Sam Rayburn Dam and
about 250 mg/1 at the station near Lufkin. This decrease in the time-
weighted average concentration of dissolved solids indicates that flow
in the Angelina River generally has been adequate to prevent wastes
released into the river downstream from Lufkin from causing serious
deterioration of the inorganic quality of the water at the station
downstream from Sam Rayburn Dam.
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Since closure of Sam Rayburn Reservoir, regulation of flow by the
reservoir has greatly decreased the variation of dissolved constituents
and has resulted in more uniform chemical quality of the water at
downstream sites. For example, during the period March 1965—
September 1968, the dissolved-solids content of the Angelina Kiver
below Sam Rayburn Dam was between 110 and 140 mg/l during 80
percent of the time. During the same period, the dissolved-solids con-
tent of the Angelina River near Lufkin was between 90 and 305 mg/1
for 80 percent of the time. The time-weighted concentration of dis-
solved solids during the period averaged about 120 mg/l at the
station below Sam Rayburn Dam and about 150 mg/1 at the ststion
near Lufkin.

Before closure of Sam Rayburn Reservoir, the dissolved-solids
content of water at both stations generally varied inversely with water
discharge (table 2 and fig. 2). Also, during low-flow periods, the

550 TTTTTTTTTT AL AL S U LU B A B OO TTTTTT T T roIrT ‘0,000
I Dissolved solids, Angeling River near Lufkin
. | !
¥ s00 { Iy i <5070
= ! Il !. .—Water discharge, Angeling
5 Il l\ 1 . ’ Rwer near Lufkin ,",
o ol H . |
L2 4 & &
3 450 | H I N %
5 | i | %
- ! o e «
S 400 I i} . L — 00
¥ 1]
z | £ Il ee ® ;x [ -
& I | ‘, s 1 ; L W
S 150 I Ty ' (] 800 =
3 ‘ [HIk iV L Q
3 RN ; S I 2
a | l' I £ \ i £ 3
w ¢ ’ ,
E \ 1 IEE | =
3 3002 I 1e - , « } =
2 N BT i 1 b 8
1 | l g
o i Al |
w l J i : y I ' [ g
2 250 il i1y (Ll Hioc 3
S i TRt a
=3 . | : Q" 0 s t |J a
£ . T L d £
= i Bl R i 450 =
W 200 ; ‘ ) 4
2 fl 7 } “* e b 8
a I SVEE P g\l' | A A 5
3 | ! S ¢ >
[ l Iy i L A T A G Ly n &
£ 150 L 7 T AU SR —
] ”~y by ) [ \VE I / b ! L
3 % A TR sV
Y o v Y A’ b PN Ml
= T 7
Dissolved schids, Angeling W/ k
River below Sam Rayburn i
50 IlLllllllqurplnlegrl H?Slplerll‘llIIIIALilLL NSRS .. 5
1964 1965 1966 1967 1968
WATER YEAR

Ficure 2.—Water discharge and concentrations of dissolved solids for daily
chemical-quality stations, water years 1964—68.

410-004 O - 71 -2



J6 CONTRIBUTIONS TO THE HYDROLOGY OF THE UNITED STATES

dissolved-solids content. of the Angelina River was considerably higher
at the station near Lufkin than at the station below Sam Rayburn
Dam. For example, in November 1963, when the water discharge of the
Angelina River near Lufkin averaged less than 50 cfs (cubic feet per
second), the time-weighted concentrations of dissolved solids in the
Angelina River averaged about 520 mg/1 at the station near Lufkin
and about 370 mg/1 at the station below Sam Rayburn Dam. Much of
the dissolved-mineral content of the Angelina River originates up-
stream from Lufkin; the inflow downstream from Lufkin usually
results in a decrease in the dissolved-mineral content of the Angelina
River below Sam Rayburn Dam.

