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PREFACE

A symposium, held at DeGray Lodge, DeGray State Park, Arkadelphia,
Ark., featured the results of research efforts at DeGray Lake, a US Army
Corps of Engineer reservoir located in south-central Arkansas, and Lake
Chicot, an oxbow lake located in eastern Arkansas. The DeGray Lake
portion of the symposium was sponsored by the US Army Engineer Waterways
Experiment Station (WES) as part of Task VIIA of the Environmental and
Water Quality Cperational Studies (EWQOS) Program. EWQOS was sponsored
by the 0ffice, Chief of Engineers (OCE), US Army. The OCE Technical
Monitors for EWQOS were Mr. Earl Eiker, Dr. John Bushman, and
Mr. James L. Gottesman. Program Manager for EWQOS was Dr. J. L.
Mahloch, WES.

The purpose of the EWQOS-sponsored portion of the symposium was to
provide the opportunity for Individuals who participated in water
quality research at DeGray Lake to present and discuss their findings.
Research areas ranged from the hydroleogy and geoclogy of the Caddo River
basin and the physical, chemical, and biological characterization of
DeGray Lake, to numerical modeling. Together, the results of these
efforts provide a detailed description of water and envirommental
quality in DeGray Lake and the Caddo River basin. This volume is a tex-
tual presentation of these results and findings. Papers are reproduced
in the form in which they were received from the authors.

This report was edited by Dr. Robert H. Kennedy, Aquatic Processes
and Effects Group (APEG), Ecosystem Research and Simulation Divi-
sion (ERSD), Environmental Laboratory (EL), WES, and Dr. Joe Nix,
Department of Chemistry, Ouachita Baptist University, Arkadelphia, Ark.
Dr. John Harrison was Chief of EL, Mr. Donald L. Robey was Chief of
ERSD, and Dr. Thomas L., Hart was Chief of APEG. Ms, Jessica 5. Ruff of
the WES Information Products Division was responsible for the prepara-
tion of the final manuscript.

_ COL Allen F., Grum, USA, was the previous Director of WES.
COL Dwayne G, Lee, CE, is the present Commander and Director.

Dr. Robert W. Whalin is Technical Director.



This report should be cited as follows:

Kennedy, R. H., and Nix, J., eds. 1987. "Proceedings of the
DeGray Lake Symposium," Technical Report E-87-4, US Army Engineer
Waterways Experiment Station, Vicksburg, Miss,
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INTRODUCTION: DeGRAY LAKE SYMPOSIUM

by

Robert H. Kennedy and Joseph H. Carrolll/

Reservoirs, whether constructed for flood control, water supply,
or power production, provide valuable environmental and recreational
resources of ever-increasing importance. In many areas, particularly
those with few natural lakes, reservoirs serve as the primary source for
water-based recreation. However, while man's needs for recreation have
increased, the quality of these resources has degraded, prompting
increased public awareness of environmental issues and continued efforts
to ameliorate water quality problems. As with natural lakes, these
problems often stem from poor management practices. Since lakes are
located in depressions surrounded by relatively large drainage areas,
material and nutrient budgets for lakes are dictated by processes which
affect both the quantity and quality of material exports from the water-
shed.. Excessive material exports from the watershed, therefore, lead to
excessive inputs to the lake or reservoir. These inputs often lead to
undesirable water quality conditions, including nuisance algal and
macrophyte growth, reduced Watér clarity, reduced dissolved oxygen
concentrations in bottom waters, taste and odor problems, and increased
sedimentation.

Much of what we understand about processes iﬁfluencing water
quality and the adverse impacts of excessive material and nutrient
inputs is based primarily on extensive studies of mnatural lake systems.
However, a number of substantive differences exist between natural lakes
and reservoirs, suggesting the need to carefully reevaluate this under-
standing as it relates to the development of management strategies for
reservoirs. While biological, chemical, and physical processes are the

same for both reservoirs and natural lakes, differences of magnitude are

i/ Research Limnologist and Aquatic Biologist, respectively, Ecosystem
Research and Simulation Division, Environmental Laboratory, US Army
Engineer Waterways Experiment Statiomn, Vicksburg, Miss.



clearly apparent (Thornton et al. 1981). In general, reservoirs are
larger, deeper, and located in larger drainage areas than are natural
lakes. Unlike natural lakes which often receive water and materilal
inputs from relatively diffuse sources, inputs to reservoirs commonly
occur via a single, large tributary entering at a point distant from the
point of discharge. These differences lead to higher nutrient and sedi-
ment loading rates and shorter residence times for reservoirs. The
increased importance of flow and the fact that reservoirs are often long
and relatively narrow also lead to the establishment of pronounced
longitudinal gradients in water quality. Finally, and perhaps most
significantly, reservoirs, which are designed to control and/or modify
highly variable flows, exhibit variable water levels and discharge from
variable depths in the water column.

The Environmental and Water Quality Operational Studies (EWQOS)
Program, a major water quality research program funded by the Office of
the Chief, US Army Corps of Engineers (CE), and conducted by the US Army
Engineer Waterways Experiment Station, was designed to assess relations
between the design, construction, and operation of Civil Works projects
and exhibited water quality characteristics, and to develop and demon-—
strate technological means for ameliorating water quality problems in a
manner compatible with project purposes (Keeley et al. 1978). An impor-
tant aspect of the EWQOS Program was the conduct of comprehensive
studies of water quality processes in reservoirs. These studies
involved both long— and short-term limnological evaluations of four
characteristie CE reservoirs. These included: Redrock Lake, a main
stem flood control impoundment located on the Des Moines River, which
receives excessive nutrient and sediment loads; West Point Lake, a
large, morphologically complex hydropower project located on the Chatta~
hoochee River in westcentral CGeorgia; Eau Galle Lake, a small flood con-
trol project in west-central Wisconsin; and DeCGray Lake, a large, deep
hydroelectric reservoir on the Caddo River in south-central Arkansas.
0f these studies, those at DeGray Lake were the most comprehensive and

of the longest duration (1967-1982),



Construction of DeGray Lake began in 1967, and power pool was

reached in 1971. The lake was formed by impoundment of the Caddo River

near Arkadelphia, Ark., approximately 12.7 km upstream from the conflu-

ence of the Caddo and Ouachita Rivers.

Flooding of the deeply cut Caddo

River valley resulted in the formation of a deep (maximum depth of

approximately 60 m near the dam), long (32 km), and narrow lake having a

relatively complex shoreline (Table 1). Major features of the lake and

dam include numerous coves and islands, two major embayments (Brushy

Creek embayment to the south and Big Hill Creek embayment to the north),

a deeply cut submerged river chanmnel, and a selective withdrawal outlet

structure capable of discharging design flows from any of four gate

depths. The Caddo River, which originates in the Ouachita Mountains to

the west and north, enters the lake's extreme western end, and riverine

flows are frequently observed in the upper one-third of the lake, par-

ticularly during high~flow seasons.

Although exhibiting severe water

quality conditions during early years due to the inundation and rapid

decomposition of large stands of timber, the lake presently experiences

few water quality problems.

Table 1

Physical Characteristics of DeGray Lake

Characteristic Value*
Elevation, m NGVD 124.4
Surface area, km2 54.2
Volume, 106 m3 808
Maximum depth, m 60
Mean depth, m 14.9
Length, km 32
Shoreline length, km 333
Shoreline development ratio 12,8
Drainage area, km2 1,173

Theoretical hydraulic residence time, years 1.4

* Based on a pool elevation of 124.4 m NGVD.



Research efforts begun prior to impoundment included surveys of
water quality conditions along the reach of the Caddo River scheduled
for inundation. Following impoundment, studies continued, often uti-
lizing the same sampling stations included during previous studies. The
exlistence of these baseline data satisfied one of the primary criteria
used for selecting study sites for the EWQOS studies initiated in 1978
and concluded in 1982, Major sampling stations for these studies
inciuded: Station 1, located in a deep, relatively isolated portion df
the lake immediately upstream from the dam; Station 4, centered over the
old river channel in the more open, main portion of the lake; Sta-
tion 10, upstream from the two major embayments; and Station 12, located
a short distance downstream from the point at which the Caddo River
enters the lake (Figure 1).

AREA MAP
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t;D °
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{ ® L)
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SCALE

0 5 km
—

Figure 1. Location of sampling stations for many of the
studies conducted at DeGray Lake



Studies conducted during the period 1967 through 1982 involved a
number of researchers of varied interests and expertise, representing
several different organizations. Research activities ranged from
evaluations of geologic and hydrologic conditions and studies of complex
biclogical, chemical, and physical processes influencing water quality,
to numerical modeling. The purpose of this symposium is to provide a
forum for the exchange of information and ideas, and an opportunity to
synthesize these data in ways that will lead to a greater understanding
of DeGray Lake, in particular, and of reservoir limnology, in general,
Information gathered as a result of these studies and discussed here
will broaden the understanding upon which sound strategies for managing

these valuable resources must be based.
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GENERAL GEOLOGY AND MINERAL RESOURCES OF THE CADDO RIVER WATERSHED
: by

Charles G. Stone and William V. Bush
Arkansas Gealogical Commission
Little Rock, Arkansas

ABSTRACT

The Caddo River watershed is located in a picturesque area typified by jagged peaks, hogbacks,
and broad rather hummocky basins comprising approximately 480 square miles (1240 sq km} in
west-central Arkansas. |t is |ocated primarily in the Ouachita Mountains with a small portion in
the Gulf Coastal Plain,

The exposed sedimentary bedrock in the Ouachita Mountain portions of the area is shale,
sandstone, chert, novaculite, limestone, conglomerate, and tuff. These rocks are of deep-water
marine origin and exceed 30,000 feet (2100 m) in thickness. They are of Paleozoic age ranging
from Early Ordovician {about 430 million years) to Middle Pennsylvanian {about 290 million
years). The Ouachita Mountains were formed when these rocks were uplifted by northerly directed
compressive forces during late Paleozoic time, This deformation caused extensive thrust faults and
complex fold systems. Some rocks were subjected to very low-rank metamorphism and related
hydrothermal events as evidenced by locally pervasive shear planes, recrystallization, and numerous
milky quartz veins. Following the formation of the Quachita Mountains there was a long period of
erosion and minor arching with thousands of feet of rock being denudated from the area. In the
southeast portions of the watershed the Paleozoic strata are overlain with a major unconformity
by the slightly tilted mostly shaltow-marine Late Cretaceous rocks. Covering the bedrock at places
are unconsolidated, mostly flat-lying terrace, alluvial and colluvial deposits composed of clay, sand,
gravel and cobbles of Quaternary age.

Mineral resources are quite varied in the watershed with barite, manganese, rock aggregate,
state and gquartz crystals comprising most of the past production. Numerous additional mineral
resources could have economic potential. Surface and groundwater are very important resources in

the watershed.
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INTRODUCTION
Location

The Caddo River watershed covers an area of approximately 480 square miles (1240 sq km) in
west-central Arkansas which includes portions of Montgomery, Pike, Mot Spring, Clark and Garland
Counties. [tis located in the central and southern Quachita Mountains with a small portion at the
east end extending into the Guif Coastal Plain.

Physiography

The Ouachita Mountains consist of several mountain ranges and broad basins that extend from
Little Rock, Arkansas westward to Atoka, Oklahoma. The mountains are long narrow ridges, many
forming hogbacks, with steep slopes and sharp rather straight and even crests. The mostly mature
trellis drainage patterns have primarily developed in the tilted alternating resistant and weak
Paleozoic strata. The fypically parallel subsequent streams (Caddo and tributaries) flow in fairly
deep valleys separated by rather high topography, and exhibit some youthful tranversing V-shaped
water gaps. The Fall Line separates the older deformed strata of the Quachita Mountains and the
overlapping Cretaceous marine deposits and other more recent poorly consolidated rocks of the
Gulf Coastal Plain. Surfaces of planation are present inland from this ancient boundary indicating
that the Ouachita Mountains have been deeply eroded since they were formed, but it is untikely
that they were ever completety covered by these seas. Low rolling hills with undulating narrow
valleys typify the topography in the Gulf Coastal Plain. The gently southward dipping Cretaceous
strata form a broad homoclinal feature with sluggish consequent trunk streams having a dendritic
drainage pattern, Near the Quachita River junction the Caddo is in an old age stream cycle with neg-
ligible downeutting and characterized by a low broad flood plain with meanders and oxbow lakes,

The principal physiographic subdivisions of the Ouachita Mountains in the Caddo River water-
shed are the Athens Plateau, Trap Mountains, Cossatot Mountains, Caddo Mountains, Crystal |
Mountains, Mazarn Basin and Caddo Basin (Fig. 1). The total relief is approximately 2000 feet
(610 m) ranging from 180 feet (55 m) {sea level} at the junction of the Caddo and Quachita Rivers

in Clark County to over 2200 feet (671 m) in the Caddo Mountains.

11
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GENERAL GEOLOGY

All the rocks in the Caddo River watershed are of sedimentary origin with the exception of a
smalt igneous dike. All formations in the Ouachita Mountains of Arkansas are present in the water-
shed and range from Early Qrdovician to Middle Pennsylvanian age. They were originally deposited
as nearly flat layers of mud, sand, gravel, marl, lime, volcanic ash and silica in the marine waters
of an ancient deep basin that once occupied the region. With the load and weight of the overlying
sediments they were subsequently converted (o shale, sandstone, conglomerate, limestone, tuff,
chert and novaculite. These rocks were then subjected to intense compressive forces in Late
Paleozoic time that transported them towards the north causing them to bend and foid and, in
many places, to rupture and fault with ultimately the region being uplifted and forming extensive
mountain ranges. This deformation, called the Ouachita orogeny, caused intense pressures and
elevated temperatures which slightly metamorphosed these rocks in places, changing some shale to
slate and sandstone to quartzite. The Paleozoic rocks exceed 50,000 feet (15,200 m) in thickness in
the Quachita Mountains, but only the lower 30,000 feet {3100 m)} are exposed in the watershed.
The oldest strata are exposed in the northern portions and the youngest in the southern portions
of the watershed.

The uplift produced prominent east-west foids and large thrust faults in the strata. Almost
without exception the present land forms are a reflection of the underlying bedrock. The softer
less resistant shale, limestone and impure sandstone are more susceptible to erosion and form most
of the basins, valley floors, and lower hills. The harder more resistant novaculite, chert, and

relatively pure sandstone form the mountains, ridges and peaks.

13



Subsequent to the Quachita orogeny the region has been eroded and dissected with minor
arching and extensional faulting. Some sizable igneous intrusions, notably in early tLate Cretaceous
time, occur in adjoining areas at Magnet Cove and Murfreesboro. In Late Cretaceous and possibly
Early Tertiary time shallow warm seas lapped upon the socuthern portions of the area. The gently
dipping clay, sand, gravel, marl and chalk of Late Cretaceous age represent the remnants of these
deposits.

During Pleistocene and Recent times (Quaternary}, the older rocks in the area were further
eroded. Terrace, alluvial, and colluvial deposits represent some of the products of these climatically
related cycles.

Formation Descriptions

Based on their lithologic character, stratigraphic position, and meager fossil content, 19 forma-
tions of the Ordovician, Silurian, Devonian, Mississippian, Pennsylvanian, and Cretaceous Systems
(Fig. 2} are grouped into seven units on the generalized geologic map {Fig. 3). It was not feasible to
show the Quaternary deposits on this map.

Collier Shale

The Collier Shale is the oldest formation exposed in the Ouachita Mountains of Arkansas.
It was named by Purdue {1909) and further defined by Miser and Purdue (1929) for exposures
along the headwaters of Collier Creek in the Crystal Mountains. The thickness of the Collier is
likely over 1000 feet {365 m} but the base is not exposed. [t consists of graphitic to talcose shale
with considerable amounts of interbedded, dense to very fine-grained, to sandy, sometimes
pellatoidal, or conglomeratic, bluish-gray limestone. There are minor quantities of bluish-black
chert, gray calcareous siltstone, fine-grained quartzose sandstone, conglomerate and boulder-
bearing breccia intervals. Repetski and Ethington (1977} identified conodont microfossils from
limestones in the formation and indicated they were of Early Ordovician age. Previously the
Collier had been tentatively assigned to the older Cambrian Period.

Some road aggregates have been obtained from small pits in the Collier for local uses. Limited

14



Figure 2, — Stratigraphic section of rocks exposed in the Caddo River Watershed

Maximum
Age Formation Thickness Description
feet (meters)
Alluvial Deposits 20" (6 m) clay, silt, sand, gravel, and cobbles
Quaternary
Terrace Deposits 15 {4.6 m) sand, gravel, and some clay
Nacatoch Sand 200 {61 m} sand and some clay and gravel
Saratoga Chalk 60" {18 m) chalk and some marl
Cretaceous Maribrook Mari 80 (24 m) chalky marl and some sand
Ozan Formation 1257 (38 m) marl, sand, or sandy marl
Brownstown Marl 175" (83 m) marl, clay, sand, and some gravel

Igneous Intrusive

ultramafic dike

Pennsylvanian

Atoka Formation
Johns Valley Shale

Jackfork Sandstone

7500" (2287 m})
1500° (457 m})
6000’ {1830 m)

shale, siltstone, and sandstone
shale, sandstone, and some chert

sandstone, siltstone, and shale

Stantey Shale

11,0007 {3355 m)

Mississippian shale, siltstone, sandstone, and some
chert and volcanic tuff
Devonian Arkansas Novaculite 900" (274 m) novaculite, chert, shale, and some
conglomerate
Missouri Mtn. Shale 300" (21 m) shale with minor sandstone and con-
: glomerate
Silurian
Blaylock Sandstone 1000" {305 m} | sandstone, siltstone, and shale
Polk Creek Shale 175" (63 m) shale and some chert and limestone
Bigfork Chert 750" {229 m} [ chert, limestone, and some shale and
siltstone
Womble Shale 1900° {579 m) shale, limestone, and some sandstone,
chert and conglomerate
Ordovician Blakely Sandstone 700’ (213 m} | shale, sandstone, and some conglom-

Mazam Shale

Crystal Mtn. Sandstone

Collier Shale

3000" (915 m)

850’ {259 m)

1000 {305 m)

erate and Ilmestone

banded shale with some sandstone
and limestone

sandstone, shale, and some limestone
and conglomerate

shale, limestone, and some chert and
conglomerate
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raserves of limestone for agricultural purposes are also available,

Crystal Mountain Sandstone

The Crystal Mountain Sandstone overlies the Collier Shale and the name was proposed by
Purdue (1909} for the massive sandstones containing clear quartz crystals that form the Crystal
Mountains,

The Crystal Mountain Sandstone varies from approximately 550 to 850 feet (168 — 269 m)
in thickness. The formation is composed of very massive to thin-bedded quartzose, calcareous,
light gray to brown, sometimes conglomeratic, medium-grainéd sandstones, Interbedded black,
gray to buff shales are present and are more common in the upper part of the formation. Intervals
of thin, dense, very fine-grained to sandy, bluish-gray limestone and calcareous, gray conglomerate
and boulder-bearing breccia occur in the lower portions of the formation, The massive sandstone
interval is quite resistant and forms the tall ridges and peaks in the Crystai Mountains. Few fossils
have been reported from rocks in the formation.

Large reserves of rock aggregate are potentially available from the massive sandstone intervals,
Significant amounts of clear quartz ¢rystals are mined from veins dissecting the formation at several
sites in and adjacent to the watershed. Some small abandoned manganese mines and prospects
alse occur in the Crystal Mountain Sandstone.

Mazarn Shale

The Mazarn Shale was named from Mazarn Creek northeast of Norman, Arkansas,in the Crystal
Mountains by Miser (1917} and later mapped by Miser and Purdue (1929}, The Mazarn has a total
thickness of about 2500 to 3000 feet {762 — 915 m} and consists mostly of black shale with some
interbedded olive-green shale and silty shale, thinly laminated gray siltstone, brown quartzose
sandstone, and dense blue-gray limestone. The alternating black and olive-green shale layers,
often with cross-cutting cleavage, give it a banded appearance. Worm burrows and other trace
fossils occur in the siltstones, and some conodonts and graptolites are found in the limestones and

shales, The Mazarn typically forms fairly broad valleys with some noticeable low ridges. There
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have been minor quantities of commercial slate and also shale for rural road construction obtained
from small pits and quarries in the Mazarn, Some of the limestone intervals could have potential for

agricultural purposes.

Blakely Sandstone

The Blakely Sandstone was named from Blakely Mountain north of Hot Springs by Miser
{1917} and later mapped by Purdue and Miser (1923). It ranges from 400 to 700 feet {122 —
213 m) in thickness and consists of interbedded thin to fairly massive, fine to medium-grained,
sometimes silty or calcareous, quartzose brownish gray sandstones and black to green shales. A gray
sandy limestone occurs in places in the upper part of the Blakely and a shale sequence ranging in
thickness from 100 to 200 feet {30 — 61 m) is near the middle. Graptolite impressions are present
in some of the shales. The Blakely forms tall ridges with small, narrow intervening valleys. Small
amounts of quartz crystals have been mined at a few localities near Norman from veins dissecting

the sandstones, The massive or thicker packets of sandstones are all sujtable for rock aggregate.

Wombig Shale

The Wombie Shale Was named for outcrops near the town of Womble (now called Normanj),
Arkansas,by Miser (1917}, it likely ranges from about 1250 to 1900 feet (386 — 579 m} in thick-
ness and consists mostly of black shale with intervals of dense, bluish-gray limestone and calcareous
siltstone. Minor amounts of gray chert, fine-grained quartzose sandstone and conglomerate are
also present. Graptolite fossil impressions occur rather commonly in the shale. Repetski and
Ethington {1977) describe conodonts in the limestones. Springs issue from joints in the limestone
intervals at a number of places. The Womble characteristically forms low, fairiy broad valleys with
minor east-west trending, rather irregular hills, Recently several companies have tested rocks of
the Womble and other formations for base metal deposits. The limestones have been prospected on
a small scale for agricultural limestone and decorative black marble. Small amounts of road aggre-

gate have been mined from the Womble.
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Bigfork Chert

The Bigfork Chert was named for extensive exposures near Bigfork, Arkansas,immediately
west of the Caddo watershed by Purdue (1908). It ranges in thickness from about 550 feet {168 m}
in the north to 750 feet (229 m} in the south. It is composed primarily of thin-bedded, highly
fractured, gray chert, dense gray limestone, calcareous siltstone and some thin, interbedded black
shale. Irregular-shaped “potato” hills are produced by the weathering of the Bigfork. {ntense
fracturing creates good aquifer conditions in the formation throughout most of the Quachita
Mountains. Some occurrences of the aluminum phosphate mineral wavellite (cats-eye) and variscite
have been found in small veins. Because of its finely broken nature, the Bigfork Chert has consider-
able potential for local supplies of rock aggregate.

Polk Creek Shale

The Poik Creek Shale was named by Purdue (1909} for outcrops along Polk Creek in the Caddo
Mountains. The Polk Creek ranges from 110 to 175 feet {34 — 53 m) in thickness. Itis a black
sooty shale, with some very thin gray chert and a few thin blue-gray limestone intervals. Upper
Ordovician graptolite fossils are very common in the formation. It is mostly exposed in narrow
strips in valleys but occasionally outcrops on the mountain slopes. There are several old prospects
in the sooty shales which likely were unsuccessful ventures for various precious elements,

Blaylock Sandstone

The Blaylock Sandstone was named from Blaylock Mountain on the Little Missouri River by
Purdue {1909}, It lies between the Missouri Mountain Shale and the Polk Creek Shale and is
approximately 1000 feet (305 m} thick in the Cossatot Mountains but it thins dramatically to the
north where it is either absent or less than 20 feet {6 m) thick. It consists of alternating thin
brownish gray, very fine-grained, silty sandstone and gray shale layers. 1t typically forms narrow
ridges or jagged strips on mountain slopes. A small quantity of sandstone has been used for local

building stone. There are a few old misdirected prospects in the formation.
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Missouri Mountain Shale

The Missouri Mountain Shale was named by Purdue {1909} for exposures in the Missouri
Mountains. The Missouri Mountain Shale lies between the Arkansas Novaculite and the Blaylock
Sandstone, or when the Blaylock is absent the Polk Creek Shale. |t is typically a red, green or buff
shale or slate with minor novaculite and conglomerate layers, it generally is poorly exposed and
forms narrow valleys or slopes. The Missouri Mountain is about 50 feet (15 m) thick in the south,
reaches a maximum of 300 feet (91 m) in the west-central part, and is between 175 and 200 feet
{63 — 61 m) along the east-central portions of the area. It has previously been guarried for orna-
mental red, green, olive and buff colored slates in the northwestern part of the area.

Arkansas Novaculite

No type locality has been assigned for the highly distinctive Arkansas Novaculite.The exposures
along the roadcut adjacent to the Caddo River at Caddo Gap have served as a classic example of the
typical development of this formation (Fig. 4}. The Arkansas Novaculite consists predominantly
of white to light gray novaculite with lesser amounts of gray chert, olive-green to black shale,
conglomerate and sandstone. It is about 850 to 900 feet (259 — 274 m} thick in the south, about
650 to 800 feet (198 — 244 m) thick in the central part, and 350 to 400 feet {107 — 122 m) thick
along the northeastern part of the watershed. Novaculite is a hard dense rock composed essentiaily
of silica, usually white to light gray in color and resembling unglazed porcelain in general appear-
ance and texture. The formation is divisible into three distinct Divisions throughout maost of the
area: a Lower Division of massive white novaculite, with minor shale and conglomerate; a Middle
Diviston of dark chert and novaculite interbedded with olive green to black shale and some
conglomerate; and an Upper Division of white, often tripolitic and calcareous, white, thin-bedded
novaculite. The Arkansas Novaculite is extremely resistant and forms tall, sharp-crested ridges along
east-west belts. Novaculite is probably best known as a raw material for making whetstones. There
are no active whetstone operations in the area, but suitable materials are undoubtedly present.

Tripoli prospects occur in the Upper Division at several localities and abandoned manganese mines
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Figure 4. — Complexly folded intervals of dense novaculite and some thin shale in the
Lower Division of the Arkansas Novaculite at the north end of the Caddo Gap
section on Arkansas Highways 8 and 27.

Figure 5, — Steeply dipping interbedded quartzose sandstones (light} and shales (dark) in the
upper Jackfork Sandstone near the middle of the De Gray Lake spillway cut,
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and prospects are present in both the Lower and (less often) the Upper Divisions, Some quantities
of copper, cobalt, nickel, and lithium are often associated with the manganese ore. In recent years
the unusual iron phosphate minerals that occur mostly in association with the manganese occur-
rences have been prospected by mineral collectors, fock aggregate is readily available from various

portions of the formation.

The Stanley Shale was named by Taff (1902} for exposures near the town of Stanley (formeriy
called Standiey) in Pushmataha County, Oklahoma. The Stanley Shale has been elevated to a
Group in Oklahoma and in some areas in Arkansas, but mainly for the sake of simpiicity, these
subdivisions are not used in this report.

The Stanley Shale has a maximum thickness of about 11,000 feet {3355 m} and is composed
mostly of black to brownish-green shale with lesser quantities of thin to massive, fine-grained, silty
gray to brown sandstone. Some thin black siticeous shales and cherts occur in parts of the Stanley
and are useful in subdividing the formation. Minor conglomerate and tuff beds are present, mostly
in the lower part. Cone-in-cone and other mostly calcareous siltstone concretions typically occur
throughout the formation. Some conodonts have been found in the shales and cherts and a prolific
invertebrate fauna has been collected from erratic blocks at a few locations in the Stanley {mostly
in the northern Ouachita Mountains), Plant fossils are present in some intervals and are useful for
age determinations and correlations,

The sandstones decompose upon weathering and form rather low ridges. Thus the Stanley
typically forms valleys with a series of low hills. ftis the primary bedrock for the Mazarn Basin
and much of the Athens Plateau.

Significant barite has been produced from deposits in the lower Stanley in the area. Barite
mining is expected to resume at a future date by the Milchem Company from their depo'sit'at
Fancy Hill. Slate used for roofing granules is currently mined by Bird and Son, Inc.,from sheared
shales in the Stanley near Caddo Gap and unlimited reserves are available. There are several small
pits in the shales, siltstones, and sandstones of the Stanley which are used mostly as local sources

of rock aggregate. Significant mercury and antimony deposits occur in the Stanely Shale to the
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south and southwest of the watershed. There is one small antimony prospect known in the
watershed on the east end of De Gray Lake.

Jackfork Sandstone

The Jackfork Sandstone was first used by Taff {1902} to designate a sandstone-shale sequence
on Jackfork Mountain north of Daisy in Atoka County, Oklahoma. In the Quachita Mountains
of Oklahoma and in some areas in Arkansas, the Jackfork has been elevated to a Group and sub-
divided into a number of formations, but it will be retained as a formation in this report.

The Jackfork Sandstone of Early Pennsylvanian age has a total thickness of about 6000 feet
(1830 m) along the southern part of the Athens Plateau. A classic section of the upper Jackfork
Sandstone occurs at the Lake De Gray spillway (Fig. 5). Approximately the lower 2500 feet
{762 m) of the Jackfork Sandstone is exposed in the Pigeon Roost Mountain area of the Mazarn
Bas'm.

The Jackfork is composed of thin to massive, light-brown, fine-grained, quartzitic gray
sandstone, blue-black to brown siltstone and interbedded gray-black shale. Some of the sandstones
contain a few thin conglomeratic layers with pebhies that consist of rounded chert and meta-
quartzite. Many of the siltstones contain coalified plant fragments. A few intervebrate fossil
fragments and molds occur in the sandstone and conglomerate beds. The massive sandstones are
fairly resistant to weathering and typically form ridges with many rock exposures. Little mineraliza-
has been noted in the Jackfork in this area. But the possibility exists of discovering deposits such as
mercury that occur in veins in the Stanley Shaie and Jackfork Sandstone to the southwest near
Lake Greeson. Small quantities of mercury have been noted near De Gray Lake. A massive
sandstone interval in the upper Jackfork is worked sporadically for commercial aggregate sast of
De Gray Dam. Several units in the Jackfork have potential for commercial aggregate.

Johns Valley Shale

The Johns Valley Shale was named by Ulrich (1927) for exposures that Taff {1901} had

identified as Caney Shale along lohns Valley in Pushmataha County, Oklahoma. The Johns Valley
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Shale has received much attention by geologists because of the enormous quantities and, in some
cases, vast sizes of erratics derived from Arbuckle and Qzark foreland facies mostly in the frontal
Quachita Mountains of Oklahoma and portions of Arkansas. [t is the general consensus of opinion
that the erratics were derived by slumping from submarine scarps that flanked the north side of
the unstable Quachita trough,

Walthall {1967} first described the Johns Valley Shale in the southern Athens Plateau area of
Arkansas. Stone, Haley and Viele {1973), Haley et al. (1976), Gorden and Stone (1977), and
Stone, McFarland and Haley {1981} further defined and also expanded the upper boundary of
the formation in this area.

The formation in the watershed is about 1500 feet {457 m) thick and typically consists of gray-
black clay shale and rather silty thin to massive brownish-gray sandstone. Some ironstone
concretions are dispersed through the shales. Rather chaotic sandstone-shale intervals are present at,
places in the formation. A few invertebrate fossils occur in a few lenticular siltstone masses that
likely were deposited by submarine slumping from a southern source.

Atocka Formation

The Atoka Formation was described and mapped by Taff and Adams (1900} near Atoka,
Oklahoma, but a type section was not designated. Reinemund and‘,DaniIchik {1957}, Stone (1968},
and Haley et al. {1976) further defined and established the Atoka Formation in the southern
Arkoma Basin and Quachita Mountains of Arkansas. The Atoka was first differentiated from the
Jackfork in the Athens Plateau by Miser and Purdue {1929). Walthall divided the “Atoka Forma-
tion” in this area into the Johns Valley Shale and Atoka Formation. .During the Arkansas state
geclogic map project (Haley et al. 1976}, the Atoka-Johns Valley baundary was further adjusted.

The Atoka contains about 7500 feet (2287 m) of thin to rather massive, fine to medium-grained
subgraywacke {silty) sandstones and interbedded gray-black shales. There are chaotic intervals
containing masses of sandstone, siltstone, iron carbonate concretions and possibly some erratics

that suggest extensive slurries and slumps derived from submarine scarps generally to the south,
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A few conglomerates and calcareous sandstones contain a transported invertebrate mold fauna.

The top of the Atoka is not exposed in the area and it is believed that about 20,000 feet (6100 m)
was removed by Early Cretaceous erosion. Small quantities of road aggregate have been mined from
the Atoka.

Brownstown Marl

The name Brownstown Marl was first applied by Hill (1888) to strata of Late Cretaceous age
outcropping in the vicinity of Brownstown, Sevier County, Arkansas. It was subsequently mapped
and partially redefined by a number of investigators in southwest Arkansas.

In the eastern part of the Cadde River watershed, near De Gray Dam, the gently southward
dipping Brownstown Mar| caps hills underlain by the tilted Paleczoic rocks. The Brownstown was
deposited in the Gulf Coastal Piain. The break between the older and younger rocks represents the
Fall Line — or a major unconformity with a long period of erasion along the eastern and southern
Ouachita fold belt. The Brownstown has a thickness of about 175 feet (53 m) and is composed of
marl, clay, sand and gravel. These beds were deposited mostly in a shallow marine environment
near an ancient shoreline. Some marine fossils, especially a microfauna, and a few lignitic logs
have been noted in the formation. Sand and gravel from the Brownstown was used in construction
at De Gray Lake,

Other Upper Cretaceous Formations

The Brownstown Marl is overlain by several rather thin, mostly marine and fossiliferous,
younger Upper Cretaceous formations in a small area along the southeastern border of the water-
shed near Arkadelphia. The following brief description of these formations is mostly from Dane
{1929}. The Brownstown is overlain unconformably by about 125 feet (38 m) of sandy mari of the
Ozan Formation. The Marlbrook Marl unconformably overlies the Ozan and consists of about 80
feet (24 m) of dark blue (fresh) to white (weathered) chalky marl. The Saratoga Chatk which rests
unconformably on the Marlbrook contains about 60 feet {18 m} of fairly hard, white chalk with

some mari. The Nacatoch Sand unconformably overlies the Saratoga and consists of about 200
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feet (61 m) of cross-bedded, yellowish-gray, fine-grained, slightly giaucenitic, unconsolidated quartz
sand, with minor clay and gravel intervals. About three miles south of the area, the Arkadelphia
Marl, which is the youngest Upper Cretaceous Formation in Arkansas, unconformably overlies the
Nacatoch.

Terrace Deposits

Minor alluvial terrace deposits of Quaternary (Pleistocene) age occur along the Caddo River
watershed. These deposits are thin, probab]y not exceeding 15 feet {4 — 6 m) in thickness. They
consist of sand, gravel and cobbles derived mostly from the more resistant Paleozoic rocks in the
area. Near the terminus of the Caddo River with the Quachita River, the terrace deposits reflect
more of the source and transport of the Quachita River system,

These several levels of terrace deposits were previously more extensive, but have been repeatedly
altered by subsequent Pleistocene and Recent events that at times have caused intense erosion and
deposition along the watershed.

Alluvium and Colluvium

Clay, silt, sand, gravel, cobbles and,locally,boulders derived from the resistant sedimentary
rocks in the area compose the Recent alluvial deposits of the Caddo River and its tributaries. These
deposits generally do not exceed 20 feet (6 m} in thickness, except near the terminus of the Caddo
River with the Ouachita River where they are somewhat thicker. The colluvial deposits are
composed of clay, silt, sand, gravel, cobbles and,locally, bouiders that were mostly derived by
extensive slope wash from rocks on the surrounding hills and cover most of the valleys and sfapes
as a thin veneer. A few pimpie mounds occur with these deposits, Some of the silt may represent
a windblown (loess) component.

Sedimentary History
The following abstract on the sedimentological history of rocks in the Quachita Mountains,

Arkansas, with minor revisions, is from Stone and Haley (1982).
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The Paleozoic sedimentary rocks of the Ouachita Mountains in Arkansas range in age
from Early Ordovician to Middle Pennsylvanian and have an aggfegate thickness in excess
of 50,000 feet (15,200 m} --— (about 30,000 feet [9,100 m] crop out in the Caddo River
watershed). The stratigraphic sequence including the Early Ordovician age Collier Shale
through the Early Mississippian age Hot Springs Sandstone Member at the base of the
Stanley Shaie is from 7500 {2290 m) to over 12,000 feet {3660 m) thick. The shales,
micritic-arenitic limestones, siltstones, sandstones, cherts, novaculites and conglomerates
of the sequence are considered proto-Ouachita bathyat platform or trough deposits that
represent: 1) indigenous pelagic or hemipelagic deposits; 2) turbidity or bottom current-
submarine fan and related deposits combined with episodes of slump and slurry detach-
ments producing the included erratics; and 3) minor Devonian and other intrusives(?).
With the exception of Silurian age Blaylock Sandstone which has a probable southeastern
source, these rocks were all derived from “northerly” fiahking shelf, slope and submarine
ridge sources.

Beginning with the Hatton tuff lentil in the lower Stanley Shale of early Chesterian
time {Mississippian) and ending in the Middle Pennsylvanian upper portion of the Atoka
Formation, over 40,000 feet (12,200 m) of deep-water turbidites-——sandstones and shales
~-—and some cherts combined with submarine slope and platform erratics were deposited
in the rapidly subsiding Ouachita trough. The Stanley Shale was derived from a volcanic
island arc and other sources to the south and southeast with only a minor source of clay
and olistoliths from the north. The Jackfork Sandstone, Johns Valley Shale and Atoka
Formation represent coalescing submarine fan accumulations derived from major delta
systems to the north, northeast, east, and sdutheast, and, in part, south with episodes of
major slumping, particularly in Johns Vailey time, from flanking platfarm deposits and
slope facies to north and northwest, Preconsolidation sediment flow features demonstrate

repeated cycles of “‘southward” slumping in rocks of all ages, except in the extreme
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southern part of the area, where the Johns Valley Shale and the lower part of the Atoka
Formation, have sedimentary structures indicative of northward slumping directions
which suggests that they were deposited an the south side of the Quachita trough as it
was apparently being closed by converging structural plates.

After the uplift of the Ouachita Mountains in the late Paleozoic and into Late Cretaceous times,
the area, was, for the most part, extensively eroded. The minor deposits that were possibly formed
during this long time span were mostly reworked by the partial inundations of the warm Late
Cretaceous seas. Shallow marine and alluvial conditions likely prevailed in the area throughout
most of early Tertiary time but were subsequently eroded from the immediate area. In the
Quaternary (Pleistocene and Recent) there were periods of braided stream alluviation and extensive
erosion. Remnants of the terrace deposits occur above the alluvium along the Cadde River
watershed.

Quartz Veins

Quartz veins ranging in width from less than an inch to rarely many feet are locally numerous
in the Paleozoic rocks. Large veins are especially common along the northern margins in the Crystal
Mountains. Most of the veins consist of milky quartz with scattered inclusions of chlorite, adularia,
platy calcite, and dickite. These veins contain crystals and clusters of clear to milky quartz that are
renowned world wide for their high qualities. The High Point deposit in section 19, T. 3 S.,

R.24 W, in the Crystal Mountains is one of the larger occurrences that is sporadically mined for
crystals. Numerous other sites occur in the adjoining sections. Locally in the central and southern
parts of the area minor quartz veins contain very small complex crystals, some of which are
"water-bubble’ ar “negative’” types.

Sutfides are extremely rare in most quartz veins, but a few contain significant quantities of lead,
zinc, copper, silver, antimony, mercury and other elements, At times considerable prospecting
has been accomplished on these mineralized quartz veins in or adjacent to the area. These

fracture-filling veins are considered to be of hydrothermal (epithermal) origin {Miser 1943, 1959,
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and Engel 1952}. Bence (1964) indicated a maximum temperature of about 347°F {175°C) for
quartz veins in the Crystal Mountains. Mast of these quartz veins are considered of late Paleozoic
ége having formed during the closing stages of the Ouachita orogeny.

Igneous Rocks

Igneous rocks generally of early Late Cretaceous age occur as nepheline syenite plutons;
volcanic and explosion breccia pipes; and numerous smalt lamprophyric dikes and sills to the east of
the watershed at Magnet Cove, Bauxite and Little Rock. Diamond-bearing kimberlite pipes are
present to the southwest near Murfreesboro. The only igneous rock known in the area is on the
eastern end of Pigeon Roost Mountain in the SW% SE% section 11, T. 4 5., R. 23 W., where a
carbonate-rich lamprophyric igneous breccia has intruded the Arkansas Novaculite and Stanley
Shale. Other igneous rocks, especially small dikes and sills probably occur in the watershed, but
they have not been noted due to the deep weathering, extensive soil cover and rather thick vegeta-
tion.

Some beds of volcanic tuff occur primarily in the lower Stanley Shale and were probably
derived from volcanic sources to the south of the Quachita trough, Volcanic and igneous detritus
also occurs in some of the Upper Cretaceous rocks south of the area.

Minor epizonal igneous and metamorphic rock fragments, some as farge as boulders, are
incorporated in the rocks of the Cotlier, Crystal Mountain, Blakely and other formations within
or adjacent to the area. These are considered to be derived by slumping from mostly Precambrian
rock sources that oceurred along submarine scarps that flanked the north side of the Ouachita
trough.

General Structure

The Paleozoic rocks that crop out in the watershed were involved in the various tectonic stages
leading to the development of the Quachita Mountains, mostly in late Paleozoic times. The
intensity of structural deformation in the Paleozoic rocks increases from south to north across the
area at the surface {(Fig. 6}. There are broad folds cut by numerous southward dipping thrust faults

in the Pennsylvanian rocks in the southern Athens Plateau. In the central and northern Athens
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FIGURE 6. GENERALIZED STRUGTURAL CROSS-SECTIONS OF THE ROCKS IN THE
CADDO RIVER WATERSHED. (Lines of section are shown on Figure 3)
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Plateau within the Mississippian Stanley Shale, there are tight folds brokén by both high angle and
near bedding plane thrust faults. Minor shearing occurs in some of the shales. The rocks in the
Cossatot and Caddo Mountain ranges and the Mazarn Basin are very steep or even overturned, and
locally exhibit some shearing. Thrust faults with disptacements on individual plates varying from a
 few feet to many miles disrupt the strata. Small miiky guartz veins fill fractures in some of the rocks.
Strata in the Caddo Basin and the Crystal Mountains contain exceptionally complex folds {often
recombent) with several major fow-angie decollements and many smaller thrust faults. These rocks
are locally cut by sizable quartz veins and a well-developed rock cleavage occurs in some shales,

Gently southward dipping Late Cretaceous strata cover deformed Paleazoic rocks along the
southern border. These and all older rocks are subsequently overlain by nearly flat-lying terrace,
alluvial or colluvial deposits of Quaternary age.

Structural History

The following summary on the structural history of the Quachita Mountains, Arkansas, with

some revisions, is from two abstracts by Haley and Stone {1981, 1982).
The racks in the Quachita Mountains may have attained their present structural setting

through sequential periods of folding and faulting, with each period of deformation affect-

ing the previous folds and faults to the extent that, in many of the areas, they were

backfolded to the point of being overturned southward,

In most previous investigations the deformed Paleczoic rocks of the Quachita

Mountains of Arkansas have been divided into three poorly defined structural parts; the

“core area,” the “frontal zone” or "frontal beit” to the north, and the “southern Quachitas”

or “southern beit"” to the south. Through our recent studies of the surface geology

we have divided the area into seven generally east-west trending structural belts. Each

belt is a unit having similar structural features and is a morthward moving imbricately

faulted thrust plate with a major sole fault. From north to south these belts are named Rover,

Aly, Nixon, Avilla, Mt. Ida, Hopper and Amity. The Mount Ida, Nixon and Avilla belts

include most of the older Paleozoic rocks and are the most intensely deformed.
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It is suggested that the simplified sequential phases in the structural development
of the Quachita Mountains are as follows: (A} extensional faults and minor igneous
intrusions, (B} major uplift with folding and decollement of the more competent units;
(C) thrust faulting; (D) folding with further decotlement; (E) thrust faulting and related
backfolding, (F) cross faulting and folding with arching; and (G} further arching. It is
suggested that Step A took place during the early to middle Paleozoic, Steps B-D during
Middle to Late Pennsylvanian, Steps E-F during Late Pennsylvanian through Permian
and possibly Triassic, and Step G from Triassic to Recent.

We conclude that: {1} the Ouachita Mountains in Arkansas are allochthonous and
formed by northward overriding imbricately faulted thrust plates with major sole faults;
{2) some thrust plates possibly involved Precambrian rocks in the subsurface; (3) the
structural _deformation.likely narrowed the initial width of the Ouachita depositional
basin by as much as 250 miles (400 km), and {4} a northward(?} dipping fossil Benioff
subduction system was present to the south of the Ouachita Mountain outcrop likely

south of the Sabine Uplift in northern Louisiana.

ECONCMIC GEOLOGY
Mineral Resources
The principal mineral resources of the Caddo River watershed are barite, manganese, novaculite,

quartz crystals, rock aggregate, slate and tripoli. Some of the other mineral occurrences include
clay, copper, lead and zinc, limestone and chalk, mercury, phosphate, and iron ore. Significant
development of the mineral resources started in the middle 1800's and has grown rather slowly,
Through the years there have been many claims, prospects and related ventures for precious and
base metals in the area, but they have met with [ittie success. Currently slate is being produced

for roofing granules; a barite mine and mill are slated for operation upon the resumption of

higher rates and demands. Some quartz crystals are sporadically mined for mineral specimens

and other uses and rock aggregates are mined throughout the area,
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Potential for future growth is good, because of the demand for the various mineral
commodities. The following is a brief discussion of the mineral resources of the watershed
including their occurrence, history and potential.

Barite

Barite, a sulfate of barium, is a heavy nonmetallic mineral with a specific gravity of 4.5, usually
gray in color, and granular to crystalline. The ore occurs in beds, nodules, or veins in the lower
Stanley Shale, in the Middle Division of the Arkansas Novaculite and possibly in the Missouri
Mountain Shale,

Barite was first discovered in Arkansas in 1888 in Montgomery County and in 1800 in
Hot Spring County just east of Magnet Cove. Production from the Magnet Cove area began in
1940 and from 1944 to 1966 yielded sufficient barite that Arkansas led the nation in its
production. From 1944 to 1962 small-scale mining in Montgomery County accounted for about
55,000 short tons {50,000 metric tons) of barite. From 1975 to 1981 significant barite was
produced from three deposits in the watershed, Barite mining operations are expected to resume
in the immediate future at the Faney Hill deposit. The principal use of the Arkansas barite has been
as a weighting agent for drilling muds in the oil industry.

Barite is found in the central part of the area extending west into the Cossatot-Little Missouri
watersheds. In the Caddo watershed two general districts have been recognized and mined: the
Fancy Hill Districtin T. 4 S., R.’s 26-27 W., and the Pigeon Roost Mountain District in T. 4 5.,
R.'s 23-24 W. The following is a description and the major mines and occurrences in the two
districts.