Before closure of the reservoir, no serious depletion of dissolved
oxygen was noted at the station Angelina River below £am Rayburn
Dam (table 2). However, the quality of the water in the river was
degraded locally between the stations near Lufkin and below Paper
Mill Creek near Herty. During 39 surveys, the concentrations of dis-
solved solids and dissolved oxygen in the Angelina River below Paper
Mill Creek averaged about 340 and 3.9 mg/l, respectively. During
these surveys, the concentrations of dissolved solids end dissolved
oxygen in the Angelina River near Lufkin averaged about 170 and 8.7
mg/1, respectively.

Tributaries that contribute to the degradation of the quality of
water in the Angelina River downstream from Lufkin include Bayou
LaNana and Paper Mill Creek. According to records of the Texas
Water Development Board (Herbert Cook, written commun., 1968),
about 4 cfs of treated municipal effluent is discharged into Bayou
LaNana and about 30 cfs of treated industrial efluent is discharged
into Paper Mill Creek.

Concentrations of dissolved solids and dissolved oxygen in Bayou
LaNana near Nacogdoches averaged about 190 and 5 mg/l, respec-
tively (table 2). The BOD (5-day, 20°C biochemical oxygen demand)
during 12 surveys ranged from 2.8 to 6.1 mg/l. Because the quantity
of water contributed by Bayou LaNana was small compared to the
flow of the Angelina River, the influence of inflow from Bayou
LaNana on the dissolved-solids and dissolved-oxygen content of the
main stem usually was small. During some of the surveys, Bayou
LaNana contained large concentrations of nutrients (as much as 48
mg/] nitrate, 27 mg/l ammonia, and 14 mg/1 total phosphate). How-
ever, the inflow of nutrient-rich water from Bayou LaNana has not
greatly increased the concentrations of nitrate and total phosphate in
the main stem between the stations near Lufkin and below Paper Mill
Creek.

During 53 surveys, most of which were made at about monthly inter-
vals, the dissolved-solids content of Paper Mill Creek ranged from
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about 700 to 1,150 mg/1 and averaged about 940 mg/1; the dissolved-
oxygen content ranged from 0.0 to 5.7 mg/l and averaged about 1.7
mg/1; the temperature ranged from 25.5° to 41.5°C and averaged
about 35°C. The BOD during 10 surveys ranged from 7.2 to 25 mg/1
and averaged about 15 mg/l. These data indicate that most of the
degradation of the quality of water in the Angelina River between the
stations near Lufkin and Herty resulted from the inflow of wastes
from Paper Mill Creek.

The dissolved-oxygen content of Paper Mill Creek has increased
significantly since October 1967 and has resulted in a correspor ding
increase in the dissolved-oxygen content of the Angelina River below
Paper Mill Creek.

RESERVOIR WATER QUALITY
THERMAL STRATIFICATION

Impoundment of water in a reservoir may result in signif~ant
changes in the quality of the water. Some of the changes are beneficial ;
others are detrimental. Many of the detriments are related to thermal
stratification—layering of the water due to temperature-induced
density differences.

The following table (after Lange, 1967, p. 1199) shows that pure
water reaches its maximum density at a temperature of about 4°C
and that the difference in density per 1°C is much greater at high
temperatures than at low temperatures.

Temperature Dengity
() (g/ml)

0. 999841
. 999973
. 999965
. 999700
. 999099
. 998203
. 997044
. 995646
. 994033

A change in temperature from 29° to 30°C results in a change in den-
sity of about 0.0003 g/ml (grams per milliliter), whereas a change in
temperature from 10° to 11°C results in a density change of about
0.0001 g/ml. Stable stratification is common in lakes and reservoirs
where the density of the upper and lower levels of water differs by
about 0.001-0.002 g/ml. Thus, temperature differences of 3°—4°C dur-
ing the summer may result in stable stratification.

Other factors that may cause density differences between the inflow-
ing and stored water are variations in suspended matter and salinity.
However, the Angelina River water seldom contains more than 400
mg/1 dissolved solids (table 1). Consequently, salinity-induced strati-
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fication of water in Sam Rayburn Reservoir is much less important
than thermal stratification.

Thermal stratification may assume many patterns, which depend on
geographical location, climatological conditions, depth, surface area,
and configurations of the lake or reservoir. During the winter, many
reservoirs in the temperate zone are characteristically isothermal—
that is, the water has a uniform temperature and density end circulates
freely. With the onset of spring, solar heating warms the incoming
water and the water at the reservoir surface and causes a decrease in
density. This warm surface water floats on the colder and denser water.
As the surface becomes progressively warmer, the density gradient
steepens and the depth to which wind can mix the water is diminished.
Thus, water in the reservoir often is separated into three fairly dis-
tinct strata: (1) The epilimnion—a warm freely circulating surface
stratum, (2) the hypolimnion—a cold stagnant lower stratum, and
(3) the thermocline—a middle stratum characterized by rapid tem-
perature change.

Thermal stratification usually persists until fall when a decrease in
atmospheric temperatures cools both the surface water in the reservoir
and inflow from streams. When the temperatures and densities of the
epilimnion and thermocline approach those of the hypolimnion, the
resistance to mixing is reduced, and wind action produc=s a complete
mixing or overturn of the water.

The pattern of thermal stratification in Sam Rayburn Reservoir
varies somewhat from the classical three-layered pattern, especially
in shallow areas. Here a gradual temperature gradient, rather than
three distinct layers, is usually present. Nevertheless, there were three
fairly distinct layers in deep areas during eight of the 13 reservoir
surveys, as indicated in typical profiles in figures 3 and 8. Data in
tables 3-16 show that water in the reservoir was nearly iosthermal
during surveys 5 (Feb. 24, 1966) and 8 (Feb. 15-17, 1967) and was
only slightly stratified during surveys 10 (Nov. 1-2, 6, 1967) and 13
(Feb.11-12,1969).

Thermal stratification of water in Sam Rayburn Reservoir usually
begins to develop in March or April and persists into October or
November. For example, at site Cc, a deep area about 2 river miles
upstream from Sam Rayburn Dam, the water temperature ranged
from 10.0° to 9.0°C on February 17, 1967; from 27.0° to 16.5°C on
June 17, 1967; and from 21.0° to 18.5°C on November 2, 1967.

DISSOLVED OXYGEN

Fish and other aquatic organisms require oxygen in one form or
another to maintain the metabolic processes that produ~e energy for
growth and reproduction. Moreover, dissolved oxygen is related to
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the cycles of some of the important elements dissolved in water and
thus is one of the most important factors influencing the comporsition
of water in a reservoir.

Water entering a reservoir contains organic material both from
natural sources and from the activities of man. Bacterial stabiliztion
of this organic material requires oxygen. Also, trees, brush, and other
preexisting oxidizable material within the area inundated by the
reservoir exert an oxygen demand.

The distribution of dissolved oxygen in a reservoir is closely related
to thermal stratification (fig. 3). Oxygen enters the surface stratum of
a reservoir by plant photosynthesis and by absorption from the atmos-
phere. During the period of winter circulation, the water is repeatedly
exposed to the atmosphere and dissolved oxygen utilized in the decom-
position of organic matter is replenished. However, during spring and
summer, thermal stratification results in a reduction of vertical circu-
lation of the water. Therefore, oxygen utilized in the decomporition
of organic material is not replaced in the lower stagnant stratum of
the reservoir, and a vertical dissolved-oxygen gradient develops.

Dissolved-oxygen data for Sam Rayburn Reservoir are shown in
tables 3~15, and data for three sites are summarized graphically in
figure 4. At most sites, the dissolved-oxygen gradient was large during
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the period of summer stagnation but decreased greatly during periods
of winter circulation. Also, data in figure 4 show that the dissolved-
oxygen content of water in the reservoir varied seasonall7 and areally.
The concentration of dissolved oxygen usually was much greater dur-
ing periods of winter circulation than during periods of summer stag-
nation. For example, at site Cc near Sam Rayburn Dam, the
depth-integrated dissolved-oxygen concentration during the reservoir
surveys ranged from 1.2 mg/l1 (16-percent saturation) on June 30,
1965, to 10.9 mg/1 (91-percent saturation) on February 4, 1966.