The Fancy Hiil District on the southwest border has six distinct deposits that have had

extensive investigation with some mining in the past. The ore occurs in the Stanley Shale and
the Middle Division of the Arkansas Novaculite. The Gap Mountain deposit is located in the SE%
of section 19, T. 4 5., R. 25 W. and the NE% of section 23, T. 4 S., R. 26 W. The barite occurs in

the Stanley Shale in four lenticular deposits, The barite beds are 3 to 30 feet {1 - 9 m} thick and
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300 to 1200 feet (91 to 366 m) long. The percent of barite decreases to the west. The Fancy
Hill deposit {Henderson} is located in the NE% section 29 and the SW'% section 19, T. 4§,

R. 26 W., on the south flank of the Fancy Hil! anticline and associated thrust fa.ults. The barite
occurs in the basal Stanley Shale in six lenticular deposits that range from 300 to 1800 feet

{91 to 549 m) in length with an ore-bearing zone 30 to 80 feet (9 to 24 m} wide. The barite beds
dip very steeply to the south. A mill and some preliminary mining and processing was begun

on this deposit by the Milchem Company in 198182, but the operation is temporarily closed
awaiting an increase in the price and demand for barite. Sulphur Mountain depaosit, also known
as the McKnight deposit, is located in the northern portions of section 29 and the eastern
portions of section 30, T. 4 S., R. 26 W. Mining operations by the Baroid Division of the
National Lead Company began on this deposit in 1975 and concluded in 1981 when the cost of
extracting and processing the ore exceeded its value, The barite occurs in the lower Stanley
Shale, Several thrust faults disrupt the ore body. The strike of the rock is generally to the west-
northwest. The Dempsey Cogburn deposit is located on the southeast side of Sulphur Mountain
near the center of section 33 and the northern portions of section 32, T.4S., R. 26 W. The
barite occurs in the lower Stanley Shale, A cross fault forms a boundary at the west end of the
mineralized zone. Mining operations by the Baroid Division of the National L.ead Company
began in 1975 and continued into 1979 when it became infeasible to mine the ore economically.
The mineralized zone was about 50 feet {15 m) thick and contained lenses of high grade ore that
varied from 15 to 25 feet (5 to 8 m) thick. Interestingly, a rather large crthoconic cephlapod
replaced by barite was collected by Craig Brinkley near the top of the barite zone at the east end
of the pit and it was identified as Rayonnoceras vaughianum, an early Chesterian (Mississippian)
form, by MacKenzie Gordon, Jr., of the U. S. Geological Survey. The Boone Springs Creek
deposit is located in the SE% of section 24, T. 4 S., R. 27 W. Barite occurs as a vein in beds

of the Middle Divison of the Arkansas Novaculite on the overturned south flank of the Fancy
Hill anticline. The beds containing barite strike N. 45°_, and dip 40° NE. The vein material

has a maximum thickness of one foot (0.3 m} and a maximum length of 24 feet {7 m). The Polk
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Creek Mountain deposit is located in the SW'% section 12, T. 4 S., R, 27 W. Occurrences of
barite have been traced from the east portions of section 12 to the center of section 11, T. 4 5.,
R.27 W, Barite occurs as nodules in beds of shale interbedded with novaculite in the Middle
Division of the Arkansas Novaculite. Some vein material was located in prospect pits. There
has been no recorded production from this locality. In the south-central part of the areain
Pike County, an occurrence of barite has been located in the SE% NW% section 1, T. 5 S.,

R. 25 W. A lens of quartz and barite one foot {0.3 m) wide and 8 feet (2.4 m} long occurs
parallel to the bedding in the Stanley Shale near the contact of the Arkansas Novaculite,

The Pigeon Roost Mountain District is the easternmost occurrence of barite in the area. The

barite occurs as three lenticular ore zones in the lower Stanley in section 25, T. 4 S., R. 24 W.
and section 30, T. 4 5., R. 23 W. The Southwestern deposit is located in the S% NE% SW%
section 25, T. 4 §., R. 24 W. The Baroid Division of the National Lead Company began mining
this deposit in 1975; and in 1978 when it became economically untenable to further mine the
deposit, the operation shut down. The linear open-pit was then reclaimed. Barite occurs in shale
and sandstone of the lower Stanley Shale which strikes N. 60° £, and dips 50-66° NW. Thrust
faults cut the ore body and its exact stratigraphic placement is unknown. The Central Barite
deposit is located in the SE¥% NE% section 25, T, 4 S., R. 24 W, Barite consists of two small
lenses 100 feet (30 m) in length in the Stanley Shale and appears to be at the nose of a small
anticline. The rather shaly barite reaches a maximum thickness of 7 feet, The Northeastern
deposit is located in the W% SW'% NW' section 30, T. 4 S., R. 23 W. The barite occurrence here
is similar to the southwestern deposit, but thinner. The mineralized zone ocecurs along the strike
for approximately 500 feet {152 m) with a maximum thickness of the ore zone of 16 feet {5 m)
and a total thickness of the ore beds of oniy 5 feet {1.5 m).
_(:‘:ii!

Clay deposits in weathered shale and slate occur in the watershed but they have not been

utilized. There are no estimates on the reserves of clay or an evaluation of their ceramic
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properties. Some of the abundant shales should provide an adequate supply of quality material
for use in making bricks. Clay has been produced in Gariand County to the northeast of the
area, and from near Mena in Polk County to the northwest of the watershed.

Copper

Traces of copper mineralization are reported to be associated with many of the manganese
occurrences in the Arkansas Novaculite. Immediately west of the area in the SE'2 NW%
section 10, T. 4 5., R. 27 W,, at the North Mountain mine significant copper mineralization
is associated with the manganese ore. Some copper occurrences are also found in association
with wavellite (aluminum phosphate) veins in the Bigfork Chert near the northwest portion of
the area. These veins were tested for copper by the Copperlume Corporation in 1972, but
commercial concentrations were not found. Some chalcopyrite (copper sulfide} occurs with
the lead and zine veins at the Housely (Point Cedar, Price-Wiltiams} mine north of the community
of Paint Cedar in the NE% NW section 31, 7.4 S,, R. 21 W. The copper-bearing minerals found
in fractured beds of Arkansas Novaculite are turguoise, malachite, azurite, chrysocolla,
chalcopyrite and native copper. There is a slight possibility of copper deposits with economic
potential being discovered during exploration in this and nearby portions of the Ouachita
Mountains.

Gold.

According to Comstock {1888) several prospects and claims were made in various rock
formations and veins in or near the Caddo River watershed for gold and other valuable elements
in the mid-1880's and earlier. While he indicates that some samples contained rather significant
silver values, only a few contained traces of gold. From this period until 1980 there were but
a few minor prospects for gold that were soon abandoned. In 1980 another flare of “'fever”
was revived in much of the area as a result of several newspaper articles describing micron-
sized gold mostly in the Arkansas Novaculite. Then several companies, individuals and our

organization initiated limited geochemical investigations of these rocks., While our data are

36




very incomplete, we found no significant values of gold.

Iron Ore

Occurrences of limonite and goethite {iron oxides} and pyrite and marcasite {iron sulfides)
have been reported in pockets, seamns, and veins in the Arkansas Novaculite and occasionally in
the Womble Shale, Bigfork Chert, Polk Creek Shale and Stanley Shale. The iron oxides are often
associated with the manganese deposits in the novaculite, but they are usually too low in iron,
too high in silica, or often too high in phosphorus to be of commercial value. In 1830, 1915
and 1916, a prospect was worked on masses or veins of pyrite and marcasite in the upper Womble
Shale on the bank of the Caddo River on the west edge of the community of Caddo Gap. Water
from the Caddo River seeped through the rocks filling the shafts and drill holes, thus ending
the operation.

Lead, Zinc and Silver

Traces of lead, zinc, and silver are associated with quartz veins, in some Womble limestones
and in a few manganese deposits. The most notable occurrence is at the Housely (Point Cedar,
Price-Williams) mine located in the NE NW% section 31, 7. 4 S., R, 21 W., where galena,
sphalerite, chalcopyrite, pyrite and other minerals occur in quartz veins mostly in a fault zone in
the Arkansas Novaculite and lower Staniey Shale. The deposit was discovered in the 18980's
and worked several years through shafts and two major levels, along a linear distance of about
210 feet (64 m). Formerly a mill was located at the site, but it burned in 1873. Significant
quantities of silver in galena, sphalerite, and other minerals also have been reported rear Silver,
Arkansas, about four miles north of the area. A company has recently done some explaratory
drilling on sites in upper Womble limestones a few miles west of Caddo Gap. The results of
their testing are unknown at present. It is likely that these investigations pertained to zinc
anomalies since portions of the Womble are reported to contain some quantities of this element,

At present no economic occurrences of lead, zinc, and silver are known but explaration

will likely continue for these and associated elements if their economic value remains rather high.
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Limestone

Thin to rather thick beds and intervals of limestone are found in most of the Ordovician
racks. Limestones are especially abundant in the Collier Shale, some portions of the Mazarn
Shale and in the upper Wombie Shale, Previously, there was sporadic production of limestone
from the Collier north of the area. it was used locally for road material and agricultural
purposes. There also has been some investigation of limestones near Black Springs and elsewhere
for agricuitural limestone, lime and as a black marble for use as a decorative building stone.
Analysis indicates that the limestone contains 75 to 80 percent CaCO3.

Descriptions of some of the many significant Womble limestone exposures in the area follow:

Location Description

1. NWY% SWi section 26, T. 3 S, dense bluish-gray limestone
R.24 W.

2. SW¥SE% section 6, T.48,, dense bluish-gray limestone, 50 feet thick,
R.24 W, contains 86.2% CaCO0j.

3. NE% NE¥ section 35, T.35,, dark bluish-gray, hard limestone, 15 feet
R.26 W,, and thick, exposed in creek

4, SEY SW¥% section26, T.38S., dark bluish-gray, hard limestone, 1 to
R.26 W, 8 inches thick in 10-foot-thick zone

on south bank of Caddo River.
Limestone is not presently being produced, but there is limited exploration of several deposits
by a firm. Further exploration will be necessary to evaluate the apparently significant reserves.
Chalk occurs in the Saratoga Formation, but it is too thin in the watershed for economic
uses.

Manganese

Manganese deposits in the watershed have been worked sporadically since 1859, Federal
purchase supported the last activity in 1958-59 to the west and north of the area. Both the
Upper and Lower Divisions of the Arkansas Novaculite contain manganese deposits which occur
as nodules, pockets and short irregular veins varying from a fraction of an inch to rarely four

feet in thickness in bedding planes, joint cracks, or as a cement between fragments of novaculite,
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The upturned folded novaculite is very resistant to erosion and forms ridges which extend

for miles. Most of the ore can be found in highly fractured rock at or near the axes of folds

and adjacent to faults. Itis not known whether the manganese ore extends to a significant depth
in the subsurface, but immediately west of the area on the North Mountain Mine ore was
reportedly found in the lower tunnel at 615 feet below the portal, Psilomelane, pyrolusite,

and manganite make up the largest part of the are, but there also is lithiophorite, wad and a

few other minerals. The minerals may occur separately, but usually occur together in association
with clay and iron oxides.

Table 1 gives the location and a brief description of many of the manganese mines and
prospects in the area. Traces of psilomelane in novaculite were also reported at a number of
other places including the W% section 16, T. 3 5., R. 22 W. Some small manganese prospects
occur in the northern portions of the watershed in the Crystal Mountain Sandstone at High Peak
in the NW% NE% section 19, T. 3 5., R. 24 W.

Manganese reserves in the area cannot be accurately caiculated with the limited amount of
exploration that has been done. Improved milling technigues, such as biending of ores to provide
a uniform feed, should lower costs and improve the value of the product. The quantity of
manganese ore that occurs in any deposit is usually rather small, and would necessitate combined
suppliers for milling operations. Higher prices or government support are required for the
commercial production of the manganese deposits in the watershed. In times of dire need the
reserves could measurably augment the United States supply. Significant by-products, such as
copper, might have economic value upon beneficiation of the manganese ore, In future years,
these deposits may represent a valuable economic resource.

Mercury and Antimony ‘

The Arkansas mercury {cinnabar) district occurs along a 30-mile (48-km) belt south-south-
west of the watershed. It extends eastward from Howard County across Pike County and into
Clark County. These deposits occur as epithermal veins in faulted and fractured intervals of the

Stanley Shale and Jackfork Sandstone. Since their discovery in 1931 until 1946 about 11,400
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Table 1. — Manganese mines and prospects in the Caddo River Watershed

Name

Nelson Manganese Mine

Jones Valley Mine

United Minerals
Industries Mine

Plemmons-Woodall
Mine

Willie Cogburn Claim

Monroe-Knold

Montgomery Manganese
Corp.

Polk Creek Mountain
Prospect

Watkins White Prospect

Reynolds Mountain
Prospect

Featherstone Mine

Kettelberger Prospect
(formerly Reynolds
Mountain Prospect)

L.ocation

SW SW¥% sec. 13, T. 485,

R.24 W.

NEY NE%sec. 18, 7.4 S.,

R.24W.

NY¥% sec’s, 28,29, T.45,,
R.26 W,

SWY SE% & NE¥% SWY%
sec. 11, T.4S., R. 23 W,

Elosec. 18, T.4S,,
R.26 W,

SE% sec, 14, T.4 S,
R. 26 W.

Easec. 16, T.4 S,
R. 26 W.

Sec, 13, T.4 5.,
R.27 W,
Sec. 18, T.45,,R. 26 W.

S¥% SElsec. 1, T.5S,,
R.24wW.

SWi% NW% sec. 6, T.5 S.,
R. 24 W,

SWih NWlisec. 6, T.5 5.,
R.24 W,

NEY SEY%, NE% SWh
SW¥% NE%, SE% NE%
sec.1,T.58S.,
R.25W.
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Description

Psilomelane and a small amount of crystal-
line manganite are found in veins, pockets,
and cavities in novaculite, In 1915, 58 tons
were mined, which apparently depleted the
?gﬂ%sit. A nearby claim was prospected in

Thin veins of manganite and psilomelane
occur in fractured novaculite. Two cuts
were made but no production was
recorded.

Manganese oxide cement and novaculite
fragment nodules of psilomelane occur in
2-t0 B-foot-wide clays. Select samples
contained 27.04% manganese.

Concentrations of psilomelane, manganite
and wad cementing terrace deposits are
present. Gravels fill a valley adjacent to a
ridge in which veins of psilomelane also fill
fractures in weathered novaculite. Most
of the gravel has been removed and the
veins are insignificant. In 1937 two car-
loads were shipped and 20 tons were
removed in 1940,

Fractures in novacuiite contain manganese
oxides. There are an estimated several
hundred tons of manganese in the deposit.

Manganese ore was produced before and
during World War 1.

Manganese ore was produced bhefore and
during World War 1.

Manganese ore was produced before and
during World War I,

Seams and veins of wad and psilomelane
occur with limonite,

Veins of psilomelane, manganite, and
brown iron oxide are present in the massive
novaculite.

Psilomelane and limonite occur in fractures
and nodular manganese in clay. The mine
yielded 40 tons of ore in 1917.

Pyrolusite and manganite occur in fractur-
ed novaculite veins. One and one-haif car-
loads of select ore was shipped. There are
an estimated 400-500 tons raw ore and an
additional 200-250 tons +40% manganese
concentrates.




Fagan Mine

Bear Mountain Prospect

Brushy Mountain Mine

R. M. Cogburn Prospect

North American
Manganese Co.

Center Sz NV sec. 9,
T.55.,R.26W.

NEY NWl sec.8, T.58S.,
R.25 W,

SW corner sec. 5,
NW corner, sec. 8, 7.5 S.,
R.25W.

NEY SW: NEY sec. b,
T.5S8.,R.26 W,

SWa SWY% sec. 5,
S¥%:SE%sec.8,T.58S.,
R. 256'W.

There are thin veins of sparse manganite
with iron oxides.

Psilomelane and manganite lenses occur
along bedding surfaces in the novaculite.

Stalactitic psilomelane and cement or
vein occur in novaculite breccia. Four
openings were made at the mine in 1916.
Twelve percent manganese ore was concen-
trated to contain 40% manganese. One
thousand tons of manganese concentrates
were shipped in 1942,

Bouiders of novaculite having small veins/
pockets of psilomelane are present.

Pockets of psilomelane with inclusions
of pyrolusite occur in novaculite. Reserves
are estimated at 18,000 tons of 10%
manganese ore,

flasks (76 pound — 34 kilogram) were extracted from the ores by retorts or furnaces. Minor

mercury mineralization has been noted at two places in the southern part of the Caddo River

watershed in faulted sequences of the Jackfork Sandstone.

The antimony district to the southwest of the area encompasses portions of Pike and Sevier

Counties in southwestern Arkansas and McCurtain County in southeastern Oklahoma. The most
significant mines are near Gilliam in Sevier County. These epithermal deposits occur as stibnite
and other minerals in quartz veins associated with fault zones in the Stanley Shale. Since their

discovery in 1873 until 1947 approximately 5,390 tons (4890 metric tons} have been produced.

Thin sparse veinlets of stibnite and pyrite are reported by Stroud et al, {1969} fitling fractures
and bedding planes in folded and faulted sandstanes of the Stanley Shale in section 3, T.685.,
R. 20 W., which is presently within the confines of De Gray Lake. It is reported that an adit
exposed a silicified zone approximately 10 feet (3 m} wide that contains metalliferous sulfides. This
deposit apparently has little economic importance, Small quantities of antimony minerals also are
found in several of the lead, zinc, copper and stlver-bearing quartz veins in the area,

Novaculite {(Whetstones)

The use of Arkansas Novaculite for whetstones dates back to the early 1800’s. Even prior
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to this, Indians of the area diligently worked the novaculite for projectile points, scrapers and
other purposes. Novaculite is a hard, very fine-grained variety of chert or flint rock that is often
slightly recrystallized and composed mostly of silica. There are two commercial classes of abrasive
grade novaculite: the hard, dense, rather translucent “Arkansas’ stone and the softer and more
porous ‘“Washita” stone. Most of the whetstone produced from the Arkansas Novaculite has been
quarried in the Hot Springs area in Garland County. A small quarry operation {located in section
6, T.535., R. 26 W.) west of the watershed has produced some Washita stone. Future whetstone
praspecting and quarrying are anticipated in the novaculite of the area.

There is also some use and future potential for high-quality novaculite in making several other
products, including ferrous-silicon which is used in the chemical industry, a filler in fire bricks and
interiayered sequences with plastics. Rock aggregate is produced from the novaculite at several
sites in the surrounding region and it seeéms likely that quarries will eventually be situated at
advantageous locations in the area,

Phosphate

Widely separated layers, fenses, and nodules of black phosphate-rich rock accur in the basal
Stanley Shale. In some places they reach a thickness of 1% inches (38 mm). The Woodall
prospect is located in the NW¥% SWk section 11, T. 4 S., R. 23 W. The rock contains from 2.20 to
3.12 percent P»0g but the rock is not of commercial grade. Also some decomposed igneous rock
that intrudes the Stanley Shaie contains small percentages of Po0g.

Some rather unique phosphate minerals have been reported at the following localities:
Dufrenite (rare iron phosphate} - NW'4 SW% section 7,T.4S., R.25W,
Wavellite and variscite {aluminum phosphate} — SE¥ NEY% section 35, T.3S., R. 24 W,

— NE% NW% sect?gg 8, T.45,R.24 W,

There are also numerous wavellite and variscite iocations in adjoining sections near Bigfork,

Arkansas. These minerals may contain some quantities of copper and vanadium. They have been

prospected in places, for copper and aiso for mineral specimens.
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Quartz Crystals

The Crystal Mountains comprise portions of ane of the principal quartz-producing areas in
the world. Clear to milky quartz crystals have been mined here for many years and they have
mostly been utilized in the mineral and gem trade, although some quartz has also been acquired
for fusing, oscillator and precast concrete aggregate purposes.

Veins in the Crystal Mountain Sandstone are the principal source of quartz crystals in the
Caddo River watershed. Large quantities are also obtained from veins in the Blakely Sandstone,
but mostly to the northeast in Garland County. Quartz occurs as veins filling joints and bedding
planes in the sandstone and crystals occur as pockets or cavities lining or filling them.

For many years large quantities of smal! to medium size clear quartz crystals and clusters have
been produced from the Fisher Mountain and other deposits located in the Crystal Mountain
Sandstone along the southern border of sectiohs 3 and 4 and the northern portions of sections
9and 10, T. 3 S., R. 24 W., about one mile north of the watershed. There are several other
adjoining mines that have also produced quartz crystals,

Some of the more significant quartz crystal localities in the area are:

1. The High Peak deposit in the NW% NEY% section 19, T.3S., R. 24 W, High-quality clear
crystals have been produced at this deposit in recent years from veins in the Crystal Mountain
Sandstone, Manganese occurs with the quartz and it has also been prospected.

2. Near the centerline of section 20, T. 3S., R. 24 W., quartz crystals have been mined from
the Crystal Mountain Sandstone.

3. Near the center of the west line of section 21, T.3S., R, 24 W., some quartz crystals are
obtained from veins in the Crystal Mountain Sandstone.

4. in the NW% section 29, T. 3 5., R. 24 W., minor quantities of quartz crystals have been
mined from veins in the Blakely Sandstone,

8. Rather unusual, very small, clear to smoky, complex crystal forms, some being water bubble

or negative types occur in veins in Staniey sandstones at the Pigeon Roost Deposit in section 11,
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T.4S., R.22W., and at other localities through the central portions of the watershed, including
a prospect in the Arkansas Novaculite about 1% miles (2.4 km} northeast of the community of
Point Cedar.

Large quantities of quartz crystals are likely present in the numerous quartz veins in the area.
Many additional claims and prospects are expected as a result of the continued demand for clear
quartz crystals.

Rock Aggregate

Vast tonnages of rock aggregate and road material are available from the sandstone,
novaculite, chert, and sand and grave! deposits in the watershed. Massive sandstones meeting
commercial quality specifications occur in the Crystal Mountain, Blakely and Jackfork
Formations. Thick sequences of novaculite occur mostly in the Lower Division of the Arkansas
Novaculite and intervals of thin chert occur in the Bigfork Chert. Al of these rocks have been
extensively mined for aggregate, but at present there are only a few commercial operations in
the watershed. Shale is very abundant and is used locally for rock aggregate on rural roads
and other purposes throughout most of the watershed.

The Murray Quarry in the SE% section 13, T. 6 5., R. 20 W., about one mile east of De Gray
Dam, has been active for a number of years. Several million tons of quartzose sandstone have
been mined and processed from a 90-foot (27-m) thick interval in the upper Jackfork Sandstone.

In 1963 gray sandstone from the Blakely Sandstone was quarried for building stone in the
EY% SEY% section 23, and the Wi SW section 22, T. 3 5., R. 24 W. Hard sandstone beds 6 inches
(156.2 ¢m) to 2 feet (0.6 m) in thickness were quarried from a depth between 4 and 8 feet
{12t024 m).

In recent years rather large quantities of rough field stone also have been obtained mostly from
surficial deposits. Most of these are sandstones derived from the Crystal Mountain, Blakely,
Blaylock, Stanley and Jackfork Formations. There is no reliable estimate of the tonnages of

field stone produced.
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Sand and gravel deposits occur in the alluvium along the Caddo River and some of the larger
streams. The following deposits have been worked along the Caddo River:

1. The E% section 28, T. 3 8., R. 256 W., contains equal amounts of novaculite and sandstone
gravel. Reserves above water |evel are estimated at 1,503,000 tons (1,363,492 metric tons).

2. NE% NE¥ section 19, T. 4 8., R. 24 W., has mixed guantities of novaculite and sandstcne,
gravel and some large boulders. Reserves above water level are estimated at 235,000 tons
{213,187 metric tons).

3. The NE NEY2 section 13, T. 4 S., R. 25 W., has equal proportions of novaculite and sandstone,
gravel and a little shale. Reserves above water level are estimated at 2,916,000 tons (2,645,337
metric tons),

4. The 5% of section 36, 7.6 S., R. 20 W., has mixed chert and sandstone gravel. There is no
estimate of the reserves available.

Sand and gravel have also been obtained from deposits in the terraces along the Caddo River.
Most of the larger pits are situated near the community of Caddo Valley and the material was
used primarily in various projects in the construction of De Gray Lake and related facilities.
Most of these deposits are included in the following focations:

1. 8% of section 19 and the N% of section 30, T. 6 S., R. 19 W., and the E% of sections 22
and 25, T.65,, R. 20 W.
2. The E% of section 35 and the SW¥% of section 26, 7.6 S., R. 20 W.

Sand, gravel, and cobbles also have been mined from lenses in the Brownstown Mar! in
axposures near De Gray Lake where it has been used for aggregates related to the construction
projects at De Gray Lake. Some of these stripping operations are as follows:

1. The 8% of section 12, the Nz of section 13, 6 S., R. 20 W., and the adjoining NW% of
section 18, T.65S., R, 19 W.
2. The 5% of sections 16 and 17, 7.6 S., R, 20 W.

3. The SW% of section 22, T.6 S., R. 21 W.
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The Nacatoch Sand represents a potential source of high quality sand. [t has been exploited
on a limited scale in adjoining areas,

These abundant deposits of sandstone, novaculite, chert, sand and gravel, and shale can
provide rock aggregate, road material, and building stone to meet local and many outside demands,

Slate

Slate for building purposes was first mined in T. 3 8., R. 27 W., in 1902, At presentitis
the foremost mineral product in the area and is being mined and crushed for roofing granules
with the dust being used as a filler. Most of the slate mining has been in the Stanley and
Missouri Mournitain Formations but it also occurs in the Mazarn, Womble and Polk Creek
Formations.

The Missouri Mountain slate is buff, red to green, usually soft but with some fairly hard
and homogeneous layers. The slate interval varies from less than 50 feet (15 m) to about 300
feet {91 m) and may be duplicated by structure. The unit is widespread and has been
extensively prospected.

The basal Stanley Shale has been changed to slate in the closely folded structures, particularly
the synclines. The slate is hard, gray to black, and contains some thin sandstone tayers. Horizons
in the lowermost Stanley were previously known as Fork Mountain state. The Polk Creek,
Mazarn, and Womble Formations contain shale or slaty shale in most places and only portions
of these units contain well-developed layers of slate.

Presently slate is being quarried from a large and rather deep pit in the Stanley north of
Glenwood in the SE% section 21, T.4 S., R. 23 W., by Bird and Son, Inc. They previously
quarried a similar deposit in the NE% NE% section 31, T. 4 5., R, 26 W,, and upon abandonment
of the site the dimensions were about 1300 feet {396 m} in length, 200 feet (61 m} in width,
and some 150 feet {46 m) in depth, Table 2 is a list of many of the abandoned slate quarries

and prospects in the watershed.
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Table 2. — Abandoned slate quarries and prospects in the Caddo River Watershed

Location

NWY% SW%,sec. 3, T.5 5.,

R.25W.

El, sec. 10, T.3 8.,
R.23 W.