Figure 4 indicates that the oxygen content of water was generally
greater in the downstream half of the reservoir than in the upstream
half. This is illustrated more clearly by figure 5. Data in figure 5 show
that the mean depth-integrated concentration of dissolved oxygen at
sites along the drowned channel of the Angelina River during surveys
3-13 ranged from 5.8 mg/l (60-percent saturation) at site F¢ (about
12.0 river miles upstream from Sam Rayburn Dam) to 4.2 mg/1 (43-
percent saturation) at site J¢ (about 41.5 river miles upstream from
the dam).

Organic wastes contributed by Paper Mill Creek were partly re-
sponsible for the low concentration of dissolved oxygen in the upstream
half of the reservoir. However, dissolved-oxygen concentrations in
tributary arms were not significantly greater than thove in the up-
stream half of the reservoir. For example, the depth-integrated con-
centrations of dissolved oxygen during surveys 3—4 and 6-13 averaged
4.0 mg/1 (45-percent saturation) at site M in the drowned channel
of Ayish Bayou. The depth-integrated concentrations of dissolved
oxygen during surveys 6-13 averaged 4.7 mg/1 (50-percert saturation)
at site N in the lower reach of the Attoyac Bayou arm. IM{uch of these
tributary areas and the upstream half of the reservoir area were
inundated considerably later than the downstream half. Therefore,
during the later surveys, the decomposition of trees, brush, and the
other preexisting organic debris was more active in tributary areas
and the upstream half of the reservoir and required more oxygen than
was required in the downstream half of the reservoir.

During the first three surveys, which were in 1965 when the down-
stream half of the reservoir was freshly inundated, the depth-inte-
grated concentration of dissolved oxygen at most sites averaged less
than 4 mg/l. Thus, part of the dissolved-oxygen deficit in the up-
stream half of the reservoir resulted from the decomposition of pre-
existing organic debris. Also, as the Angelina River ard tributaries
merge into Sam Rayburn Reservoir, the cross-sectional area increases.
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Consequently, traveltime in the reach inundated by the reservoir
increases, and a large part of the oxygen-demanding material from
natural sources and activities of man is stabilized before the water
enters the downstream reach of the reservoir.

Although the depth-integrated concentrations of dissolved oxygen
at sites near Sam Rayburn Dam averaged more than 5 mg/l during
the reservoir surveys, water below depths of 25-35 feet usually con-
tained less than 2.5 mg/1 and often contained less than 1.0 mg/1 dur-
ing periods of summer stagnation (fig. 3).

DISSOLVED SOLIDS

Because the dissolved-solids content and specific conductance of a
water are directly related, field measurements of specific conductance
can be used to detect variations in the dissolved-solids content of water
in a reservoir. Therefore, during each reservoir survey, the specific
conductance of water at each data-collection site was determined at
depth intervals of about 5-10 feet. The relation of dissolved solids to
specific conductance was determined by laboratory analyses of samples
collected from several of the sites.

Usually, agreement between laboratory and field measurements of
specific conductance was good. However, for some samples collected
near the bottom of the reservoir when anaerobic conditions prevailed,
the oxidation and precipitation of iron and manganese before analysis
caused laboratory conductance to be much lower than field values.
Therefore, unless otherwise indicated, the conductances reported in
tables 3-15 are those measured in the field, and these data were used
to estimate the average concentration of dissolved solids in the reser-
voir during each of the surveys (fig. 6).

Data in figure 6 show that the average concentration of dissolved
solids during the reservoir surveys ranged from about 100 to 145 mg/1
and was most variable during the first year after closure of the reser-
voir. A comparison of figure 6 with figure 2 shows that the greatest
variation occurred during periods when variation of the dissolved-
solids content of the Angelina River near Lufkin also was large. These
data indicate that most of the variation in the dissolved-solids content
of the reservoir resulted from variations in the volume and dissolved-
solids content of inflow upstream from Lufkin.

Conductance data in tables 3-15 show that both vertical and longi-
tudinal stratification of waters with different concentrations of dis-
solved solids occurred in Sam Rayburn Reservoir. After f211 overturn,
the concentration of dissolved solids was fairly uniform at a particular
site but varied areally. During periods of winter circulation, water
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apparently moved downstream with a minimum of longitudinal mix-
ing (fig. 7). During periods of thermal stratification, tl'> dissolved-
solids stratification pattern was more complex and was somewhat
variable. However, when the inflowing water was warmer than water
in the reservoir, it generally flowed downstream over the colder water.
The concentration of dissolved solids in inflowing water usnally varied
inversely with water discharge. Consequently, thermal stratification
of the water usually was accompanied by chemical stratification (fig.
7). During summer, the concentration of dissolved solids at a partic-
ular site generally was fairly uniform in the epilimnion, increased
sharply below the thermocline, and was greatest just above the bottom
of the reservoir where anaerobic conditions led to the solution of min-
erals (principally iron and manganese) from the sediments.
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IRON AND MANGANESE

The occurrence and distribution of iron and manganese in waters of
a reservoir are intimately related to the dissolved-oxygen ccntent.
During summer stratification, the hypolimnion is unable to replenish
dissolved oxygen utilized in the decomposition of organic matter. In
the period of anaerobic decompositon that follows, reducing condi-
tions often result in the solution of iron and manganese fron sedi-
ments at the bottom of the reservoir. Throughout the duration of
summer stagnation, the concentrations of iron and manganese in the
bottom waters increase and may eventually reach very high values.
After circulation begins in the fall and oxygen is replenished through-
out the depth of the reservoir, most of the iron and manganese is oxi-
dized to less soluble forms and settles to the bottom of the reservoir.

Iron and manganese data collected during the surveys of Samr Ray-
burn Reservoir are given in tables 5-15. These values are for ircm and
manganese in solution when the samples were collected. The concen-
trations of iron and manganese throughout the reservoir were much
lower during periods of winter circulation than during periods of
summer stagnation.

During each of three reservoir surveys made in February (surveys
5,8, and 13), the concentrations of iron and manganese at site C¢ near
Sam Rayburn Dam were less than 0.40 and 0.25 mg/1, respectively.
During periods of summer stagnation, however, the concentr-tions
of iron and manganese increased greatly, especially below the ther-
mocline where the concentration of dissolved oxygen was low. For
example, during survey 4 (Oct. 6, 1965), the iron content of weter at
site Cc ranged from less than 1 mg/] at depths less than 30 feet to as
much as 14 mg/] at greater depths (fig. 8). During survey 7 (Sept. 9,
1966), the concentration of dissolved manganese at site Cc ranged from
less than 0.4 mg/1 at depths less than 10 feet to as much as 6.2 mg/1
at greater depths.

OTHER PROPERTIES OR CONSTITUENTS

Data in table 1 indicate that the variations in concentrations of
principal chemical constituents in water released from the reservoir
usually were small. During the period March 1965-September 1968,
water released from the reservoir generally contained 21-30 mg/1
sodium, 25-38 mg/1 chloride, 10-20 mg/! sulfate, and 6-9 mg/1 silica.
Hardness of the water usually was between 43 and 60 mg/1.
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CHANGES IN WATER QUALITY DOWNSTREAM FROM
SAM RAYBURN RESERVOIR
Concurrent data collected at three sites during 17 surveys (table 2),
after deliberate impoundment began in the reservoir, indicate that no
significant changes in the quality of water occurred in the 19-mile
reach downstream from Sam Rayburn Dam. The concentrations of
dissolved solids averaged about 105 mg/1 at the station Angelina River
below Sam Rayburn Dam and about 100 mg/1 at the other two stztions.
Data in table 2 and figure 9 show that the dissolved-oxygen concen-
tration at each of the sites varied seasonally and usually was lowest. in
late summer or early fall after periods of summer stagnation in the
reservoir. During the 1968 calendar year, for example, the dissolved-
oxygen concentration of the Angelina River ranged from 11.3 mg/1
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F1aUure 9.—Variation of dissolved oxygen and iron at three sites on the Angelina
River downstream from Sam Rayburn Reservoir, 1968 calendar year.
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(109-percent saturation) in January to 2.3 mg/1 (less than 30-percent
saturation) in July and August at the station below Sam Rayburn
Dam. The similarity of the graphs in figure 9 shows that the amount
of reaeration that occurred in the reach studied was insignificant.