NW corner sec. 36, T. 3 8.,

R.24W.

NE% SE% sec. 9 and

NW' SW% sec. 10, T. 3 S.,

R.26 W,

SW4 SE% sec. 32, T. 35,
R.26 W.

E% SE% sec. 33, 7.3 8.,
R. 27 W.

SE% NE% sec. 18, 7.4 S.,
R. 26 W.

N2 sec.35,T.38S.,
R.27 W.

5% NE% sec. 4,T7.48S,,
R.27W,

Sec.15,T.4S.,
R.26 W.

SE% NW'% sec.6,T.4S,,
R.24 W,

Formation

Missouri Mountain Shale
Missouri Mountain Shale

Missouri Mountain Shale

Mazarn Shale or
Womble Shale

Missouri Mountain Shale

Missouri Mountain Shale

Missouri Mountain Shale

Missouri Mountain Shale

Stanley Shale

Missouri Mountain Shale

Womble Shale
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Description

Red slate, area was prospected but reserves
were not evaluated.

A prospect at this location reveals a red
slate, sonorous with good cleavage.

A prospect at this location reveals a dark
red slate, semi-sonorous, splits easily and
has a relatively rough surface; can be
guarried in large blocks.

A prospect uncovered a hard green slate,
sanorous, which splits well and has widely
spaced joints,

The area was quarried from 1929.33 for
flagstone. Siate is red and green and splits
into thin pieces on weathering.

Red and green, soft, thin-splitting slate was
found in four large openings.

A red, green, and gray slate was quarried
for roofing granules in 1909 and again in
1937.

Red slate was quarried inl large blocks at
two locations.

A gray-blue micaceous slate which is
sonorous, cleaves, has a rough surface and
is weather resistant; was quarried in a pit
100 feet square and 50 feet deep. A blue-
black slate was quarried. It has a glassy
cleavage surface and crumbles on weather-
ing {neither micaceous nor sonorous).

A 600-faoot exposure of red slate with tight
folds and a good cleavage occurs on the
south side of Waaner Creek.

Inactive quarry in black slate and was used
as roofing granules.



Tripoli is normally considered a finely granular, porous, comparatively soft silica of a
cryptocrystalline character. It is used principally for an abrasive, polishing agent, and as a filler
or additive. The high-silica tripoli occurs in the Upper Division of the Arkansas Novaculite, with
smaller deposits in the Lower Division, and in the Bigfork Chert. Activity just west of the area
tock place sporadically from 1963 to 1972 when four mines produced 32,000 tons (29,030 metric
tons} which were processed at Glenwood,

One of the larger known tripoli occurrences in the watershéd is located in the SE corner
of section 31, T. 4 S., R. 24 W., in the Upper Division of the Arkansas Novaculite. The tripoli
at this deposit strikes nearly east-west and dips 189 to the south and sbme 180 feet (46 m) was
penetrated by a drill hole, Indicated and inferred reserves amount to 75,000 tons {68,039 metric
tons}.

Fodderstack Mountain prospect in the Upper Division of the Arkansas Novaculite is located
in the NW% section 13, T.4 5., R, 26 W., and it is 1000 feet (305 m) in length, 28 feet (8.5 m}
in width, and at least 20 feet {6 m) in depth.

Another occurrence is located in the SE' SW section 12, T.4S,, R.26 W, and has a
measurable ore of 20,000 tons {18,144 metric tons} and an indicated ore of 100,00b tons {80,718
metric tons}. A minor occurrence of tripoli is located in a small cut in the Bigfork Chert at the
base of a small hill about one and a half miles southwest of Caddo Gap.

Other known deposits of tripoli are as follows:

1. NE% SW¥% section 10, T.3 5., R.23W, 4., SE% NE% section 17, T.4S5,, R. 24 W,
2. NWY% SE% section 12,7.3S. R.23W. 6. SWY SW% section 13, T.4S.,R. 20 W,
3. SWWLSW4 section 7,T.45.,R.24W, 6. S% NE% section 33,T.4S5, R.26 W.

Travel distance to milling sites and lack to raifroad facilities have probably hampered mining

operations in the area. Future market price could alter this and an increase in activity is possible.
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Uranium

Uranium (including thorium, potassium and others) prospecting has on occasion taken place
in the watershed. Most of these investigations were concerned with the black carbonaceous
shales of the Middie Divison of the Arkansas Novaculite and the Polk Creek Shale. Some
limited evaluations were made on anomalies in the Stanley Shale (mostly phosphates}, in the
igneous breccia at Pigeon Roost Mountain, and in other rock types. There are presently no
reported economically important uranium deposits in the area, although several rock types contain

raclicactive isotopes in excess of normal background,

Qil, Gas and Asphalt

Exploratory drilling in the rocks of the western Ouachita Mountains of Oklahoma and vicinity
has resulted in the discovery of a few new oil and gas fields. These mostly oceur in highly
fractured reservoirs in cherts and novaculites of the Bigfork Chert and Arkansas Novaculite.

This combined with a few older oil fields producing from Mississippian and Pennsylvanian
sandstones and some small to rather large asphaltite occurrences in the area have kindled interests
in the oil and gas potential elsewhere along the Ouachita fold belt,

Some of the surface rocks in the northern part of the Caddo River watershed are slightly
metamorphosed, thus their thermal maturity is rather high. The intensity of deformation and
recrystallization noticeably decreases in the rocks southward across the area and it is less likely
that any generated hydrocarbons were degraded. This entire region is considered to contain
allochthonous (transported) sequences of rock and the thermal histories are unknown beneath
these postulated thrust faults {decollements). Most of the recent tectonic models for the
Quachita fold belt suggest that less deformed, and in some cases even foreland facies (shallow
marine deposits), are at some depth bensath some of the surface rocks. A COCORP
deep seismic reflection profile was recently run (Lillie et al. 1983) across the Ouachita Mountains
of Arkansas to the west of the watershed and these data afford many insights into the origin of

the structural complexities in the area.
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In 1967 Max Ensinger drilled two oil and gas tests in Montgomery County. The No. 1
Van Steenwyk was drilled to an apparent total depth of 3627 feet {1107 m) in section 19,
T.38., R.25W,, and the No. 1 Walter Gaston to a total depth of 472 feet (144 m) in section
20, T. 3 5., R. 26 W. Both wells were spudded in the Mazarn Shale and they were abandoned
as dry holes.

In the last few years three wells have been drilled for oil and gas in or near the watershed.
The Sheraton Qil Corporation drilled two wildcat tests; one, the No. 1 Kyle in section 28, T. 4 S,,
R.22 W, (Hot Spring County),was spudded in Stanley Shale and reached a total depth
of 4545 feet {1384 m}, and another, the No. 1 Bean in section 15, T. 5 S, R.23w,
{Clark County),was spudded in Stanley Shale and abandoned at 2902 feet {981 m). The Sheli
Qil Company drilled a well in the Trap Mountains within a few miles of the watershed in section
21,T.45,R. 20 W. (Hot Spring County),that began in the Blaylock Sandstone and battomed
at a total depth of 7868 feet {2405 m).

It is thought that these few wells have failed to evaluate the petroleum potential of the area.
A deep test penetrating the various older formations is needed to assist in determining the thermal
histories, porosities, permeabilities and other features of the rock at depth. Some asphalt
occurrences are present in the Jackfork Sandstone and the Lower Cretaceous rocks to the
southwest of the area near Murfreesboro and Dierks, but none have been reported in the
watershed.

The Upper Cretaceous rocks that crop out in the area are thought to have been flushed by

ground water, so it seems unlikely that they contain oil and gas.

Water Resources
The average rainfall for the watershed is about 60 fnches {1270 mm) per year. Ground water
is often used for most domestic purposes. The area seems to have sufficient water supplies to
meet current and most projected needs. |1 is suggested that extensive hydrolegic studies be

performed in an area prior to any major developments that would require large quantities of
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water. The fallowing is a brief description of the water resources in the area.
Surface Water

The rather high quality and sighificant volume of water in the Caddo River, including its
tributaries, and De Gray Lake is adequate and suitable for most projected needs in the area. For
further details on the hydrology, see other reports in the Symposium volume and other sources
listed in various references,

Ground Wa:cg_r_

Ground water occurs mostly in fractures, joints and separations along the bedding planes of
the Paleozoic rocks. In these rocks the highly fractured Bigfork Chert is the best aquifer, The
Crystal Mountain Sandstone, the Arkansas Novaculite, and limestone intervals in the Collier Shale,
Mazarn Shale, and Womble Shale also may be good aguifers. Quantitiés usually sufficient for

| domestic purposes are found in most formations. Highly permeable zones occur in the sands and
gravels of the Brownstown, Nacatoch, terrace and alluvial deposits where suitable areas of recharge
exist and afford good yields for local uses. Wells that yield 10 gallons {38 liters) of water per
minute for a week of continuous pumping are considered high yield in most of the Quachita
Mountains. There are many small springs in the area which issue primarily from the Crystal
Mountain Sandstone, Bigfork Chert, Arkansas Novaculite, and limestone intervals in the Collier
Shale, Mazarn Shale and Womble Shale.

Ground water supplies are adequate in most areas for household use, but shouid not be
considered for industrial developments or community water supplies. Ground water analyses
by the U. S. Geological Survey indicate that it typicaliy is of high quality.

Warm Springs

There are several warm springs in the central Quachita Mountains of Arkansas. Two such
springs are located in the watershed according to Miser and Purdue (1929). The warm springs
at Caddo Gap in the Lower Division of the Arkansas Novaculite flow directly into the Caddo

River. Recorded temperatures in the early 1900's ranged from 94% — 96.8° F (349 - 36° C).
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Another warm spring is located in the Arkansas Novaculite on the line between sections 23 and 26,
T.45., R.25W,, about two miles southwest of Caddo Gap.

It is suggested that these warm waters represent ground water that has slowly percolated
to a significant depth and has been heated by the geothermal gradient, then rapidly ascends to
the surface through openings created by extensive fractures and/or fault zones. There is a likeli-
hood that other small warm springs occur in the area. These warm springs afford.littie prospect
as a geothermal resource.

SUMMARY

The information provided in this report has been generalized to give an overall view of the
geology and mineral resources. The Caddo River watershed is located mostly in the central and
southern Quachita Mountain Province, but a small portion overlaps into the Gulf Coastal Plain.

" The rocks include numerous lithologic types: shale, sandstone, chert, novaculite, limestone, tuff,
sand, gravel, marl and others. These rocks have been dividied into 19 Farmations that range in age
from the Early Ordovician to the Recent alluvium and colluvium. The Quachita Mountains were
formed by intense late Paleozoic deformation which caused the uplift and northward transport of
the basinal deposits through complex folding and thrusting. Erosion wh.ich started with uplift and
continues to the present has caused the removal of at least 30,000 vertical feet of sedimentary
rock. The warm Cretaceous seas engulfed the southern and eastern portions of the area and
deposited marl, chalk and sand that are very gently tilted. Also in Cretaceous times major igneous
intrusions took place mostly in nearby areas, Throughout the Quaternary the region has
undergone cycles of erosion and deposition related to the various climatic cycles.

Rocks of the watershed are presently the source of slate for roofing granules; sandstone,
shale, chert, and other rock for road material; and quartz crystals, Soon there shouid be further
production of barite for drilling mud. The area might have the potential for providing many other
needed mineral resources. There is current interest in several other mineral resources. It is likely
that the intensity in exploration and mining activity will further increase along with the projected

demands for mineral resources.
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HISTORY OF THE CADDO RIVER WATERSHED

John Thomas Greer
Director of Humanities
Quachita Baptist University
Arkadelphia, Arkansas

INTRODUCTION

Otto Ernest Rayburn, editor of the newsmagazine Arcadian
Life in Caddo Gap, Arkansas, from 1933 to 1941, said of the Arcadian
lTifestyle around the Caddo River:

I stood at the Narrows on Caddo River a
mile below the village of Caddo Gap, Arkansas,
and watched history walk by. In my mind's
eye I saw the colorful pageantry of the years
passing in review. Solid rock walls hedge
the crystal waters of this mountain stream
into a churning channel where sleek small-
mouth bass play hide and seek among the boulders
that have fallen from the walls in ages past.
The floor of the stream is lined with brown
moss just as it was two or three centuries
ago when Indian canoes shot the rapids in Arcadian
ecstasy. It is one of the scenic spots of
the Wonder State and 1 1ike to Joiter there
and listen to the sublime music of the churning
waters. Fly fishermen from far and near pause
to tempt the cunning bass with their lure.
What an ideal place to stretch one's sentiments
and weave colored threads into the tapestry
of one's dreams (Rayburn: 1954},

Almost a century earlier on November 14, 1863, in a letter
to his wife in Paraclifta, Arkansas, Sevier County, Lieutenant Robert
C. Gilliam wrote, "Rumor is that the Federals have come through
Caddo Gap”" (Hudson: 1958). In 1817, Stephen F. Austin and his
speculating brother-in-law, attempting to strike it rich in new
frontiers, selected three sites for towns in southwestern Arkansas,
one of which was the spot at which the Caddo joins the Quachita
in Clark County (Jones: 1966). On November 30, 1804, William Dunbar

and George Hunter passed over the Fourche des Cadaux en route to
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Hot Springs during the period called the picneer naturalist phase

in the history of American science. Recommended to Governor Claiborne
of Louisiana by Thomas Jefferson, Dunbar and Hunter travelled the
Quachita and Caddo Rivers in order to collect, name and assemble

data in the upland region of the territory newly acquired from the
Spanish. In 1541, DeSoto's army marched to Tula from Tanico,

believed by Colonel William Fordyce to be the Caddo Gap area, and
there they encountered the fierce inhabitants known as the Tula
Indians {Dickinson: 1980).

From Rayburn's "Arcadian ecstasy" backwards to DeSoto's ex-
ploration of the flora and fauna of the region, the Caddo River
watershed has been seen, explored and altered by the English, French
and Spanish. Prior to DeSoto, however, the inhabitants of the region
believed that they had ". . .received the title of the land from
the gods" (Lyon: 1952). The name of the Caddo is derived from
French "Cadodaquois" of the 18th century and refers to the "Great
Chiefs" of the Kadohodache, The Caddo Indians who may not have come
into the valley hroper until the Tate 1700's.

For convenience and clarity, this paper on the Caddo River
Watershed has been divided into five sections to correspend with
the five distinct lifestyles in the Caddo River region. Those
categories are the archaic period, the Caddoan period, the pioneer
period, the Civil War and Reconstruction period, and the period
of the twentieth century.

ARCHAIC PERIQD

The first settlers of the Caddo region were gatherers and

hunters dating from 900 to 1000 BC. In the 1920's 5. D. Dickinson
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and $. P. Dickinson made the first serious study of the archaeology
of the Caddo River. Among their findings was a type of chipped,
double-bladed axe, typical of the Fourche Maline culture of
approximately 100-800 BC. This find was made at Buttermilk Springs
and in the area of Collier Creek (Dickinson 1983, Pers. Corresp.).

Prior to 1939 (and the DeSoto Commission},the accepted thesis was

that the early inhabitants of this region were Caddo of the northern
area of the Confederation.

However, V. L. Huddleston dated the site of Brushy Creek, one
of the sites excavated in the 1920's, at 1000 BC to the first century
AD and identified it as part of the Marksville Culture (Huddleston:
1943). That culture, said Huddleston, was followed by Cole's Creek
culture, characterized by its pottery and mound burial technique.
with the corpse in a flexed position.

CADDOAN (HISTORIC TRIBES)

The year 1400 established a new culture in Arkansas as evidenced
by the changes in the type of pottery used. Shell tempered pottery
was introduced into the Arkansas region around that time, and from
fom Collier's discoveries in 1925 and Dickinson's excavations in
1927, evidence that such a culture did exist along Collier Creek
and Buttermilk Springs was found {Dickinson: 1980). The narratives
of the early explorers - Joutel, DeSoto, LaHarpe, and Bossu - who
came into Arkansas, provide historical evidence of these Indians
after 1400, This epoch is often referred to as the Caddo period,
but some evidence exists which could suggest that this group of
Indians was not of the ten tribes of the three-group confederaﬁion

known as the Caddo.
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In 1541, DeSoto refers to the Indians in the area of the Caddo
Gap region as Tulas. In 1939, Dr. Swanton, from the Smithsonian,
along with Colonel John R. Fordyce on the DeSoto Commission, thought
these Tula Indians to be Caddo Indians. De La Vega, a Peruvian
who reported the DeSoto expedition, wrote that the Tula encounter
occcurred on a plain or level area between two rivers. Dickinson
contended that the level plain at Caddo Gap between the Caddo River
and Collier Creek would fit that description (Dickinson: 1980).
Huddleston described these Indians as having a ". . .cradle board
deformafion of the skull with a low, flat forehead" {Huddleston:
1943). Dickinson noted that their long, pointed heads were ".
deformed in infancy by binding" and that the adults ". . .had their
faces tattooed, even extending the decoration over the Tips"
{Dickinson: 1980).

The Kadahodacho group did inhabit large areas in southwest
Arkansas, but there is some question regarding their presence in
the Caddo River region as early as the 16th century. There were
three major groups of the Caddo in what is now Arkansas, Louisiana
and Texas. The Kadahodacho settied in Arkansas; the Natchitoches
settled in northwest Louisiana; and the Hasinai inhabited east and
central Texas (Lyon: 19582). Joutel observed in his journal in
1687 that in the region of southwestern Arkansas the Indians lived
in cottages which were round at the top like beehives. These
communal dwellings were some sixty feet in diameter with a fire
pit in the center of each hut. After the group or tribe moved out,
the houses were burned (Huddleston: 1943). Joutel's route was

probably from the Texas Gulf Coast to Fulton, to near Camden, and
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to Arkansas Post by July 24, 1687. It is possible that the Indians
that he saw were in the region south of the Caddo and not on the
Caddo proper {(Lyon: 1952).

In 1673, Marquette had heard of the Caddo to the West, and
in 1691 the Spaniards sought to Christianize the Hasinai in the
area west of Arkansas. 1In 1763 Athanase de Mezieres reported meeting
Chief Tinhioven of the upper {adde {Lyon: 1952}.

By the early 1800's, most of the Indians in the area of the
Caddo had migrated to Texas, and after a series of treaties (1818,
1820, 1824, 1833, 1835, 1843) the Quapaws were moved through the
Caddo River region to the Red River Valley in Louisiana and Tlater
to Oklahoma. By 1859, then, there were evidently no Indians living
in the area (Herndon: 1922).

PIONEER PERIOD

During the Spanish period, after DeSoto in 1541, the French
sent expeditions from Fort Miro (Monroe, Louisiana) into the Quachita
River Valley. Several place nameé in the Caddo region may be variations
of the French influence. Glazy Po and Greasy Cove may be variations
of Glaise a Paul, a French hunter of that period {Dickinson, P. Corresp.).
In 1805, the Territory of Louisiana was divided, and the Caddo-
Ouachita region was part of the District of New Madrid. In 1806,
that lower region of the New Madrid District became the District
of Arkansas, and in 1809 there is reference to the white settlers
named Barkman on the Caddo, five miles east of what is now Arkadelphia
{Butler: 1906).
After 1809 settlers came into the region of the Caddo from

Virginia, North Carolina, South Carolina, Georgia, Mississippi,
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Tennessee, Missouri and Kentucky. In 1785 there were 196 white
settlers in all of Arkansas, and in 1820 there were 14,225 (Lacey:
1908).

In 1811, in what became Clark County, John Hemphill operated
one of the first industries on the Quachita, Just south of its con-
fluence with the Caddc, known as the Salt Works, a site where the
Caddoes had already had a similar operation (WPA: 1941). 1In addition
to a salt works, a brickyard, owned by Bean and 0'Baugh, appeared
at Blakeley town in 1822; a cotton gin in 1830; and a gristmill
in 1832. The first court in the area was held in the county of
Clark in 1818 at Jacob Barkman's house, and aon June 14, 1819, a
courthouse was named at Adam Blakeley's place (Butler: 1906).

What is now Montgomery County, Arkansas, was being settled
as early as 1812 and was organized into a county in 1842. The éar]y
settlements were on the various streams, including the Caddo River.
The settlers were mostly from Kentucky, Tennessee and Missouri.

Some of the names of this group were Collier, Whittington, Boles,

Boggs, Cunningham, Gaston, Mayberry, Polk and Fisher.

Pike County was created in 1833, with its government seat at
Zebulon, now Murfreeshoro, at the home of Pascal C. Sorrels. These
three counties - Clark, Montgomery, and Pike - comprise the area
of the Caddo River.

According to Goodspeed's description of the area, tributaries
of the Caddo, such as Brushy Creek, Collier Creek, Williams Creek,
Walnut Fort, etc., gave the Caddo the power to drive the heaviest

machinery for milling and manufacturing. His description was:
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The water power which can be utilized in
running machinery is immense, and when transportation
facilities are furnished our almost unlimited
forests of valuable timber that cover the wild, un-
cultivated lands, will be a source of wealth
to the lumber men and manufacturers who have the
enterprise to avail themselves of so important a
factor in the natural resources of Montgomery
County (Goodspeed: 1890).

As early as 1890, then, there were visions of using the Caddo
for commerce. However, throughout the 19th century, the major sources
of income for the settlers in the Caddo River region were the small
farm homesteads and the merchant traders. (Qne of those early settler
farmers inciuded William Hopper (for whom the community of Hopper
is named) who came to Clark County and to Caddo Gap in 1849-51.

He owned 1,000 acres in Montgomery County and was a merchant and
member of the Farmer's Alliance, New Hope Lodge (AFAAM) and the
Christian Church. Alex Thornton was a miller at Black Springs who
migrated from Georgia to Texas and then to Arkansas in 1879. Enter-
prising, he owned a water saw, gristmill, and cotton gin. He was

a Baptist.

Martin Collier was one of the oldest settlers in Montgomery
County. Coming to Arkansas from Kentucky, Collier settled on land
possibly given to him as a grant for having served in the War of
1812. The Federal government set aside 1,162,880 acres in Arkansas
to be given as military bounty grants to soldiers who fought in
the War of 1812, and by 1830, some 1,037,120 acres were claimed
{American State Papers, Public Lands, Vol. 6, p. 911). Adventuresome,
yet hospitable, Collier soon became friends of the Indians already
Tiving just north of the Gap. His great-great-grandson, Argus Dutton,

told how he made friends with the Indians. It seems Martin Collier

was somewhat of a musician. He played the fiddie, and the Indians
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heard the music coming from the Collier homestead and were lured
to the "heavenly sound."

Collier's death provides an interesting bit of folklore. One
évening, while playing his violin, he saw a light dancing on a
ridge. Believing the tight was an omen of his death, he put the
violin and music away and had his daughter sing to him until he
died. Martin Collier's grave, marked only by rocks, is Tocated
on a ridge overlooking the creek that bears his name and the home-
stead that bears his energy and life. Jefferson Collier, one of the
descendants of Martin Collier, was born on Collier Creek. Collier
told an interesting story of nis mother. She knitted a pair of socks
out of wool obtained from the head of a buffalo and she sold the
socks to William Barkman for a pair of cotton cards and ten dollars.
Adam Blakeley owned the first store in what became Clark County 1in

1809. Butler, Gross, and Rowston were merchants in Black Springs at

. about the same time.

A period of rapid growth occurred in the region from 1850 to
1860 with the development of county government seats, churches,
newspapers and schools. In additiaon, newspapers such as The Southern

Standard started in 1859, and the Pike County Sentinel began in

1855,

The predominant churches in the area were the Methadist, the
Baptist, the Christian and the Church of Christ. The Baptist State
Convention was organized in Tulip, Dallas County, Arkansas, in 1848
and began to consider a male college, not realized until 1886 in
Arkadelphia, The Methodist "Wachita Conference” first met in 1854

in Washington, Hempstead County, Arkansas, and semt Theron Hunt

to Montgomery County in 1854-55 as a Methodist Minister {Whaley: 1911).
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In 1854 the Methodists had 260 members in the Montgomery
County area and 326 white and 62 blacks in Arkadelphia. ™White
people, and Negroes, masters and slaves, were members of the same
congregation, and they worshipped together at the same time and
place" (Whaley: 1911}.
THE CIVIL WAR AND RECONSTRUCTION

The Civil War brought scores of people through Caddo Gap,
including Federal troops on their way from Fort Smith to south
Arkansas. Many of the people of the area were displaced because
of the war. The family of George T. Smith, ancestor to Alexander
Turrentine in Clark County, provides one example. Smith moved to
Clark County in 1837, then to Yell County just before the war.

After his death, his widow, Zeralda, and family migrated, with
considerable hardships, to Paraclifta, Sevier County, Arkansas,
by way of Caddo Gap (Turrentine: 1951).

In 1863 Isaac Anderson's youngest son, C. T., went to serve
in the Confederate Army in his father's place. He Teft his home
in Fulton and traveled to Washington and to Hot Springs by way of
Caddo Gap.

After difficulties with Federal authorities, Albert Pike retreated
to the Little Missouri River, west of Caddo Gap, where he is supposed

to have written Morals and Dogma and revised the Masonic Ritual.

Federal guerillas sought Pike and tracked ﬁim to the region of Caddo
éap. While inquiring about his whereabouts in a store, the Federals
were averted until Pike was warned of their presence. He fled shortly
before the guerilias discovered his cabin and destroyed his library

by throwing the books into the Caddo River (Dickinson, 1933 Pers. Corresp.).
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During the Civil War, various Confederate manufacturing enterprises
were begun in the region. The Arkadelphia Salt Works was leased
to the Confederate Army. An ordnance plant, located on the present
site of the Merchants and Planters Bank in Arkadelphia, manufactured
knapsacks, cartridge boxes, and powder under the leadership of a
Captain Pulley. The lead for the material was shipped to Arkadelphia
from Joplin, Missouri, and possibly through the Caddo Gap region.
The charcoal, saltpeter, and sulphur for that operation came from
Pike and Montgomery Counties (McKenzie: 1908). Cloth was manufactured
in the area of Murfreesboro, Pike County, Arkansas, in 1862 and
later moved to Arkadelphia, in 1885.

It was after the Civil War that the Cadde River region experienced
a period of growth in small farm products. The farmers during this
period grew fruits, cereal crops, cotton, potatoes, and rice (Goodspeed:
1890 and Butler: 1906). One of the early farms on the Caddo River,
up from Barkman's, was that of Willjam Browning McFadden, near the
site of the present town of Amity, which was settled in 1842 (Reynolds:
1906). Between the time of the Civil War and 1870 more settlers,
such as Alfred and Jane Jones and Isaac Runyan, came to the area.

After the Civil War, however, the area began to change fnom
an agrarian culture to one of mining, railroading and timber industry.
In Montgomery County, for example, silver, copper, chloride, quartz
and manganese were mined in the late 19th century and early 20th
century. In 1893 the railroad from Gurdon to near Caddo Gap was
completed on its way to Fort Smith.

Before the Civil War, few lumber mills and no planing mills
were located in the region of the Caddo River {McKenzie: 1908).

But with the coming of the railroad in the late 19th century came
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the Tumber mills. Located at Glenwood, Amity, and Rosboro, the

Tumber mills became major sources of revenue for the Caddo region.

In Rosboro, Pike County, Arkansas, a mill was started in 1907 as

a paft of the lumber complex that included mills in Delight, Ozan,
Graysonia and Prescott (Pike County Heritage Club, 1978, P. Corresp.). In 1906
the A. L. Clark tumber Company opened in Glenwood, and the A. Alexander
Mill in 1910.

THE TWENTIETH CENTURY

With the coming of the lumber companies and the railroads
came the demise of the small farm and the dependence on an industrial
economy. Small, single-owned farms began to be replaced by company -
owned houses and stores. The single merchant was replaced by the
commissary and the company-owned store. However, a new lifestyle
began to develop in the early twentieth century that would become
the dominant source of economics through the 1920's and 1930's,
namely tourism. As early as 1920, many tourists came to the Caddo
Gap region from Louisiana and Texas to get away from the cities
of Dallas, Houston, Shreveport, Baton Rouge and New Orleans. Hotels,
inns, and roomirg houses began to develop along the highway and
creeks in the region. That interest in the river as a tourist attraction
was the seed that led to the develapment of the Caddo River as a
recreational spot with Lake DeGray in the 1960's and early 1970's.
The dream for a lake occurred as early as 1909 with Harvey
Couch's dream of a dam across the Caddo. Inspired by railroading,
Couch wanted to expand his enterprises from Louisiana to Oklahoma
by way of the region of Caddo River in Arkansas. With the coming

of the Water Supply Act of 1958, the dam on the Caddo was almost
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assured. With it came the end of a lTifestyle that had existed from
the archaic period to the period of the small farmer in the 19th
century. It would usher in a new lifestyle which was more transient
and Tess attached than any that had heretofore lived on the Cadda
River. The new reservoir was a cliear indication that two worlds
existed, "the one here and the one there. For those who chose
to remain, the decision was absolute. Argus Dutton, who chose to
remain, said, "Some of us never had encugh sense to leave Collier
Creek.”

Aware of that impending change, Rayburn, principal of Caddo
Gap High School and tover of foiklore, sdid in 1954, of the Caddo,
“What an ideal place to stretch one's sentiments and weave colored
threads into the tapestry of one's dreams" {Rayburn: 1954). Argus
Dutton, descendant of Martin Collier, said in 1983, "We've always
had enough good, pure, cold water on Collier Creek. We also have
a 1ot of rattlesnakes, but we've got enough rocks to kitl them with"
(Dutton: 1983). Maybe the romantic 1ifestyle still Tives in the

midst of a real world.
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CADDO RIVER WATERSHED - HYDROMETEOROLOGY1
AND RUNOFF WATER QUALITY ANALYSIS
by
Howard E. Westerdahl
and
Eugene R. Perr iex:2
Ecosystem Research and Simulation Division
Environmental Laboratory
US Army Engineer Waterways Experiment Station
PO Box 631 Vicksburg, MS 39180

INTRODUCTION

The information described herein briefly summarizes four years of
research on the Caddo River Watershed from 1974 thru 1978. An understanding
of the watershed's hydrologic and runoff water quality response during storm

events was the primary objective of this investigation.
PHYSIOGRAPHY

The Caddo River watershed is located in parts of five counties
(Montgomery, Pike, Clark, Garland, and Hot Springs) in south-central Arkansas
between latitudes of 33°8" - 34°33' and longitudes 93°2'" - 93°577,

The Caddo River draims the south flank of the Ouachita Mountains in south-
central Arkansas and enters the Quachita River just north of Arkadelphia,
Arkansas (Figure 1), It flows in a generally southeast direction 125 km.

From headwaters at over 400 m msl, the river falls to 165 m msl at Glenwood to
130 m msl at Highway 84 to 54 m msl at its confluence with the Quachita River

(Figure 2} (Ford and Stein 1984), It has a drainage area of 1269 ka of which
1173 km2 are controlled by DeGray Dam; an additional 79 km2 are controlled by

the regulating dam (USAE-VD 1966).

1 This work was supported by the US Army Corps of Engineers Envirommental
Impact Research Program and Environmental and Water Quality Operatiocnal
Studies Program.

2 Present Address: Programme Des Nations Unie Pour LeDeveloppment -
ICRISAT B. P. [165 Ouagadougou, Haute-Volta (AFRICA},
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SOIL ASSOCTIATIONS AND LAND USE

To the northwest of the dam, the watershed lies in the Ouachita Mountain
section of the Ouachita physiographic province, The watershed lies within two
subsections of the Ouachita Mountain section. Above Glenwood, the Novaculite
Uplift subsection is characterized by long eastward-trending, even-crested
mountains and flat intermontane basins. Ridges in the Caddo River region
exceed 600 m msl. Southeast of Glenwood, the Caddo River passes through the
Athens~Piedmont Plateau subsection., This area is characterized by non-
mountainous east-west ridges rising 75 m above the intervening valleys (Albin
1965). Below the dam, the Caddo River enters the Gulf Coastal Plain, which is
characterized by a relling to hilly terrain over unindurated sedimentary
materials.

The predominant soil associations in the Novaculite Uplands region are
Pickens and Carnasaw with areas of Pickwick near the streams (Figure 3),

These well-drained, acid scils range from shallow on the slopes to moderately
deep on the ridge tops and floodplains. Usually brown loam surface soils
overlie yellowish silty clay loam or yellow-red silty clay subsoils which
grade inte clay. Gravel may occur on the slopes and in the valleys. The bed-
rock is usually steeply inclined fractured shale or sandstone, Outctops of
chert, slate, novaculite and limestone also appear (Perrier et al. 1977).

In the Athens—-Piedmont Plateau region, the Sherwood and Carnasaw associa-
tions predominate. These well drained, acid soils have dark gravish brown to
brown loam or fine sandy clay loam that is gravelly in some areas. These
overlie yellowish-red or red sandy clay loam or clay loam subsoil. This
reglon is primarily underlain by shales bounded by beds of sandstone. These
formations are thick and generally impermeable.

The Caddo River watershed is mainly rural with only about 1 perce..c being
urban or developed (Figure 4). About 30 percent is classified as agricul-
tural, mostly pastures in the Caddo River floodplain and tributary valleys.
Crops include corn, soyheans, and hay. The remainder of the watershed is
forested; 50 percent deciduous-mixed and 18 percent coniferous and others.
This includes areas which have been clear cut and block planted (Perrier

et al., 1977).
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CLIMATE

National Weather Service stations do not record temperature within the
Caddo River watershed. Daily temperture extremes are recorded at Arkadelphia,
about 12 km south of the dam and 60 m below the reservoir surface in eleva-
tion. Nearby Malvern and Hot Springs, both about 30 km from the reservolr,
and Mount Ida, about 50 km from the reservoir but only 7 km outside the upper
watershed, also have recorded temperature extremes. Temperature and other
meteorological data are recorded at the Little Rock airport every three hours.

DeGray Lake is exposed to a modified continental climate. Warm, humid
air from the Gulf of Mexico causes the summers to be long with temperaturesg
occasionally exceeding 40°C, Winters are generally short and mild but often
influenced by polar air masses which have dropped the temperature as low as
-20°C (Reinhold 1966, 1969). Mean monthly temperatures at Arkadelphia range
from 6°C in January to 28°C in July with a mean annual temperature of 17°C
(Ford and Stein 1984). Temperatures in the upper watershed should be compara-~
ble to those at Mount Ida, whose monthly averages are 1°to 1.5°C lower than
those at Arkadelphia.

The average wind speed is greatest in late winter and early spring and
least in mid to late summer. Winds from the southwest to south predominate,
especially during the summer months. During the winter a more even distribu-
tion prevails. The average barometric pressure is about four millibars higher
in the summer than in the winter (Ford and Stein 1984},

On a long-term average, precipitation is fairly well distributed through-
out the year with rainfall occurring only 20 percent of the time (Westerdahl
1981). About one-third of the annual precipitation falls from March through
May. The spring and winter precipitation is mainly associated with frontal
systems from the northwest. During the summer period, precipitation typically
occurs as rain from convective thunderstorms and southerly winds, whereas in
winter, precipitation frequently occurs as rain from frontal storms with winds
from the northwest., Summer rains are mostly scattered showers and thunder-
storms which are brief but often intense. During August, September, and
October there may be long periods of little or no rain. Precipitation usually
increases in the late fall. From January through May frontal storms produce

the bulk of precipitation. Some winter precipitation falls as freezing rain,
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sleet, or snow. Snow occurs from one to four times per year but rarely stays

on the ground more than a few days (Reinhold 1966).

HYDROLOGY

While streamflow 1is intrinsically related to precipitatioen, many other
factors are also iavolved. Runoff may vary from 15 to 90 percent for individ-
ual storms, depending on the season, antecedent so0il moisture, and ground-water
conditions. Annually about 45 percent of precipitation falling in the Caddo
River drainage area enters the Caddo River. During the late spring and sum-—
mer, the lower watershed contributes the larger portion of streamflow to
DeGray Lake while in late fall and winter, the upper watershed contributes
more runcff. Hines (1965) indicates that a significant amount of streamflow
in the Caddec River is maintained by the discharge of ground water from storage
during pericds of little precipitation.

The peak discharge frequency curve for the Caddo River at Glenwood shows
that the mean annual peak storm flow is about 500 cubic metres per second (cMs).
The extreme storm flows during the pericd of record, 1%40-1976, were 2500 cMs
in 1968 and 80 cMs in 1941 which correspond to water depths of 10 m and 3 m,
respectively.

Water Quality Constituent Loadings

The types of storms may also affect the stream water quality. Washoff
constituents in the runoff from different locations are likely to vary with
soil types, land use and land use management practices. Also, water from the
upper watershed, having been in the river several hours, may experience tem-
perature changes and undergo chemical changes in constituent composition
resulting from chemical and biological reactions within the stream channel.
The objectives of thils study were to statistically analyze and develop func-
tional relationships for water dquality constituent loadings during storm event

runoff on the Caddo River drainage basin.

Field Sampling and Laboratory Analyses

Precipitation measurements were obtained from a rain gage located at

GClenwood, AR. Water stage recorders and appropriate rating curves were used
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to determine the stream discharge at both the Glenwood and Highway 84 water
quality sampling sites.

Water quality sampling for the 13 storm events began in January 1975 and
continued through June 1977, Table l presents some of the storm characteris-
tics for the specific events sampled. During this period, 479 water samples
were collected from the Caddo River. FEach sample consisted of a one-liter
aliquot of storm water collected from the river bank at a point where the
stream appeared to be well mixed. The samples were collected at approximately
one-hour intervals with the sampling lutervals gradually increasing during the
hydrograph recession. An additional one-liter aliquot was collected to deter-
mine the sediment content of the runoff. Each sample was stored at 4°C to
minimize chemical and microbiological transformation.

Table 2 lists the parameters and analytical method for streamflow water
quality characterization used in this study. The pH, temperature, alkalinity,
dissolved oxygen, specific conductance, and turbidity were analyzed at the
sampling site. The remaining analyses were made on the refrigerated samples
within 24 hours in the water chemistry laboratory at Ouachita Baptist Univer-
sity, Arkadelphia, AR.

Statistical Analysis

Statistical methods were used to examine all data using the SPS5S computer
-programs (Nie et al., 1975). In evaluating stream water quality data, it is
important to determine the extent of concentration changes as well as corre-

latable relationships.

Discriminant Analysis

Digeriminant analysis was performed on the two data sets obtained at the
Glenwood and Highway 84 sampling sites. The mathematical objective of the
discriminant analysis was to weight and linearly combine variables to find
those variables that discriminate between data sets. Nunnally (1967) suggests
that this analysis is employed when the groups are defined a priori, and the
purpose of the analysis is to distinguish the data sets from one another on
the basis of their score profiles.

Factor Analysis

Factor analysis was employed to compare the measured parameters to iden-
tify underlying relationships. A central aim of factor analysis is the

orderly simplification of a number of interrelated measures {Child 1975).
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Table 1

Storm Characteristics by Date, Sampling Gage Site, Peak Stream Flow,

Rainfall Amount, Storm Interval, and Rainfall Duration

Storm Days from Rainfall
Sampling Peak Rainfall Previous Duration
Storm Date Gage Site Flow cMs cm Storm Days
31 Jan 75 Glenwood 383.4 10.08 5 2
19 Nov 75 Glenwood 14,2 3.10 9 1
5 Feb 76 Glenwood 5.7 2.74 10 1
3 Mar 76 Glenwood 6.5 0.89 13 2
28 Mar 76 Glenwood 22.2 3.88 3 4
19 Apr 76 Glenwood 12.2 3.66 3 3
12 May 76 Glenwood 23.6 7.45 6 4
15 Jun 76 Glenwood 38.7 8.72 8 4
31 Aug 76 Hwy 84 7.0 1.78 L 4
24 Oct 76 Hwy 84 197.5 5.52 3 2
2 Febh 77 Hwy 84 15.7 2.08 9 l
3 Mar 77 Hwy 84 532.4 10.26 6 2
16 Jun 77 Hwy 84 348.6 11.18 6

79



Table 2

Sample Parameters Measured and Method of Analysis

Parameter

Analytical Determination

Analytical Method

Sodium, Na
Potassium, X
Calcium, Ca
Magnesium, Mg
Silica, S1i

Nitrate, N03

Ammonia, NH4

Total Kjeldahl Nitrogen

(TKN)
Alkalinity

Total Organic Carbon

({TOC)
Total Phosphorus
Ortho Phosphate
Dissolved Oxygen
Total Solids
Nissolved Solids
Suspended Solids
Temperature
Turbidity
Total Bacteria
Fecal Coliform
Total Coliform

Fecal Streptococci

Atomic Absorption
Spectrometer
Spectrometer
Spectrometer
Heteropoly Blue
Ultraviolet

Orion Specific Ion Electrode

Digestion-Titration
Methyl Orange Titration

Combustion-Electrode
Agcorbic Acid Reduction
Ascorbic Acid_Reduction
Electrode Method

Glass Filtration

Glass Filtration

Glass Filtration
Electrometric Thermometer
Nephelometric

Membrane Filters
Membrane Filters
Membrane Filters

Membrane Filters

Perkin Elmer (1971)
Perkin Elmer
Lee (1967)

Perkin Elmer

Std.
5td.

Methods
Methods

Orion (1971)

S5td.,
Std.

Std.
Std.
Std.
Std.
Std.
Std.
Std.,
Std.
Std.
Std.
Std.
Std.
Std.

Methods
Methods

Methods
Methods
Methods
Methods
Methods
Methods

Me thods

Methods
Methods
Methods
Metheds
Methods
Methods

{1971)

(1971)
(1974)
(1974)

(1974)
(1974)

(1974)
(L974)
(1974)
(1974)
(1974)
(1974)
(1974)
(1974)
(1974)
(1974)
(1974)
(1974)
(1974)
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Also, it was used to reduce the number of parameters measured so that further
sampling efforts could be more efficient.

Regression Analysis

Bivarlate regression equations were determined for the 25 water quality
parameters versus flow. Also, multiple regression was used to determine pre-
dictive loading relations for a particular metal, nutrient, and bacterial
group. In addition, information was gained on the variation of the predictive

accuracy of the selected multiple regression equatiom.
RESULTS AND DISCUSSION

The sampling site was changed from Glenwood to Highway 84 bridge prior to
the August 31, 1976 storm event. In order to utilize and evaluate all the
data that had been sampled, discriminant analysis was used to compare the two
data sets to determine if chemical stream loading changed between the two
stations, It was assumed that both stations would compare favorably as the
s0il and land-use characteristics appeared similar to those found elsewhere
within the watershed. Due to missing data problems, only 13 of the original
26 parameters were selected for analysis. These 13 parameters produced a very
high degree of similarity with a Chi-square = 15.7 and 13 degrees of freedom.

To determine a discriminant function only 6 parameters were used, i.e., NO_-N,

POA’ total phosphorus, Ca, suspended solids, and turbidity. Approximately3
36 percent of the two known groups were correctly identified as members of the
group to which the parameters actually belong. However, this latter analysis
did show the relative contribution of N03—N and suspended solids to that func-
tion with standardized discriminant coefficients of -0.55 and 0.44, respec-—
tively., The contribution of the added watershed area from Highway 84 to the
concentration of N03—N is less than that contributed from the area above Glen-
wood; whereas, the increase in suspended solids is greater at Highway 84 than
that contributed from the area above Glenwood. The change in concentration of
NOB_N at Highway 84 is lower thanr at the Glenwood sampling site. This differ-
ence is attributable to land use within the region, e.g., more forest lands,
less livestock and poultry. 1In addition, the increase in suspended solids may
have been caused by a difference in public versus private forest land manage-—

ment as well as geological development of the Athens Piedmont Plateau and the

accompanying differences in soils.
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Factor analysis was run comparing nutrients, metals, and bacterial data
sets with flow, temperature, pH, specific conductivity, alkalinity, turbidity,
total solids, dissolved solids, and suspended solids, It was shown for the
three data sets that from rotation to terminal factors, specific conductivity
and alkalinity account for similar amounts of variance. Alkalinity was
selected for further analysis. Also, total solids, dissolved solids, sus-
pended solids, and turbidity represent similar amounts of variance. Because
turbidity could be measured onsite it was also selected for Further analysis,
In all three factor rums on the data sets, alkalinity was found to be a com—
plex variable and was a measure of more than one theoretical factor.

The range of concentration and the detection limit for the 25 water qual-
ity parameters and 13 storm events are shown in Table 3. The low levels of
the constituents are indicative of a watershed that has not been greatly
damaged by man altering his environment. However, the different ranges of
loading indicate the variation that is attributed to the stochastic nature of
storm events.

Bivariate regression equations were determined for the 25 water quality
parameters versus streamflow in rectangular form as well as semi~log and log-
log relations. Table 4 presents the correlation coefficients for the various
mathematical expressions. Table 5 presents the "best" form of the bivariate
regression equations as determined by the highest correlation coefficient.

The number of samples, W, varies because only 17 parameters were measured
during the 31 Jan 75 storm and occasional equipment failures account for the
remainder of the missing values. As shown in Table 5, 13 of the parameters
had correlation coefficients greater than 0.%50. The poorest bivariate corre-
lation was the log-log relation of NH4—N with R = 0,13 and the best correlation
was the log-log relation of calcium with R = -0.90. The low correlations of
some of the parameters are similar to those discussed by Hobbie and Likens
(1973) and Nelson (1970} for concentrations of nonpoint pollutants versus
water discharge rates. Extreme-values were a major contribution to low cor—
relations for some of the parameters; but none of the statistics of extremes
(Lin 1976) were performed on the data set. Sodium, Na, and potassium, X,
load inversely which suggests different origins for these two components., The
analysis of ground water in the Interior Highlands of the Ouachita Mountains
(Albin 1963, Plebuch and Hines 1969) shows sodium bicarbonate to be 1
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Correlation Coefficients R for Various Forms of the

Table 4

Independent and Dependent Variables

Water Quality

Parameter Rect C/Rect Q* Log C/Rect Q Rect C/Log Q Log C/Log Q
N03—N 0.43 0.40 0.64 0.65
NHA—N 0.01 0.01 0.11 0.13
TKN 0.32 0.36 0.27 0.36
Total P 0.37 0.38 0.43 0.50
Diss. P 0.15 0.12 0.23 0.24
Ortho P 0.42 0.34 0.56 0.50
TOC 0.77 0.61 0.80 0.72
Silica ~0.47 -0.48 -0.38 -0.39
Na ~0.44 -0.46 -0.51 -0.51
Ca ~-0.58 -0.71 -0.86 -0.90
Mg ~0.69 -0.76 =0.85 -0.86
K 0.56 0.51 0.56 0.57
Total Solids 0.56 0.61 0.52 0.56
Dissolved Solids 0.23 0.12 0.00 -0.08
Sugpended Solids 0.53 0.49 0.62 0.67
Turbidity 0.18 0.20 0.30 0.44
Alkalinity -0.59 -0.71 ~0.85 -0.86
pH ~0.68 -{.70 -0.79 -0.80
Spec., Cond. -0.49 -0.61 -0.73 -0.81
Temperature -0.17 -0.10 -0.23 -0.12
Dissolved Oxygen 0.21 0.22 0.33 0.35
Total Bact 0.16 0.24 0.03 0.16
Fecal Coli 0.15 0.27 0.23 0.44
Fecal Strp 0.08 0.26 0.17 0.45
Total Coli 0,22 0.31 0.22 0.36

*# (C = Concentration, Q = streamflow
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Table 5

"Best" Form of the Bivariate Regression Equations Including the

Intercept A, Slope B, Correlatlon Coefficient R, Standard

Error of Estimate Se and Wumber of Samples N

Water Form of
Quality Variable
Parameters Conc. Flow A B R Se
NOB-N Log Log -1.0388 0.2636 0.65 0.2004
NHA—N Log Log -1.3553 0.0680 0.13 0.3200
TKN Log Log -0.3989 0.1394 0.36 0.2320
Total P Log Log ~1.8046 0.2362 0.50 0.2635
Diss P Log Log -1.8588 0.1133 0.24 0.2931
Ortho P Rect Log 4.9357 12.2493 0.56 11.6013
TOC Rect Log -2,0511 6.4448 0.80 3.1604
Silica Log Rect 0.8421 —-0.0006 -0.48 0.1168
Na Rect Log 1.9177 —0.2627 -0.51 0.2824
Ca Log Log 1.3650 ~0.3536 -0.90 0.1108
Mg Log Log 0.4108 -0.1861 -0.86 0.0704
K Log Log ~0.1305 0.1583 0.57 0.1400
Total Solids Log Rect 1.8381 0.0012 0.61 0.1754
Diss Solids Rect Rect 49,0799 0.0341 0.23 15.9650
Susp Solids Log Log 0.7535 0.5839 0.67 0.4184
Turbidity Log Log 0.7400 0.3078 0,44 0.4053
Alkalinity Log Log 1.8192 -0.2893 -0.86 0.1054
pH Log Log 0.8823 =0.0324 ~0.80 0.0150
Spec. Cond. Log Log 2.0974 =0.2539 ~0.81 0.1137
Temperature Rect Log 18,3502 -2.1919 -0.23 5.0009
Diss Oxygen Log Log 0.8844 0.0349 0.35 0.0598
Total Bact Log Rect 3.0494 0.001% 0.24 0.6753
Fecal Coli Log Log 0.1469 0.5619 0.44 G.7666
Fecal Strp Log Log 0.2478 0.6465 .45 0.8019
Total Coli Log Log 2.3126 0.3544 0.36 0.5839

477
297
423
478
478
354
329
355
479
479
479
351
355
355
474
479
349
353
319
153
341
432
431
354
355
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primary constituent., The origin of K is not simply geochemical leaching. It
is suggested by Babcock and MacDonald (1973) that K may originate from direct
input from rain or agricultural and forest management practices.