During 1968, the concentration of iron in the Angelina Piver ranged
from 0.02 mg/1 in March to 0.89 mg/1 in September at the station below
Sam Rayburn Dam. Graphs in figure 9 show that similar concentra-
tions were measured at the other two stations. The concentrations of
iron and manganese were usually maximum during periods when the
dissolved-oxygen deficit was large.

SUMMARY OF CONCLUSIONS

Before closure of Sam Rayburn Reservoir, the concentration of
dissolved solids in the Angelina River was less variable at the daily
chemical-quality station below Sam Rayburn Dam thar at the up-
stream station near Lufkin. The dissolved-solids content of water at
both stations generally varied inversely with water discharge, but
during low-flow periods, usually was considerably higher at the station
near Lufkin than at the station downstream from Sam Rayburn Dam.

Flow in the Angelina River was adequate to prevent wastes released
into the river downstream from Lufkin from causing serious deterio-
ration of the inorganic quality of water at the station downstream from
Sam Rayburn Dam. Before closure of the reservoir, the time-weighted
concentration of dissolved solids in the Angelina River during the
period from October 1963 to February 1965 averaged about 250 mg/1
at the station near Lufkin and about 220 mg/1 at the station below
Sam Rayburn Dam.

Regulation of flow by Sam Rayburn Reservoir has greatly decreased
the variation of dissolved solids and has resulted in more uniformity
of the chemical quality of the Angelina River downstream from the
reservoir. During 80 percent of the time from March 1965 to Septem-
ber 1968, the dissolved-solids content of the Angelina River below Sam
Rayburn Dam was between 110 and 140 mg/l. During 80 percent of
the same period, the dissolved-solids content of the Angelina River
upstream at the station near Lufkin was between 90 and 305 mg/1.

Wastes from Paper Mill Creek near Herty caused local degradation
of the quality of water in the Angelina River. During 39 surveys, the
concentrations of dissolved solids and dissolved oxygen in the Ange-
lina River below Paper Mill Creek averaged about 340 ard 3.9 mg/1,
respectively. Upstream, at the station near Lufkin, the concentrations
of dissolved solids and dissolved oxygen in the river during the 39
surveys averaged about 170 and 8.7 mg/l, respectively. The concen-
trations of dissolved solids and dissolved oxygen in Paper Mill Creek
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during 53 surveys averaged about 940 and 1.7 mg/l, respectively. The
5-day, 20°C biochemical oxygen demand during 10 surveys ranged
from 7.2 to 25 mg/1 and averaged about 15 mg/1. Since October 1967,
the disolved-oxygen content of Paper Mill Creek has increased signifi-
cantly and has resulted in a corresponding increase in the dissolved-
oxygen content of the Angelina River below Paper Mill Creek.

Water-quality surveys of the reservoir indicate that thermal strati-
fication generally begins in March or April and persists into O~tober
or November. When the water was thermally stratified, three fairly
distinet layers usually were present in deep areas: (1) the epilimnion,
a warm freely circulating surface stratum, (2) the hypolimnion, a
cold stagnant lower stratum, and (3) the thermocline, a cold middle
stratum characterized by rapid temperature change. In shallow areas,
the water temperature usually decreased gradually from the surface
to the bottom.

The dissolved-oxygen content of water in the reservoir varied sea-
sonally and was related to thermal stratification. During winter circu-
lation, the concentration of dissolved oxygen at most sites usually was
much higher than during summer stagnation. At site C'q about 2 river
miles upstream from Sam Rayburn Dam, the depth-integrated
dissolved-oxygen concentration during 13 reservoir surveys ranged
from 1.2 mg/1 (16-percent saturation) on June 30, 1965, to 10.9 mg/1
(91-percent saturation) on February 4, 1966.