Tables 6, 7, 8, and 9 present the functional relations of water quality
parameters versus flow obtained for the upstage and downstage of the hydro-
graph, The functional relations established in Table 4 for the various
parameters tend to prevall; however, the sensitivity of the slopes B and the
correlation coefficients R for the upstage relations are much better than for
the downstage. The combined data for the upstage and downstage hydrograph of
Table 5 lie somewhere in between. Note that for 8§ parameters, i.e., pH, Na,
Ca, Mg, DO, alkalinity, specific conductivity, and total bacteria, better cor-
relations are on the downstage of the hydrograph; nonetheless, for the remain-
ing 16 parameters they adhered to the "first flush" phenomenon of the upstage
of the hydrograph. The standard error of estimate Se is essentially the same
for the upstage, downstage, and combined stage functional expressions for each
parameter.

Table 10 shows the multiple regression relatioms cobtained for !l of the
water quality parameters with the dependent variables in the most desirable
form. As streamflow, alkalinity, turbidity and stream temperature can be mea-
sured onsite for a storm event, the predictions of chemical constituent load-
ings are easily determined. A comparison of these relations with those of
Table 5 shows general improvement with strength of relationship. The correla-
tion coefficient for N03—N increased from R = 0.65 for the bivariate regression
to R = 0.86, suggesting a much stronger relation with multiple regression. Tem-
perature improves the multiple regression analysis because temperature varles
seasonally and the data set was collected throughout the year (see Tabdble 3).

Table 11 shows the accumulative loadings in metric tons for 14 parameters
at the sampling locatlon for each of 13 storms. The wide variation in loading
is related to antecedent moisture conditions, rainfall amount, rainfall dura-
tion, and time of year (Table 1), As an example, suspended solids are related
to rainfall amount and duration as demonstrated by the 31 Jan 75 and 3 Mar 77
storms which were both about 10 cm of rainfall covering a 2-day period (sus-
pended solids = 500 MT); whereas, the 16 Jun 77 storm was approximately 11 cm
but lasted 6 days (suspended solids = 2000 MT).

86



Table 6

Correlation Coefficients R for the Various Forms of the Independent

and Dependent Variables for the Upstage of the Hydrograph

Water Quality

Simple Correlations

Parameter Rect C/Rect Q* Log C/Rect Q Rect C/Log Q Log (/Log Q
NOB—N 0.54 0.70 0.48 0.64
NH4-N 0.05 0.17 0.13 0.28
TKN 0.47 0.58 0.46 0.61
TOC 0.78 0.86 0.61 0.74
Total Phos, 0.42 0.55 0.45 0.60
Ortho Phos., 0.32 0.65 0.43 0.53
Diss. Phos, 0.20 0.28 0.20 .27
Silica -0.45 ~0.43 ~0.45 =0.42
Na 0,40 -0.43 -0.41 =0.45
K 0.63 0.70 0.54 0.68
Ca -0.66 -0.82 -0.78 -0,87
Ma -0.76 -0.80 -0.80 ~0,81
Temperature -0.18 -0.27 -0.09 -0.15
pH -0.60 -0.71 -0.63 -0.73
Spec. Cond. -0,51 -0.70 -0.63 -(.78
Alkalinity -0.60 -0.79 =-0.70 -0.84
Turbidity 0.19 0.44 0.29 0.63
Total Solids 0.61 0.65 0.68 0.73
Diss. Solids 0.43 0.26 0.32 0.18
Susp. Solids (.55 0.66 0.55 0.73
Diss. Oxygen 0.17 0.20 0.19 0.22
Total Bact. 0.15 0.08 0.26 0.29
Fecal Coli 0.22 0.33 0.37 D.65
Fecal Strp. 0,10 0.25 .30 0.57
Total Coli -0.28 0.34 0.38 0.50
* C = Concentration, Q = streamflow
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Table 7 .
&
Correlation Coefficients R for the Various Forms of the Independent

and Dependent Variables for the Downstage of the Hyﬂrggiggh

Water Quality

Parameter Rect C/Rect Q* Log C/Rect Q Rect C/Log @ iLog C/Log @
N03—N 0.35 0.48 - 0.34 ’ 0.54
NHé-N -0.07 -0.00 -0.11 =-0.04
TKN 0.18 -0.01 0.25 ' 0.08
Total Phos. 0.30 0.36 0.26 . 0.38
Diss Phos, 0.08 0.15 -0.12 3 0.10
Ortho Phos. 0.27 0.44 0.22 S 0.2
‘TOC 0.77 0.80 0.63 0.74
Silica -0.51 ~0.46 -0.53 ~0.48
Na ~0.49 -0.60 -0.52 -0.58
Ca ~0.60 ~0.90 - =0.75 -0,93 .
Mg -0.71 -0.90 0,79 -0.91
K 0.55 0.58 0.33 0.56
Diss Solids ~0.00 ~0.11 -0.06 ~0.15
Susp. Solids 0.52 0.74 0.43 0.65
Total Solids 0.59 0.61 0.57 0.58
Turbidity 0.18 0.28 0.06 0.19
Alkalinity -0.64 -0.88 -0.78 ~0.88
pH -0.79 -0.84 -0,81 ~0.84
Spec Cond. -0.51 -0,72 ~0.62 -0.81
Temperature -0.15 ~0.05 -0.09 0,02
Diss, Oxygen 0.25 0.41 0.25 0,41
Total Bact 0.31 0.15 0.24 0.14
Fecal Coli 0.10 0.16 0.1l4 0.22
Fecal Strp 0.07 0.22 0.22 0.33
Total Col, 0.15 0.13 0.23 0.29

* C = Concentration, Q = streamflow
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Table 8

"Best” Form of the Bivariate Regression Equations Including the

Intercept A, Slope B, Correlation Coefficient R, Standard

Error of Estimate Se and Number of Samples ¥ for the

Upstage of the Hydrograph

Water Form of
Quality Variable
Parameters Conc. Flow A B R Se
NO3—N Rect Log 0.0668 0.1163 0.70 0.08493
NHA—N Log Log -1.4346 0.1237 0.28 (0.3070
TKN Log Log -0.4930 0.2530 0.6l 0.2277
T0C Rect Log -1.5871 7.1960 0.86 2.9633
Total Phos. Log Log ~1.8513 0.3181 0.60 0.3023
Ortho Phos. Rect log 3.8708 14.7450 0.65 11.5095
Diss. Phos. Rect Log 15.5475 6.4991 0.28 15.6013
S5ilica Log Rect 0.8223 -0.00055  -0.45 0.1259
Na Log Log 0.2729 ~0.0677 -0.45 0.0948
K Rect Log 0.5951 0.7483 0.70 0.4759
Ca Log Log 1.3379 -0.2972 -0.87 0,1208
Mg Log Lg 0.3836 -0.1533 -0.81 (0.0794
Temperature Rect Log 19.6425 -2.6484 -0.27 H.0448
pH Log Log 0.8775 -0.0252 ~-0.73 0.0154
Spec Cond. Log Log 2.0899 ~0.2248 -0.78 0.1157
Alkalinity Log Log 1.7792 -0,2180 ~0.84 0.6858
Turbidity Log Log 0.6181 0.4871 0.63 0.4232
Total Solids  Log Log 1.6986 0.2620 0.73 N.1637
Diss Solids Rect Rect  54.1916 0.0637 0.43 15.321
Susp. Solids Log Log 0,8376 0.5993 0.73 0.3999
Diss Oxygen log Log 0.8881 0.02215 0.22 0.0623
Total Bact Log Log 2.9465 0.3082 0.2% 0.7278
Fecal Coli Log Log -0.002463 0.8177 0.65 0.6736
Fecal Strep Log Log 0.1639 0.8818 0.57 0.8354
Total Coli Tog Log 2.3160 0.4982 0.50 0.5743

216
[25
176
168
216
180
216
180
216
176
216
216
178
178
163
176
216
180
180
215
178
216
210
180
180
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Table 9

"Best” Form of the Bivariate Regression Equations Including the

Intercept A, Slope B, Correlation Coefficient R, Standard

Error of Estimate Se and Number of Samples N for the

Downstage of the Hydrograph

Water Form of
Quality Variable

Parameters Conc. Flow B R Se N
N03—N Log Log —0.8815 0.1918 0.54 0.1586 261
NHAaN Log Rect -1,2087 -0,00054  ~0,11 0.3223 173
TKN Log Rect =0.2550 0.00058 0.25 0.2090 247
Total Phos. Log Log -1.7339 0.1642 0.38 0.2117 262
Diss Phos. Rect Log 18.5976 3.9386 0.15 13.6081 262
Ortho Phos., Rect Log 6.3814 10.0676 0.44 11,4099 174
TOC Rect Log -3.5792 6.6474 0.80 2.8170 161
Silica Log Rect 0.8638 -0.00063 -0.53 0.1036 175
Na Rect Log 1.9986 «0.3152 0,60 0.2237 263
Ca Log Log 1.4011 ~0.3977 -0.93 0.0822 263
Mg Log Log 0.4601 -0.2244 -0.91 0.0539 263
X Rect Log 0.6079 0.3964 0.58 0.3071 175
Diss Solids Log Log 1.6729 ~0.0351 =0.15 0.1283 175
Susp. Solids Rect Log 38.5132 65.0774 0.74 30.2845 259
Turbidity Rect Log 4,2874 9.7628 0.28 17.9030 263
Alkalinity Log Log 1.86887 =0.3478 -0.88 0.1028 173
pH ’ Log Log 0.8901 ~0.400 -0 .84 0.0137 175
Spec. Cond. Log Log 2.1023 -0.2742 -0.81 0.1064 156
Temperature Rect Rect 15,0409 -0,0077 =0.15 5.2997 175
Diss. Oxygen  Rect Log 7.5998 0.9018 0.41 1.1256 163
Total Bact Rect Rect 1594.48 11.2052 0.31 3394.8 215
Fecal Coli Log Log 0,3821 0.3089 0.22 0.7960 221
Fecal Strp Log Log 0.3424 0.4598 0.33 0.7169 174
Total Col. Log Log 2.2339 0.3023 0.29 0.5508 175
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The type of rainfall/runoff variation associated with two of the storm
events, il.e., 19 Nov 75 and 28 Mar 76, are shown in Figures 5 and 6. The
19 Nov 75 storm isohyets were uniformly distributed throughout the watershed
yielding simple hydrographs at the five stream gaging sites from the head-
waters (Black Springs gage) to the Highway 84 bridge. The 28 Mar 76 stomm
shows complex hydrographs due to the stochastic nature of the rainfall which
occurred over a 4-day period.

The relation of stream discharge, nitrate, and total phosphorus to time
is shown in Figure 7 for the 16 Jun 77 storm event. 'The NO3—N loaded slowly
and peaked after the hydrograph peak and did not return or follow the reces-
sion of the stream discharge. The total phosphorus peaked prior to the hydro-
graph, but tended to follow the downstage of the hydrograph. These shifts in
peaks increase the variance when attempting to develop functional relations.

The high tail of the NO_-N reduced downstage correlatable relations with dis-

3
charge.

Another aspect of the source of variation with the water quality param-
eters 1is shown in Figure 8 for Na loading for the 31 Jan 75, 15 Jun 76,
24 Oct 76, and 16 Jun 77 storms in relation to stream discharge. In the first
three storms Na loads differently on the upstage than on the downstage of the
hydrograph (hysteresis). Also during the 31 Jan 75 storm, Na loaded less on
the upstage tham on the dowmstage; however, during the 15 Jun 76 and the
24 Qct 76 storm the process changed directions and Na loaded more on the
upstage and less on the downstage, During the 16 Jun 77 storm Na loaded
essentially the same for the upstage and the downstage., As noted in Tables 5
and 10, Na did not correlate very highly (R = -0.51 and R = 0.56, respec—
tively). The source of the variability of Na loading is undoubtedly associ-

ated with rainfall/runoff patterns, antecedent moisture conditions, and

ground-water elevation, etc.

CONCLUSIONS

The statistical analysis of the 26 water quality loading parameters for
the 13 storm events using 479 grab samples showed that functional relations
were obtainable with acceptable standard errors of estimate. Discriminant
analysis demonstrated that the loading characteristics observed at the Glen-

wood and Highway 84 bridge were not significantly different; thus, permitting
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NOTE: ISOHYETAL VALUES SHOWN
IN CENTIMETRE
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Figure 5. Rainfall ischyets and stream gage hydrographs at Ffive
stream gage stations for the 28 Mar 1976 storm
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bivarlate and multiple regression analysis on the combined data set., As
streamflow, alkalinity, turbidity, and stream temperature can be measured
onsite, the prediction of certain chemical loadings can be accurately calcu—
lated using multiple regression.

Factor analysis suggested the removal of some parameters from the multi-~
ple regression analysis hbecause they measure similar loading responses and
estimate simllar amounts of variance. Alkalinity and turbidity were chosen
for further analysis. Factor analysis Indicated that alkalinity was a complex
variable and could be associated with more than one theoretical dimension.

All 25 water quality parameters were analyzed using bivariate regression
equations of water quality parameters versus flow. The form of the functional
relation for use in the "best" bivariate equation was also determined.
Although the log-log relation was the most common relation selected, occasion-
ally a rectangular or semi-log expression could be accepted.

The upstage and downstage bivariate relations showed the "first flush"
phenomenon as an important indicator for stream loading. In general, the
metals (except potassium) loaded on the recession part of the hydrograph sug-
gesting the influence of ground-water loading. The nutrients, fecal coliform,
and fecal streptococci were better related to the upstage of the hydrograph
where the effects of management of urban develepment, farms, and forests could
be noted early during the storm event.

A great many complex relations added to the measured variance of a spe-
cific water quality pavameter but the major contributing factors were the
stochastic properties of rainfall, nonuniform loading relations (sodium for

example), and loading peaks not matching hydrograph peaks,
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DESIGN, CONSTRUCTION, AND OPERATION OF DeGRAY LAKE

by
1/
WAYLAND D. HILL, JR.=

LARRY E. BANKSE/

HISTORY AND DESCRIPTION OF DeGRAY PROJECT

Project authorization. The DeGray multiple-purpose flood control

and power reservoir was included in Senate Document Numbered 117, 8lst

Congress, first session, as a feature of the comprehensive plan of

improvement for the Ouachita River and Tributaries, Arkansas and Loui~

siana. The projects included in this document were authorized by the

River and Harbor Act of 1950 which reads in part as follows:

Sec, 101, That the following works of improvement of rivers
and harbors and other waterways for navigation, flood control, and
other purposes are hereby adopted and authorized to be prosecuted
under the direction of the Secretary of the Army and Supervision of
the Chief of Engineers, in accordance with the plans and subject to
the conditions recommended by the Chief of Engineers in the respec-
tive reports hereinafter designated: Provided, That the provisions
of Section 1 of the River and Harbor Act approved March 2, 1945
(Public, Numbered 14, Seventy-ninth Congress, first session), shall
govern with respect to projects authorized in this title; and the
procedures therein set forth with respect to plans, proposals, or
reports for works of improvement for navigation or flood control
and for irrigation and purposes incidental thereto, shall apply as
if herein set forth in full:

Ouachita River and tributaries, Arkansas and Louisiana; Senate
Document Numbered 117, Eighty-first Congress; and there is hereby
authorized to be appropriated the sum of $21,300,000 for the ini-
tial and partial accomplishment of the projectj....

i/

2/

Hydrologic Technician, Water Control Management Section, Hydraulics
Branch, Engineering Division, US Army Engineer District, Vicksburg,
Vicksburg, Miss,

Supervisory Hydraulic Engineer, Chief, Water Control Management
Section, Hydraulics Branch, Engineering Division, US Army Engineer,
District, Vicksburg, Vicksburg, Miss,
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The inclusion of municipal and industrial water supply as one of
the project purposes was authorized by the "Water Supply Act of 1958,"
approved 3 July 1958, as amended by the "Federal Water Pollution Control
Act Amendment of 1961," approved 20 July 1961.

The approving documents resulted in the "DeGray Project," con-
sisting of a multipurpose reservoir with project purposes of flood
control, hydroelectric power generation, recreation, water supply and
water quality control.

Description of drainage area. The Caddo River has its source in

the mountainous region of Montgomery County, Arkansas, and flows in a
southeasterly direction about 84 miles to its junction with the OQuachita
River 5.4 river miles above Arkadelphia, Arkansas, at river mile 426.0
above the mouth of Black River.

The watershed of the Caddo River is chiefly mountainous, with ele-
vations ranging from a maximum of 2,200 feet NGVD near the source to
about 170 feet NGVD at the mouth. In the upper reaches of the Caddo
River above river mile 56, the valley averages about 2,000 feet in
width, while the valley downstream from river mile 56 averages a little
over 1,000 feet in width, with several reaches about 400 to 700 feet
wide. The average stream slope above Norman, Arkansas, is about 40 feet
per mile; from Norman to Glenwood, Arkansas, about 10 feet per mile;
from Glenwood to the dam site, about 7 feet per mile; and below the
damsite, about 4 feet per mile.

Project location. The DeGray Project is located about 7.9 miles

above the mouth of the Caddo River and is approximately 5.4 miles north
of Arkadelphia, Arkansas. The DeGray Dam contrels a drainage area of
453 square miles, which is about 92 percent of the area of the Caddo
River watershed.

The regulating dam is located at mile 4.8 on the Caddo River or
about 3.1 miles downstream from DeGray Dam and controls about 27 square
miles of drainage area between the regulating dam and DeGray Dam,

Pertinent features of the project. The DeGray Project consists of

a main dam of earthfill construction with a spillway, intake structure,

earth dikes along the reservoir rim, hydroelectric power generating
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facilities consisting of one conventional unit and one reversible pump
turbine unit, a conduit for power and flood control release, penstocks,
powerhouse, switchyard, appurtenant structures, and a downstream

reregulating dam.
DESIGN OF DeGRAY PROJECT

Dam. The dam consists of a rolled earthfill embankment with a
total length of 3,040 feet, of which 1,640 feet are in the main or
valley section and 1,400 feet are in a dike section extending over the
low right abutment., The crest of the dam is at elevation 453.0 feet
NGVD, which provides a maximum dam height of 243 feet above the river
channel, This dam height provides 24.5 feet of surcharge pooi above the
spillway crest of 423 feet NGVD plus a freeboard of 5.5 feet above the
surcharge pool. The embankment was constructed of impervious sandy
clays and clay gravels from terrace deposits in the vicinity. While
these materials are essentially unclassified, excavation from borrow
areas and placement in the dam section were controlled as to place the
more pervious materials near the downstream slope of the dam. The
entire foundation of the dam was stripped to the rock line. A core
trench was excavated to firm rock along the centerline of the dam for
its entire length. At the fault zone near the left abutment, special
treatment was required. A single-~line grout was provided under the core
trench with additional grouting at the fault zone, Upstream and down-
stream slopes of the dam were protected by riprap. Pressure relief was
provided by rockfill toe drains, filter blankets, and vertical sand
drains.

Reservoir storages. Reservoir storage behind DeGray Dam is as

follows:

a. Minimum pool. The minimum pool is that portion of the

reservoir below elevation 367.0 feet NGVD (the lower limit of power and
water supply) and has an area of 6,400 acres and a dead storage capacity
of 261,500 acre-feet, equivalent to 10.8 inches of runoff from the

drainage area.
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b. Power and water supply pool. The power and water supply

pool is that portion of the reservoir between elevations 367.0 feet NGVD
and 408.0 feet NGVD. The top of the power pool at elevation 408.0 feet
NGVD has an area of 13,400 acres and a storage capacity of 393,200 acre-
feet, equivalent to 16.3 inches of runoff from the drainage area. Top
of the power and water supply pool, elevation 408,0 feet NGVD, was
determined in connection with investigations of the type and height of
dam., Storage requirements for water supply are fixed, and benefits that
would accrue to the project from them are constant. Therefore, power
benefits are a controlling factor in determining the capacity in the
power and water supply pool. Power benefits for various power pools
were made on a comparable basis to determine economic height of dam.

The studies were based om an annual load factor of 11 percent. Power
storages were based on 21.7-percent drawdown for maximum power pools of
395 and 408 feet, NGVD and amount to 295,000 acre-feet and 393,200 acre~-
feet, respectively. Storage for the maximum power pool of 424 feet NGVD
was limited to 450,000 acre-feet with a drawdown of 17 percent due to
difficulty in filling the larger capacities. Based on these factors, a
maximum power pool of 408 feet NGVD was determined to be most economi-
cal. The power and water supply storage of 393,200 acre-feet of storage
can provide a dependable water supply release of 250 million gallons per
day (387 cubic feet per second, cfs). The installed hydropower capacity
of 68,000 kilowatts includes onme conventional unit of 40,000 kilowatts
and one reversible turbine with a 28,000-kilowatt motor generator.
Hydropower capabilities were based on a 31-month critical low-flow
period beginning May 1924 and ending November 1926. Based on the criti-
cal low-flow period during the period of record (1923 through 1961), the
project can provide a capacity of 62,000 kilowatts at minimum power pool
when it is operated at an ll-percent load factor at the same time pro-
viding a dependable water supply release of 250 million gallons per day.
During the first 25 years of the project life, when the full water sup-
ply release will not be required, generation can be increased to provide
a load factor of 20 percent during the high power demand months of June,

July, and August for 90 percent of the years, and 15 percent during the
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remaining years. The pumped storage hydroelectric plant at DeGray Dam
can produce a prime continuous energy of 6,900 kilowatts. The average
annual energy i1s estimated as 91.1 million kwh and the energy required
for pumping as 19.3 million kwh per year.

¢. Flood control pool. The flood control pool between

elevations 408.0 and 423.0 feet NGVD contains 227,200 acre-feet of stor-
age, which is sufficient to control the dual-peak flood of April 1927,
the greatest volume of record in the upper Ouachita Basin. Reservoir
inflows for this flood were obtained by drainage area relationship from
observed flows of the Ouachita River at Hot Springs, Arkansas. The vol-
ume of runoff is equivalent to 11.7 inches from the drainage area. The
power and water supply pool was assumed full at the beginning of the
flood, and the average daily power release was limited to 2,000 cfs when
the flow of the Ouachita River at Arkadelphia exceeded 20,000 cfs. This
retention will allow downstream stages to recede, after which reservoir
releases will be limited to a maximum of 6,000 cfs for power generation
and flood control.

Spillway. The spillway is located in a natural saddle in the rim
of the reservoir approximately 4,000 feet east of the damsite. The
spillway is a uncontrolled, unlined, broad-crested type with a crest
elevation of 423.0 feet NGVD. It consists of an approach channel, a
flat control section, and an outlet channel. The control section is
200 feet long and approximately 250 feet wide. It will be located in
sandstone sufficiently resistant to scour to afford a satisfactory con-
trol. The inlet and outlet channels slope away from the control section
at 0.5 percent to provide drainage. The excavated chamnnel section has 2
on 1 side slopes up to the top of rock and I on 1.5 side slopes above
the top of rock. A 20-foot berm at the top of rock increases stability
of the side slopes.

Spillway design storm. In accordance with lst Indorsement, dated

3 September 1947, to a letter from the Lower Mississippi Valley Division
to the Chief of Engineers, dated 18 August 1947, subject: Spillway
Design Storms for Red River Basin, design storm values were extrapolated

from data in Hydrometeorological Report No. 23, "Generalized Estimates
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of Maximum Possible Precipitation over the United States East of the
105th Meridian," and were reduced by 5 percent to compensate for differ-
ences between basin shape and critical isohyetal patterns. The
spillway design flood was routed through the reservoir, with the
reservoir level at the beginning of the flood assumed to be at the top
of the flood control pool, elevation 423,0 feet NGVD. Routing the
spillway design flood inflows through the reservoir resulted in a
maximum surcharge pool elevation of 447.5 feet NGVD and a peak outflow
of 72,000 cfs which includes 5,000 cfs power release. The maximum pool
obtained from this routing is considered to be a safe design for the
surcharge pool of DeGray Reservoir. The surcharge design pool at
elevation 447.5 feet NGVD has an area of 23,800 acres and a storage
capacity of 495,100 acre-feet, equivalent to 20.5 inches of runoff from
the drainage area. Routing the spillway design flood with the power and
flood control conduits inoperative resulted in a surcharge pool
elevation of 448.0 feet NGVD, an increase of only 0.5 foot above the
surcharge pool design elevation 447.5 feet NGVD. Pool elevations for
various spillway discharges were determined from backwater computation
in which Mamning's formula was used with "a" values of 0.075 for the
small tributary, 0.035 for the outlet and approach channel, and

0.015 for the concrete section. The spillway capacity at a surcharge
pool elevation of 447.5 feet NGVD is 67,000 cfs. Velocities in the
excavated channel range from about 10 to 21 feet per second for the
spillway design discharge of 67,000 cfs.

Freeboard requirements. The freeboard requirements for DeGray Dam

and saddle dike were determined in accordance with the method outlined
in memorandum, "Conference on Determination of Freeboard Requirements
for the McGee Bend Dam, Angeline River, Texas,” dated 1 August 1956.
Computations of wave height and wave run-up were based upon a computed
effective fetch at surcharge-pool elevation 447.5 feet NGVD of 1.1 miles
for the main dam and 2.9 miles for the saddle dike. Distances of

2.5 miles for the main dam and 9.3 miles for the saddle dike along the
line of maximum fetch were used in computing wind tide. Based on wind

velocity duration data in the general vicinity of DeGray Reservoir from
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data presented in CW-178, Technical Bulletin No. 1, "Concepts for Sur-
face Wind Analysis and Record Velocities," wind velocities of eritical
duration from 30 to 40 miles per hour (overland) might reasonably be
assumed to occur coincident with the maximum reservoir level that would
be attained during the spillway flood. A wind velocity of 40 miles per
hour overland (52 miles per hour over water) would require 2.5 feet of
freeboard for the main dam and 4.0 feet of freeboard for the saddle
dike. TFor the main dam, a freeboard of 3.8 was considered adequate for
a wind velocity of 60 miles per hour overland, and for the saddle dike,
a freeboard of 5.5 feet would be adequate for a wind velocity of about
60 miles per hour overland. A freeboard of 5.5 feet was adopted, thus
fixing the top of the earth dam and the saddle dike at elevation

453.0 feet, NGVD.

Intake structure. Both power and flood control discharges enter

the tunnel through a single intake tower. The intake consists of four
21- by 21-foot openings controlled by movable baffle gates and trash
racks which can be positioned at three different levels, as requested by
the US Fish and Wildlife Service. Water intake centerlines for the
three levels are 395.0, 380.0 and 355.5 feet NGVD. Facilities were pro-
vided for emergency closure of these gates as required. Regulation of
flows for power and flood control are accomplished at the powerhouse and
flood control stilling basin, respectively. In addition to the baffle
gates and trash racks, raking equipment is provided at each intake open-
ing. A gantry-type hoist, arranged to rotate to all gate slots, is
mounted on the operating deck of the tower, This hoist can handle all
gate operation, using a lifting beam arranged to pick up or release the
gates. The hoist can also be used for removing the gates, trash racks,
and raking equipment from the tower. An emergency low-level gated
intake is located in the end of the tunnel immediately upstream from the
intake tower. Water below elevation 345.0 feet NGVD can be released
through this outlet in case of emergency.

Tunnel. A 29-foot-diameter tunnel located through the right abut-
ment of the dam was used for river diversion during construction of the

dam. The 29-foot tunnel was modified, during construction of the dam,
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to carry flows for power and flood control. The 29-foot tunnel is con-
nected to the intake structure with a 90-degree bend at the base of the
intake structure. A concrete plug with an emergency gate installed was
used to seal off the upstream section of the diversion tunnel in froat
of the intake. The 29-foot tunnel branches into two penstocks, one 15
feet, 9 inches in diameter for the conventional turbine unit and one 13
feet, 2 inches in diameter for the reversible pump-turbine unit. A
steel liner extends from the centerline of the dam to the ocutlet
structure,

Outlet structure. Flood control storage will normally be released

by power generation, which will permit the release of about 6,000 cfs at
maximum powerpool. However, to serve in making water supply and flood
control releases if necessary when the power plant is shut down or to
supplement the turbine discharge in drawing the reservoir down in case
of emergency, a,6- by 11.5- foot slide gate is located at the end of the
power and flood control tunnel. The gate discharge capacity is

6,700 cfs at 423.0 feet NGVD (top of flood control pool), with a maximum
design discharge of 6,000 cfs. The outlet gate discharges into the
stilling basin used during river diversion through the 29-foot diversion
tunnel. The stilling basin was designed for a flow of 37,000 cfs from
the 29-~foot diversion tumnel and is used for releases not exceeding
about 6,000 cfs from the flood control cutlet. For a distance of

140 feet from the flood control conduit exit, the floor of the basin has
a parabolic shape. The length of the stilling basin floor is 125 feet
at elevation 190.0 feet NGVD. The end sill elevation is 197.0 feet NGVD
and the two rows of baffle piers are 7 feet high. The elevation of the
top of training wall is 235.0 feet NGVD,

Powerhouse. The powerhouse is located on the right abutment adja-
cent to the flood control stilling basin., It is a windowless, enclosed
structure of reinforced concrete. Each generating unit and the erection
bay is contained in individual momnoliths. Provisions were made, in a
separate service bay, for all necessary auxiliary and control equipment
associated with the main generating units. As this station is remotely

operated from Blakely Mountain Dam, only a minimum of office space and
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no public facilities were provided in the powerhouse. Measures for the
protection of the facilities were given consideration in the detailed
design studies. Fallout protection was provided in the powerhouse in
accordance with the provisions of Engineer Manual (EM) 1110-2-5000,
dated 1 March 1961, and EM-345-461, dated 19 January 1961. Protection
was initially to be provided for 30 persons, including families of oper-
ating personnel, as the DeGray Reservoir is considered an isolated proj-
ect, However, the structure lends itself to providing extra shelter
space at very little additional cost. Consideration was also given to
constructing the powerhouse to provide a degree of blast resistance. A
minimum of essential indicating and control instruments was provided in
the protected area to permit emergency operation of the power facility.
Provisions were also made to allow for later installation of chemiecal,
biological, and particulate filters and their required ventilation
machinery, and to permit quick and economic pressurization of the
powerhouse.

Turbines. The supply contract under which the turbines were pro-
cured placed the responsibility for mechanical design and hydraulic
efficiency on the manufacturer and was in accordance with Corps guide
specifications. The data presented below are based on criteria and data
available in TVE Technical Monograph No. 52 (Rev. Ed.), "Preliminary
Selection of Hydraulic Turbines and Powerhouse Dimensions.” Since the
project must meet its commitments for water supply at all times, it was
desirable to install two units. The project consists of one 28,000-kw
reversible unit and one 40,000-kw conventional unit. Dependable capac-
ity of the project is 62,000 kw, which was determined by an 11 percent
annual load factor for 6,900 kw continuous power. Therefore, it was
necessary to install units to develop this capacity at 2 minimum head of
144 feet., The design head of 171 feet is a compromise between average
operating head and average critical period head and will give good oper-
ating efficiencies during normal operating pool levels. Generater
selection places the critical head at 153 feet where the plant will
develop 68,000 kw at full gate. The range of operating heads and the

horsepower output required indicated the choice of vertical Francis
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turbines. The project requires a reversible unit of 28,000-kw capacity
to meet pumping requirements from the regulating reservoir. The oper-
ating net head varies from a maximum of 201 feet to a minimum of

144 feet. The maximum net head is the reservoir level at top of flood
control pool minus the tailwater elevation with the 28,000-kw unit oper-
ating, with allowances for the intake and penstock losses and residual
velocity in the tailrace. The minimum net head is the reservoir level
at bottom of power drawdown minus tailwater elevation for a discharge
from both units, each operating at full gate output and with allowances
for the conveyance losses. The net head at maximum power pool is

185 feet., The net head fluctuation for power between 185 and 144 feet
represents a small range of heads of a Francis unit, the larger being
108 percent and the smaller 84 percent of the design (best efficiency)
head of 171 feet. This fluctuation is within the range of good oper-
ating efficiencies,

Turbine capability. The capability of the conventional unit is

36,500 kw at minimum head with an equivalent of 50,500 hoxsepower,
assuming a generator efficiency of 97 percent. The output of the tur-
bine at design head of 171 feet and best gate is 55,500 horgepower and
65,500 horsepower at full gate. The turhine output at best efficiency
is 85 percent of the maximum output. The capability of the reversible
turbine is 25,500 kw at minimum head with an equivalent of 35,400 horse—
power, -assuming a generator efficiency of 97 percent. The output of the
turbine at design head of 171 feet and best gate is 38,700 horsepower
and 45,200 horsepower at full gate. The turbine output at best effi-
ciency is 86 percent of the maximum output. Having determined the total
capacity of the plant from prime power studies, the amount of reversible
capacity was established upon the pumping capability of the unit and the
amount of storage available for pumping. The maximum amount of water
which can be pumped during a pumping cycle is that storage between the
full pool elevation of 221 feet NGVD (1,600 acre-feet). When reduced by
the water supply requirement of 460 acre-feet for 14 hours, the maximum
pumping volume was about 1,140 acre-feet. This required a pumping rate

of about 1,900 cfs for 7 hours and is the approximate capacity of the
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28,000-kw reversible unit., Hourly load characteristics indicate that
pumping can be done as long as 8 hours during off-peak demands. Since
this is the maximum pumping time required, the 28,000-kw reversible unit
furnishes sufficient pumping capacity. Pumping time will probably aver-
age 6 to 7 hours per pumping cycle. It was estimated that the reversi-
ble unit will pump at a rate of 3,200 cfs at a minimum head of 150 feet,
and 1,750 cfs at the maximum pumping head of 189 feet. With the pump-
back feature, the DeGray Project has an average annual energy capability
of 97.8 million kilowatt-hours.

Generators. Two generators were installed. One has a normal
rating of 44,444 kilovolt-amperes, 40,000 kilowatts at 0.90 power
factor, 13.8-kilovolt, 3-phase, 60-cycle, 60-degree Centigrade tempera-
ture rise; and the other a normal rating of 31,111 kilovolt-amperes,
28,000 kilowatts at 0.90 power factor, 13.8-kilovolt, 3-phase, 60-cycle,
60-degree Centigrade temperature rise. The generators are the totally
enclosed type arranged for a recirculating air-cooling system with
water-cooled surface-air coolers. Each of the generators meets the
requirements of Corps Guide Specification CE-2202, "Hydraulic Turbine
Driven Alternating Current Generator."

Transformers and switchyard. One three-phase transformer was

furnished for each generating unit. The transformers were the
oil-immersed type and have a kva rating equal to 115 percent of the kva
rating of the generator to which it is connected. The low-voltage
transformer winding is rated 13.2 kv and the high-voltage winding has a
dual rating of 115 kv for initial operation and 161 kv for future oper-
ation. FEach transformer meets the requirements of OCE Guide Specifi-
cation CE-2203, "Power Transformers.'" The switchyard structure was
constructed of galvanized steel and was located on a 470- by 150-foot
berm on the downstream dam slope at elevation 264 feet NGVD. Provisions
were made for three 161-kv transmission lines terminating in the
switchyard; two lines are being used initially and ome is for future
use. Main and transfer buses were installed on opposite sides of the
main structure. Transmission lines were connected to the main bus

through oil circuit breakers and to the transfer bus through
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motor-operated disconnecting switches. The generator power transformers
were located on the concrete slab, which serves as the roof of the
upstream service area of the powerhouse, and are connected to a common
transformer bus through motor-operated disconnecting switches. The
transformer bus is connected to the main and transfer buses through oil
circuit breakers. Switchyard clearances, insulation levels, and design
in general are to be for a nominal 161-kv operating voltage.

Supervisory-control system., The power plant is being operated by

a remote-supervisory monitoring and control system installed for con-
trolling the DeGray Power Project from the Blakely Mountain Power Proj-
ect, The units are fully automatic and suitable for unattended
operation. Supervisory control is accomplished by use of a supervisory
system which Incorporates continuocus monitoring of control channels,
individual point selection and check back, and priority for alarm or
control actions, over telemetered functions. It provides positive con-
trol and supervision of generating units, switchyard, and station-
service switchgear. It also includes emergency closing of the butterfly
valves and emergency tripping of the generator-air-circuit breakers,
audible and visual indication of alarms, and selection of telemetered
quantities. Telemetering is of the frequency type with continuous
recording of plant megawatts and three continuous channels which will
handle selected quantities. Available for selection are generator amps,
volts, watts, revolutions per minute, gate position, gate limit posi-
tion, and bus volts. Kilowatt-hour readings, pool and tailwater eleva-
tions, and tailwater temperature are telemetered in digital form to an
appropriate indicator. Supervisory actions, along with telemetered
quantities, are multiplexed using audiotone and telegraphic equipment
and transmitted by microwave. Microwave equipment consists of two ter—
minals, each with a standby unit and a reflector located between the two
terminals, Three channels are considefed'satisfactory to acconmodate
the supervisory-control telemetering and required radio-control links.
A fourth channel was incorporated for a microwave-alarm and service

channel,
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Regulating dam. The regulating dam consists of an earthen embank-

ment, concrete gravity spillway, and sluices. The crest of the dam 1is
at elevation 235.0 feet NGVD, and the crest of the spillway (top of
water supply and pumping pool) 1s at elevation 221.0 feet NGVD. The
height of the regulating dam was limited by the topography and because
higher pool elevation would cause reductions in power heads at DeGray
Dam. The low ground elevation, about 1,700 feet from the left end of
the regulating dam, is about 232.0 feet NGVD, No other sites are
available downstream for construction to provide additional storage by
relocation of the regulating dam. The minimum pool is that portion of
the regulating reservoir below elevation 209.0 feet NGVD and has an area
of 90 acres and a dead storage capacity of 600 acre-feet. The water
supply and pumping pool is that portion of the reservoir between eleva-
tions 209.0 feet NGVD and 221.0 feet NGVD (spillway crest elevation).
The top of the water supply and pumping pool at elevation 221.0 feet
NGVD has an area of 430 acres and a storage capacity of 3,000 acre-feet,
The joint-use pool for water supply and pumping with 1,600 acre-feet of
regulating storage would normally fluctuate from a minimum pumping ele-
vation of 217.0 feet NGVD to elevation 221.0 feet NGVD, and the average
elevation for power generation is 219,0 feet NGVD. The basin with a
storage of 1,400 acre-feet between elevation 209.0 feet NGVD and eleva-
tion 217.0 feet NGVD, is sufficient to provide the required water supply
during the critical weekend period of nongeneration.

Design of the regulating dam. A synthetic 30-minute unit hydro-

graph for the 27 square miles of drainage area between the DeGray Dam
and the regulating dam was used for computing inflow hydrographs from
storm rainfall obtained from US Weather Bureau Technical Paper No. 40,
"Rainfall Frequency Atlas of the United States,”" for l-, 5-, 10-, 25-,
50-~, and 100-year frequencies and for a standard project flood estimate.
The computed inflows for the various frequency‘flood hydrographs were
routed assuming the reservoir level at the beginning of the flood to be
at spillway crest elevation 221.0 feet NGVD, sluices inoperative and,
for one condition, with no power release from DeGray Dam and for another

condition, with a power release of 6,000 cfs from DeGray Dam. The
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standard project flood inflow hydrograph was routed under the above
assumptions with no power release from DeGray Dam. Rerouting the
50~-year frequency flood with 6,000 cfs power release resulted in a pool
elevation of 228.5 feet NGVD and a peak outflow of 25,000 cfs; the
reservoir at pool elevation 228.5 feet NGVD will have an area of

700 acres and a storage capacity of 4,200 acre-feet. The standard proj-
ect flood when routed through the reservoir resulted in a pool elevation
of 232.0 feet NGVD and a peak outflow of 45,000 cfs; the reservoir at
elevation 232.0 feet NGVD will have an area of 830 acres and a storage
capacity of 6,800 acre-feet, and when the pool reaches this elevation,
flow would bypass the dam at a point about 1,700 feet from the left
abutment. Based on these routings, the top of the dam was established
at elevation 235.0 feet NGVD, 3 feet above the standard project flood
pool elevation of 232.0 feet NGVD and 6.5 feet above the 50-year fre-
quency flood pool elevation, 228,5 feet NGVD, The freeboard provided is
considered reasonable for this type of dam.

Reregulating dam structures. The spillway located in the dam is a

concrete gravity ogee section with a length of 300 feet and a crest ele-
vation of 221.0 feet NGVD. Four 5- by 9-foot sluices with a total
capacity of 4,400 cfs at top of water supply and pumping pool elevation
221.0 feet NGVD (spillway crest) were provided for making water supply
releases and to serve in discharging excess flow during peaking periods
when power flows would cause the pool to exceed the spiliway crest and
affect tailwater elevations at DeGray Dam. The sluices discharge into
the stilling basin below the spillway. The stilling basin has two rows
of baffle piers designed to dissipate the energy from the spillway and
sluice flows. The length of the stilling basin floor is 55 feet at ele-
vation 192,0 feet NGVD. The end sill elevation is 195.0 feet NGVD, and
the two rows of baffle piers are 5 feet high. The elevation of the top
of training walls is 215,0 feet NGVD.
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CONSTRUCTION OF DEGRAY PROJECT

Diversion tunnel and intake shaft. The contract for construction

of the DeGray tumnel and appurtenances was awarded on 10 January 1964 to
a joint venture composed of Winston Brothers Company and Green Construc-
tion Company, Minneapolis, Minnesota. Excavation of the upstream intake
channel area was begun on 17 February 1964. Original plans were to
begin excavation of the tunnel from the upstream end, tunnel approxi-
mately 100 feet downstream of the intake shaft, then move the tunneling
operation to the downstream end and tunnel upstream until holed through.

Upstream excavation was completed to the stage to allow tunneling
to begin on 10 August 1964. On 20 August, with the first three ring
beams set and equipment in place to set the fourth, the tunnel caved in,
destroying all material in place. After the slide occurred, it was
decided to resume tunneling from the downstream end. Excavation to the
point necessary for downstream tunneling to begin was completed on
20 October 1964 and the tunnel was driven upstream, reaching station
3482 on 1 May 1965. On 12 May, excavation was resumed from the upstream
end. Station 3483 was reached on 6 June. This completed tunnel excava-
tion except for invert cleanup. Concrete placement for the intake
portal structure began in December 1965 and was completed om 22 March
1965. Placement of backfill concrete to fill overexcavated areas in the
tunnel was completed on 13 July 1965.

Placement of tunnel concrete began on 11 September 1965 and was
completed on 1 December 1965.

Excavation of the intake shaft was begun on 29 June 1964 and was
completed on 19 May 1965. Concrete placement began on 17 November 1965
and was completed by 1 January 1966.

Low-level intake. Construction of the low-level intake began with

installation of a safety fence around the work area above the tunnel
inlet on 2 May 1969. Chipping of concrete to expose the reinforcing
steel was completed on 29 May. Construction of the cofferdam was
started on 9 June and river closure was made on 20 June 1969. Placement

of concrete in the lower half of the orifice was made on 25 June.
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Installation of the lower half of the trashguard was made on 26 June.
Because of rain in the upper watershed, water behind the cofferdam rose
faster than expected and it was decided to wait until the second coffer-—
dam closure to complete the upper half of the orifice. The upper half
of the orifice and trashguard were installed on 12 July. The bulkhead
was set against the orifice on 8 August 1969. Drilling of the calyx
hole for the gate operating stem was started on 30 June 1969 in the
north water passage at the floor of the intake structure. The calyx
hole was completed 23 September 1969. The emergency gate was set and
tested on 2 February 1970 and placed in final position after lubrication
on 19 February 1970.

Intake structure. The contract for construction of the DeGray

intake structure and branch tunnels was awarded to Martin K. Eby Con-
struction Ce., Inc., of Wichita, Kansas, on 10 June 1966. 1In early
September 1966,.excavation of the structure foundation began. In
November 1966, concrete work on the structure was started. In May 1967,
the intake cylinder gate was set at elevation 345. In November 1967,
the semi-gantry crane rail, handrails, hatch covers, and other miscel-
laneous metals were installed at elevation 453, Work on the guides for
baffle gates, trash racks, intake cylinder gate, and spiral stairway was
started in August 1967 and completed in late December 1967. Painting of
the above items began in September 1967 and continued until April 1968.
Installation of the cylinder gate hoist, drive unit, and electrical sys~
tems was started in February 1968 and completed in early March 1968.

The cylinder gate seals and guides were installed, aligned, and con-
creted during the same period. Installation of the semi~-gantry crane
commenced on 22 May 1968 and was completed, including electrical sys-
tems, painting, and testing, on 18 July 1968, During the same period
the bulkheads, trashracks, and baffle gates were assembled, touch-up
painted, and moved into storage. The contract was completed on 18 July
1968 with completion of work on the semi-gantry crane and final cleanup
of the intake area.

Dam and dike. The contract for construction of the dam and dike

was awarded to Potashnick Construction, Inc., of Cape Girardeau,
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Missouri, on 4 June 1965. Work was begun on 28 June 1965, and final
inspection and acceptance by the Government was made on 28 October 1969,

Construction of the dam was begun by installing a subcofferdam to
divert river flow through the diversion tunnel. This was accomplished
on 27 May 1966. After the river diversion, the dam foundation was
cleaned and a permanent cofferdam, later to become part of the dam, was
constructed. On 21 August 1966, with the cofferdam complete to eleva-
tion 280.0, heavy rainfall on the upstream watershed caused the pool
level to rise rapidly, threatening to overtop the cofferdam. The danger
was averted by calling in heavy equipment to raise the elevation of the
cofferdam. Work on the dam continued as weather permitted, with no
other major problems arising. Miscellaneous work on the dam was fin-
ished, and the dam was completed in October 1968.

Construction of the dike was begun by clearing borrow area in June
1965. Clearing of the dike area began on 10 July 1965 and work on the
dike proceeded until November 1966, when dike embankment work was
halted. During the 1967 season, the dam was given priority and no dike
embankment work was done. Work on the dike resumed in June 1968 and
proceeded to completion in October 1969 with no major problems
encountered.

Powerhouse. The contract for construction of the powerhouse was
awarded to Martin K. Eby Construction Co., Inc., of Wichita, Kansas, on
12 July 1968. The job was accepted by the Government on 17 December
1971, and minor items were completed on 8 May 1972,

Excavation for the powerhouse foundation began on 29 July 1968.
With excavation 80 percent complete, concrete placement was begun in
October 1968. The mass concrete was completed in January 1970 and the
powerhouse floors were completed in June 1971. The roof was constructed
in September and October 1970 using precast-prestressed Lin Tees,

Layout for the tailrace began on 29 July 1968. Conereting for
overexcavation began 18 September 1968. The east wall was completed
4 September 1969. The west wall was completed 6 April 1971. Concrete

for the tailrace slab was finished on 17 March 1971, and the trash rack
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and boat barrier were installed shortly thereafter to complete the
tailrace. '

Eby Construction Co., Inc., subcontracted the piping and equipment
installation work to Martyn Bros. of Dallas, Texas, and the electrical
work to C-L Electric Company of Pocatello, Idaho. Installation of the
various powerplant systems and equipment was initiated in early 1969,

Installation of the generator sole plates, foundation bolts, and
piping up to the units was the responsibility of Eby Construction Co.,
Inc. The installation of the generators was by Allis-Chalmers Mfg. Co.
Assembly of the rotor for Unit #1 was begun on 12 January 1971. In July
1971, just prior to the scheduled mechanical run on Unit #1, readings of
the lower seal ring clearances for Unit #1 indicated a range of seal
clearance from 0.034 to 0.057 inch, whereas design criteria called for a
minimum clearance from 0.050 to 0.060 inch. At a meeting of representa-
tives from OCE, Southwest Division, Omaha District, Vicksburg District,
and the DeGray Resident Office, it was decided that the minimum allow—
able clearance would be 0.050 inch as per design and that sawing of
material from the runner without dismantling the unit would be accept~
able. Sawing operations were completed on 22 September 1971 and a final
check indicated acceptable clearance ranging from 0.051 to 0.071 inch.

The turbine mechanical run for Unit #2 was completed on 19 August
1971. The turbine mechanical run for Unit #1 was completed on 9 October
1971. The mechanical run for the Unit #2 generator was completed on
26 August 1971. Following completion of the Unit #1 mechanical and dry-
out run on ¢ October 1971, both units were ready for operation. Unit #1
was placed on-line 29 November 1971 and Unit #2 in December 1971.

Reregulating dam. The contract for construction of the DeGray

reregulating dam was awarded on 5 August 1969 to Guy H. James Construc—
tion Company of Oklahoma City, Oklahoma., Initial preparatory work such
as clearing and grubbing and access road construction began on 9 Septem-
ber 1969, Stripping and excavation operations in the diversion channel,
first stage cofferdam, and structure areas were started on 22 September
1969. Construction of the first stage cofferdam started on 13 October
1969,
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The river diverted through the channel on 30 October 1969, and the
first stage cofferdam was completed on 3 December 1969, After comple-~
tion of the first stage cofferdam, work was concentrated on structure
overburden and rock excavation. By mid-May 1970, overburden excavation
was 80 percent complete and rock excavation was 75 percent complete,

Concrete operations were started on 18 May 1970. The weir con-
crete was completed 5 November 1970, with the right retaining wall fin-
ished on 20 November 1970 and the stilling basin on 4 November 1970,

The remaining miscellaneous sidewalks, building slab, grouted ditches,
and launching ramp were completed in the period May-August 1971.