During periods of summer stagnation when the water was thermally
stratified, the lower stagnant stratum of water at most sites usually
contained much less dissolved oxygen than the surface stratum. Al-
though the depth-integrated concentration of dissolved oxygen at
deep sites near Sam Rayburn Dam averaged more than 5 mg/1 during
the reservoir surveys, water below depths of 25-35 feet during periods
of summer stagnation usually contained less than 2.5 mg/l and often
contained less than 1.0 mg/1.

The dissolved-oxygen content of water in Sam Rayburn Reservoir
varied areally and was significantly greater in the downstream half
than in the upstream half. During surveys 3-13, the depth-integrated
concentration of dissolved oxygen ranged from 5.8 mg/1 (60-percent
saturation) at site F¢ (about 12.0 river miles upstream from Sam Ray-
burn Dam) to 4.2 mg/1 (43-percent saturation) at site J¢ (about 41.5
miles upstream from Sam Rayburn Dam). Although organic vastes
contributed by Paper Mill Creek were responsible for part of the
dissolved-oxygen deficit in the upstream half of the reservoir, part of
the deficit resulted from the oxidation of naturally occurring debris in
the water and in the area inundated by the reservoir.

410-004 O - 71 - 4
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The average concentration of dissolved solids during 13 reservoir
surveys ranged from about 100 to 145 mg/l and was most variable
during the first year after closure of the reservoir when the dissolved-
solids content of water passing the daily station Angeline. River near
Lufkin was also highly variable.

The dissolved-solids content of water in the reservoir varied areally
and was related to the patterns of inflow and thermal stratification.
During periods of winter circulation, water moved through the reser-
voir with a minimum of longitudinal mixing. Thus, the concentration
of dissolved solids was fairly uniform at a particular site but varied
areally.

During spring and summer, inflowing water usually was warmer
than water in the reservoir and moved over the colder water, the
result being chemical stratification. During summer, the concentra-
tion of dissolved solids at a particular site usually was fairly uniform
in the epilimnion, increased sharply below the thermocline, and was
greatest just above the bottom of the reservoir where anaerobic con-
ditions led to the solution of minerals from the sediments.

The concentrations of dissolved iron and manganese in Sam Ray-
burn Reservoir varied seasonally and generally were mucl* lower dur-
ing winter circulation than during summer stagnation. During the
three February surveys, water at site C¢ near Sam Rayburn Dam con-
tained less than 0.40 mg/1 iron and 0.25 mg/l manganese. ITowever, on
October 6, 1965, the iron content of water at site C¢ ranged from less
than 1 mg/1 at depths of less than 30 feet below the surfac> to as much
as 14 mg/l at greater depths. Similarly, on September 9, 1966, the
manganese content of water at site C; ranged from less than 0.4 mg/1
at depths of less than 10 feet to as much as 6.9 mg/1 at greater depths.

Chemical-quality records for the daily station Angelina River below
Sam Reyburn Dam near Jasper indicate that the variations in con-
centrations of principal chemical constituents in water released from
the reservoir usually were small. During the period March 1965-
September 1968, the water usually contained 21-30 mg/1 sodium, 25-38
mg/! chloride, and 10-20 mg/1 sulfate. Hardness of the water usually
was between 43 and 60 mg/1.

Although storage of water in Sam Rayburn Reservoir has resulted
in a decrease in variations of dissolved solids and principal chemical
constituents in the Angelina River downstream from the reservoir, it
has resulted in significant seasonal variations in the concentrations of
dissolved oxygen, iron, and manganese at downstream sites.
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The dissolved-oxygen concentrations at three sites in the 19-mile
reach of the Angelina River downstream from Sam Rayburr Dam
were low in late summer and early fall after periods of summer stag-
nation in the reservoir. Moreover, the amount of reaeration that
occurred in the reach was insignificant. During periods when the dis-
solved-oxygen deficit was large, the concentrations of iron and man-
ganese at each of the three sites increased greatly.
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