The filter sand, filter gravel, riprap, and embankment operations
were subcontracted to McCullough Construction Company of Ashdown, Arkan-
sas. The subcontractor began stripping borrow area on 20 August 1970
and began compacting fill on 25 August 1970, 1Initial embankment work
was on the left bank, east of the diversion channel between stations
10400 and 14+50. In mid-October 1970, embankment operations were moved
to the west bank between station O0+50 and 2+00. Due to weather condi-
tions, the subcontractor worked intermittently during the winter months.
On 1 April 1971, degrading of the first stage cofferdams began, with
suitable material placed in the dam embankments. On 8 April 1971 the
temporary plug was placed in the diversion channel and the river was
diverted through the reregulating dam gates. The upstream second stage
cofferdam, which formed a portion of the main dam embankment, was com-—
pleted to grade on 13 April 1971. Embankment operations for the com-
pacted fill on the dam were completed on 31 August 1971.

Riprap operations on the dam slopes and other specified areas were
completed in early September 1971. Work proceeded during the 1971 con-
struction season on the operations building, topsoil and sodding, and
road work. The base course and surfacing were completed in early Novem-

ber 1971. TFinal acceptance of the job was made on 12 November 1971,
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OPERATICN OF DeGRAY PROJECT

Flood control operation. The flood control pool is between eleva-

tion 400.0 feet NGVD (top of power pool) and elevation 423.0 feet NGVD
(spillway crest)., When DeGray's pool elevation exceeds 408.0 feet NGVD,
the excess storage will normally be released by power generation as soon
as possible. However, there are power restrictions that are strictly
adhered to by the project manager. These power restrictions are that
any time the river stage of the Ouachita River at Arkadelphia exceeds
17 feet (approximately 20,000 cfs), power generation will be restricted
to 816,000 kwh daily, one-half plant capacity, or approximately
2,000 c¢fs. Generation restriction periods will run from 8 a.m. to
8 a.m. while Arkadelphia is above 17 feet. If gemeration exceeds the
restriction amount at the time the restriction is put in effect, no gen-—
eration will be made during the remaining 24-hour period ending 8 a.m.
No restriction on peaking is required. After flows have receded at Ark-
adelphia, the release from DeGray will be regulated so as not to exceed
a flow of 20,000 cfs at Arkadelphia or a maximum of 6,000 cfs from the
dam, When it is necessary to supplement flows through the flood control
gate, which will be in case of an emergency or when the power plant is
shut down, the project manager will follow automatic flood control
restrictions. These automatic flood control restrictions are in effect
any time flood control storage is being released through the flood con-
trol outlet and they are as follows:

a, Close the flood control gate when the river stage of the
Ouachita River at Arkadelphia exceeds 17 feet.

b. Close the flood control gate when 1.00 inch of rain or more
occurs at the dam in 24 hours or less.

¢, It is the responsibility of the superintendent at the dam to
be sure the stage at Arkadelphia is below 17 feet when releasing storage
through the flood control gate.

The operations above are automatic. Instructions for following
them are furnished to the project manager and the power plant operator

at Blakely Mountain Dam who regulates DeGray by a remote—supervisory
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control system. The Vicksburg District's Water Control Management
Section is responsible for the flood control operations at DeGray Dam
and will issue special instructions to the project manager when condi-
tions warrant., The method of operation as outlined above gives the
optimum control of floods while maintaining sufficient releases to sat—
isfy pumping and water supply requirements. The flood control ability
of DeGray was evident during the December 1982 storm which produced

9.71 inches of runoff over the watershed in 48 hours. DeGray's flood
control pool stored 223,410 acre-feet of water, reducing the flood crest
at Arkadelphia by 2 to 3 feet and preventing $180,000 dollars in damages
in the Arkadelphia reach and $190,000 dollars in damages in the Camden
reach,

Power operation, The hydropower facilities at DeGray are operated

remotely from Blakely Mountain Power Plant., The Southwestern Power
Administration is the marketing agent for DeGray's hydropower produc-—
tion., In 1971 the Southwestern Power Administration signed a 20-year
contract with Middle South Utilities for the exchange of power from
DeGray Project. The contract for sale of power requires generation to
meet water supply demands. The joint use of power and water supply pool
is that portion of DeGray's pool between 367.0 feet NGVD and 408.0 feet
NGVD. The power and water supply pool contains 393,200 acre-feet of
storage for water supply and hydropower production.

Power generation and pumpback are scheduled by the customer
according to load requirements and are subject to any necessary flood
contrel restrictions. Unless flood control storage is being released,
power production is not scheduled by the client utilities. DeGray's
power plant remains on-line, but the units remain in reserve standby or
in the condensing mode, during off-peak demands. When the power is
needed by the customer during peak demand periods, DeGray's power is put
on-line in a few seconds, at the request of the eclient utility, and may
only remain on-line for a few minutes or a few hours. This ability to
be brought on-line in a few seconds for peaking purposes is what makes

the DeGray Project so valuable to the power companies,
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Pumpback feature operation. Incorporation of pumpback facilities

was possible without extensive modification of the reregulating dam and
pool located downstream of the main dam to maintain storage for water
quality control and industrial and municipal water supply releases. The
pumpback facilities were designed to allow for full vtilization of the
project's hydropower generation capacity to assist in meeting peak
demand load. Client utilities have the capability to constructively use
a portion of their excess base power in periods of off-peak demand.
Since the project has been in operation, water availability and fuel
prices have not required or made justifiable the use of the pumpback
facility to offset water discharges used for generating at peak demand
periods. Other than in 1971-72 when the pumpback facilities were ini—
tially tested and run for a total of about 112 hours, the pumpback

feature has been operated as listed below during off-peak periods:

Date Hours
Cctober 1974 7.6
November 1974 27.13
December 1974 90.77
January 1975 78.5
February 1975 2.0
September 1982 24,37

The reason for this pumpback was the excess energy in the system
that would have been lost if not used. Because of economic factors,
particularly the cost of fuels used in generating electricity, no other
operations have been required or have been deemed economically prac—
tical, except for routine checks and sequencing of equipment, The lake
levels and downstream water requirements are a factor in the scheduling
and amount of use of the pumpback facilities. The Corps serves only as
the operator of the pumpback facilities, and the electrical utilities
are able to use them when they consider it feasible, subject to previ-—

ously mentioned factors.
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Water supply operation. The Ouachita River Valley Association and

Ouvachita River Water District (ORWD) conducted parallel investigations
with the Department of Health, Education, and Welfare and determined the
potential water needs in the tributary area of 250 million gallons per
day. The initial release of 152 cfs for pellution control would ulti-
mately be increased by the water district to 387 e¢fs (250 million
gallons per day) for municipal and industrial use. Since December 1971,
except when dewatering occurred for maintenance purposes, the minimum
average daily release has been maintained from DeGray's reregulating
dam, The ORWD was established as the legal local sponsoring agency for
water supply from DeGray Lake. In February 1962 ORWD provided the
Governmment an Act of Assurances providing for repayment of water supply
as set forth in the Water Supply Act of 1958. Local interests are
responsible for that portion of the total project cost assignable to
furnishing municipal and/or industrial water supply storage, including
interest during construction. This cost is to be repaid within the life
of the project, but in no event to exceed 50 years after the project is
first used for storage of water for water supply purposes. The Act also
provides that no interest be charged on this cost until the supply is
first used, but that in no event shall the interest-free period exceed
10 vears., 1In 198C, as the end of the 10-year grace period approached,
the Vicksburg District contacted ORWD to request information which would
be necessary to develop contractual arrangements to facilitate local
interest contributions. ORWD was requested t¢ particularly address
(1) development of a contract program with representatives of potential
water-using areas; (2) engineering investigations of pipeline distri-
bution facilities, routes, and costs; and (3) plans for funding of
appropriate local contributions. The president of ORWD responded in a
letter dated 22 July 1980 stating ORWD had been dormant for almost
20 years and that, of the three ORWD directors, one had died and ancother
had moved out of the area.

The Vicksburg District is maintaining communication with ORWD and
will continue to encourage them to take action which will enable ORWD to

meet their local interest responsibilities as soon as practicable, The

124



Vicksburg District Real Estate Divisioﬁ has the lead element responsi-
bility for the development and execution of the water supply contract
with ORWD, When the ultimate water supply of 387 cfs is needed,
releases from the regulating dam will provide an adequate supply.

Temperature control operation. The intake consists of four 21— by

21-foot openings controlled by movable baffle gates and trashracks which
can be positioned at three different levels. Water intake centerlines
for the three levels are 395,0, 380.0 and 355.5 feet NGVD. The 1,000~
square-foot -opening below the water surface allows sufficient opening to
furnish maximum power flows without excessive velocities through the
gate passages. JSince the completion of DeGray Project, the intake gates
were set at centerline elevation 395.0 feet NGVD until 14 March 1979
when the gates were moved to centerline elevation 355.5 feet NGVD, The
intake elevation was changed to coldwater withdrawal (355.5 feet NGVD)
to honor a joint request from Arkansas Department of Pollution Control
and Ecology, the US Fish and Wildlife Service, the Arkansas Game and
Fish Commission, and the Waterways Experiment Station so they could
study the effect of hypolimnion releases on the downstream fishery. The
study period ran for a 4-year period from March 1979 to March 1983, when
the centerline of intake was changed back to elevation 395,0 feet NGVD.
The intake will remain at elevation 395.0 feet NGVD until an optimum
level can be selected by the parties involved.

Reregulating dam operation. As discussed earlier, the initial

minimum water requirement supplied from the reregulating reservoir is
152 cfs and the ultimate requirement is 387 cfs. Up to 400 cfs can be
released from the pool during the pumpback cycle without lowering the
pool below elevation 217.0 feet NGVD. Releases of 400 cfs over the
weekend no-generation period lowers the pool to elevation 209 feet NGVD.
The five 5- by 9-foot sluice gates can be operated locally but are nor-
mally run by remote control from the Blakely Mountain Dam powerhouse to
regulate outflows and minimize fluctuations in the reregulating dam pool
and in tailwater elevations. The gates can be positioned at 0.1-foot
intervals from zero to full open. Gate settings are determined from

reregulating dam pool elevations and the expected power generation and

125



pumpback amounts. Minimum releases during the pumping cycle maintain
sufficient storage capacity for pumpback. Immediately following
pumpbacks, based on anticipated generation, the gates are adjusted for
desired outflows during the generation cycle and required stages in the
reregulating pool.

Recreation facilities., The DeGray Project was the first in the

Vicksburg District with recreation as a project purpose., The recreation
facilities at DeGray have continued to be constructed and updated after
the completion of the main dam and pertinent features of the project.
The Corps of Engineers operates 17 day-use areas that provide diverse
camping and outdoor recreational opportunities. In addition to Corps
facilities, resort and commercial developments were made possible
through outgrants to state and county agencies and private interests,

The success of DeGray's recreational facilities is evident, with
the project averaging over 2 million visitors per year for the past

5 years,
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MATERTIAL LOADING TO DeGRAY LAKE, ARKANSAS:
PATTERNS AMONG VARIABLES AND
SIGNIFICANCE OF STORM EVENT LOADING

by

Robert H. Montgomery
Department of Civil Engineering
Colorado State University
Fort Collins, CO 80523

INTRODUCTION

The physical, chemical, biological, and social characteristics of reser-
voir ecosystems are directly controlled by the input of material from external
sources. Nutrients, such as phospheorus, nitrogen, carbon, and silica, control
algal and macrophyte growth, which in turn affect the higher levels in the food
chain (Wetzel, 1976). The link between the input of nutrients and reservoir
productivity has resulted in efforts to relate nutrient lcads to the level of
lake eutrophication {e.g. Vollenweider, !968; Rast and Lee, 1978).

The rate of allochthonous sediment ianput directly controls the rate of
depletion of reservoir storage capacity (USDA, 1973). The chemical composition
of input particulate matter affects lake sediment characteristics and water
clarity which govern the benthic community, internal loading during periods of
anoxia, and reservoir water quality (Thornton et al.,, 1981; Kennedy et al.,
1983). Material loading may also cause longitudinal gradients in water quality
and sediment characteristics (Kennedy et al., 1982; Gunkel et al,,

1984), Since material loads have such a significant impact on reservoir sys-
tems, accurate quantification of material loads is essential.

Material loading to a lake can be estimated by four different types of
estimators (Wu and Ahlert, 1978): 1) zero-order, 2) direct, 3) statistical,
and 4) descriptive. The zero—order method utilizes loading estimates from
either the same, or a similar, watershed obtained from a previous study or
uses export coefficients as a function of land use (e.g. Reckhow et al., 1980).
The zero—order methods are the most simplistic and least expensive. However,
care must be taken when transferring data from different areas by evaluating
the accuracy and reliability of previous sampling design programs.

The direct method uses routine water quality data and discrete or

instantaneous flow data to calculate loads (e,g, Walker, 1981; Verhoff et al.,
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1980). Direct methods are the most commonly used since routine water quality
data 1s usually all that is available (i.e. no special studies on high flow or
storm events).

Statistical methods use correlation and regression analyses to develap
stochastic models for predicting concentration and/or load from a set of
independent variables (e.g. Omernik, 1977; Jewell et al,, 1980). These
methods, while often providing good loading estimations, are extremely limited
in their applicability to other watersheds, and require sufficient amounts of
data (i.e. over the complete range of flow) and computational facilities.

Descriptive methods employ deterministic mathematical models of
physical, chemical and hydrological processes (McElroy et al., 1976; Mills et
al., 1982; Hydrocomp, 1980). The most common descriptive method employs the
Universal Soil Loss Equation (USLE). While the USLE is widely used, and thus
facilitates comparisons with other watersheds, it suffers from the same defi-
clencies as the zero-—order method in that the model coefficients usually have
to be obtained from the literature. Complex deterministic models are also
used; however, these are usually expensive, have high data requirements, and
usually have high level of total prediction uncertainty,

While numerous comparisons of material load estimation methods have been
done, no one method has been shown to be acceptable for all application vari-
ables (Ongley et al., 1977; Smith and Stewart, 1977, Johnson, 1979; Jewell
et al., 1980; Westerdahl et al. 198l; Dolan et al., 1981; Whitfield, 1982).
Since significant differences exist between baseflow and storm events, the
estimation of total amnual load by any method is most appropriately dome by
estimating baseflow and storm load separately (Colston 1974; Stevens and Smith,
1978; Cahill, 1977), and in some cases, by further separating by season or
menth (Johnson, 1979).

The selection of an estimation method should involve examining the
project objective, resources available, uncertainty acceptable, and possible
inherent biases (Montgomery and Kennedy, 1986). The use of routine/surveil-
lance data can create bias in annual loading estimations by over-estimating in
dilution variables and under-estimation in flow-driven variables (Ongley
et al., 1977, Johnson, 1979). This bias results because data from fixed
Interval sampling frequently contains only a few samples at high flows due to
the infrequency of temporal occurrence of storm events. Thus, low (dilution)

or high (flow-driven) concentrations that occur in storm events are not well



represented in the distribution of water quality variables and cause a bias in
the loading estimate. The ideal temporal sampling scheme should be continuous
and flow-proportional, but since this is usually not feasible, a discrete
sampling program should sample each flow regime with a frequency proportional
to the sum of discharges during that flow regime (Stevens and Smith, 1978).
Johnson (1979) showed the effect of changing sample size in estimating loads
using samples proportional to discharge and duration.

The purpose of this paper is to present a summary of the results obtained
in estimating material loads to DeGray Lake, Arkansas. The objectives of the
study were to calculate material load estimates for DeGray Lake via the Caddo
River, examine patterns in water quality variables during baseflow and storm
events, and examine significance of storm event loading.

The Caddo River arises inm the Ouachita Mountains of south-central
Arkansas and flows southeast for 126 km to its confluence with the Ouachita
River (Figure 1}. The river is impounded 12.7 km above this confluence to form
DeGray Lake, a US Army Corps of Engineers reservoir providing flood control,
hydropower, and recreation. The total drainage area of the river is 1269 kmz.
In general, the watershed can be divided into two geographic regions: the
Interior Highlands, which is part of the Novaculite Uplift (area northwest of
Glenwood), and the Athens Piedmont Plateau (below Glenwood) (Perrier, 1977).
Land uses in the Cadde River watershed include forest (68 percent), agriculture
(30 percent), and urban (2 percent).

The climate of the watershed is generally mild with an average monthly
temperature of 17°C (range of 6°C in January to 28°C in July). The average
annual precipitation is 134 cm/year at Arkadelphia and 146G cm/year at
Glenwood. Monthly precipatation is distributed fairly uniformly throughout
the year, although the summer storms tend to be short and intense with long
periods between events. Precipatation occurs approximately 20 percent of the
time and is rarely distributed evenly over space in the watershed, The amount
of precipatation that enters the Caddo River as runoff ranges from 15-90 per-
cent and averages 43 percent (Perrier, 1977). The upper basin (west of Glen-
wood) contributes a larger portion of steamflow in late fall and winter while
the lower basin contributes more in the late spring and summer. During periods
of low precipatation groundwater may contribute significantly to streamflow.
Snowfall occurs from one to four times per vear but will usually melt immedi-

ately; hence, there is no major snow melt/runoff event in the spring.
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METHODS

Water quality variables were sampled every two weeks from the Hwy 84
bridge on the Caddo River during the period | Jan 76 - 31 Dec 80, Samples
were collected at midstream approximately 0.5 meter below the surface using a
horizontal Van Dorn water sampler. Sample time was 10 a.m. for all samples.
Presented in Table 1 are water quality variables and sample preparation, sample
storage, and analytical methods used (see Glossary for variable definitions).
Samples during storm events, which were defined as major rain events that gen-
erated a significant rise in the Caddo River, were collected approximately
hourly until the rate of change in flow diminished. A minimum of 10 repre-
sentative samples were maintained and amalyzed. In general, at least four
samples each on the rising and falling side of the hydrograph and two at the
peak flow were analyzed. Sampling techniques and analytical methods were the
same as for the routine samples. Sample collection and analysis were performed
by the Water Chemistry Lab, Ouachita Baptist University, Arkansas.

A complete, bi-hourly flow record at the Highway 84 site for the years
1976 - 1980 was established by combining hourly stage measurements from the
river gages located at Glenwood and Hwy 84 (Figure 2). For the years 1976,
1977, 1978 and 1980, missing values in the Hwy 84 flow record were calculated
by linear interpolation between observed flow values. This was feasible since
meteorologic records revealed no rainfall events during the periods of missing
flow values., However, during early 1979 missing values occurred during periods
of significant rainfall. For these values, a linear regression model of mean
daily flows between Glenwood and Hwy 84 using data from the first half of 1979
was developed. This model accounted for travel time between stations and for

conditions specific to 1979,
RESULTS

Summary statistics for water quality variables collgcted during the
routine sampling program are presented in Table 2. Water quality relations
under baseflow conditions and storm events were evaluated and modeled
independently. Baseflow conditions were defined by comparing routinely
collected water quality data with the continuous flow record. Samples not

collected during or immediately after a storm event were subjectively
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identified as occurring under baseflow conditions. Only water quality data
specifically collected during storm events were used.

Long—-term (i.e, annual) changes or trends in water quality may imply
changing watershed or hydrologic conditions, which in turn can potentially
affect the accuracy of nutrient load estimates. Therefore, time series plots
of concentration for the period 1 Jan 76 - 31 Dec 80 were examined for each
water quality variable. While such visual tests provide only qualitative
results, they do provide a means for determining if the application of
statistical tests is warranted. The time series plots exhibited no obvious
trends in any of the water quality variables. Since these observations were
consistent with the fact that there have been no significant land-use changes
in the watershed, no statistical tests were conducted. Similar evaluations of
possible seasonal water quality trends were performed by pooling data for all
years, but were confounded by the existence of seasonal patterns in flow.
However, since seasonal changes in water quality and flow were similar, both
sources of variation were addressed by regressing concentration on flow.

Summary statistics for baseflow water quality variables which allowed
identification of tendenciles, variations, distributions, and possible outliers
are presented in Table 3. Typical patterns between concentration and flow are
shown in Figures 3 and 4. Mean concentrations in conjunction with flow are
usually used to estimate nutrient loads. However, if non—normality is present
in water quality variables more robust estimators are warranted, BRased on the
summary information, stem-leaf diagrams, Box plots, and normal probability
plots, the following were chosen as the "best" measure of central tendency for
water quality concentration:

Mean - TP, SﬁP, TKN, DSI, TMG, TCA, TNA, TK, TME, TFE, TS, DS

Median - SUP, PP, NO3N, NH4, TOC, DOC, SS
For SUP, PP, NO3N, NH4N, TOC, and DOC the mean tended to overestimate (skewed
right distribution) while for S5 the mean tended to underestimate (skewed left
distribution), hence the use of the median as central tendency.

Summary statistics for the fractions (percentages of individual constit-
uents) of phosphorus, carbon, and solids during baseflow conditions were also
examined (Table 4). This information will be compared with fractions during
storm events to examine possible changes in species composition resulting from
increased flow. Associations between water quality variables during baseflow

were analyzed by examining the correlation matrix and performing a factor
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Figure 4. Typical patterns for dilution variables: (a) baseflow
concentration versus flow; (b) storm concentration versus flow; and
(c) standardized storm chemograph.
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analysis. The information generated can be used to reduce efforts on similar
variables and concentrate on dissimilar variables. The factor analysie
utilized an fiterated principal axis factoring method, an equamax rotatiom
method, and was limited to a maximum of five factors. While a few possible
assoclations were identified there were no consist patterns between variables.

Based on the exploratory analyses, baseflow water quality concentrations
for the entire baseflow period were predicted by either vegressing
concentration on natural loagarithm transformed flow (if the slope of the
model was significant at 0.05 level) or the selected '"best" measure of central
tendency was used (Table 5).

Water quality data for the 16 storm events were subjectively screened
for completeness and appropriateness. Eliminated from further consideration
were storms with minimal peak discharges (maximum flow less than 15 cms) or
incomplete water quality records on either the rising oxr falling limb of the
hydrograph. Based on this screening, data for 14 storms were retained for
analysis (Table 6). Both static storm variables (those in Table 6) and the
non-static variables FLOW, TIMESSS (time since start of storm), and
AQ (accumulated flow) were used as independent variables in developing
statistical water quality models during storm events (see Glossary of Syubols
for variables definitions).

Summary statistics for storm water quality variables and fractioms of
phosphorus, solids, and carbon are presented in Tables 7 and 8, respectively.
The correlation matrix and factor analysis (same method as used for baseflow)
of storm water quality variables suggested three groups:

Group 1 - TMG, TCA, TNA, TSI

Group 2 - TP, PP, SRP, TKN, SS, TK, TMN, TFE, TOC, DOC, TS, NH4N

Group 3 - SUP, NO3N, DS
Although TS and NH4N fall in group 2, both had some tendencies to associate
with groups 1 and 3.

Concentration in storm events 1is usually most significantly affected by
flow and often modeled as a function of flow only. Thus, plots of natural
logarithm transformed concentration and flow were examined to suggest potential
statistical models for predicting concentration (Figures 3-4). To show the
typical pattern of concentration in a storm, concentration and time were

standardized around the time of peak flow within a storm (Figures 3-4).
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Table 5

Estimators for Water Quality Concentrations During Baseflow

Baseflow Variables with Significant Slope (Ln Flow) < .05

Prob. R®

TP = .02959 - _.004989 * Ln Flow .0039 0713
PP = .01198 - .0031269 * Ln Flow .0129 0614
SRP = ,01801 -~ .,004187 * Ln Flow .0035 .0751
NO3N = ~. 00132 + .06759 * Lp Flow .0102 .1182
T8 = 106,484 - 22.9290 * Ln Flow L0514 0374
DS = 83.6667 - 15,3600 * Ln Flow . 0001 . 1400
TMG = 2.8128 -~ ,4996 % Ln Flow . 0001 4128
TCA = 22,4879 - 6.0200 * Ln Flow .0001 6743
TK = 1.1844 - ,2149 * In Flow . 0001 . 1959

Variables with Non-significant Slopes, Best Measure of Central Tendency

Mean Median

TKN sup

TNA NH AN

T™MN 88

TFE TOC
DOC
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Standardized concentration is storm concentration divided by maximum storm
concentration and standardized time is TIMESSS divided by time of peak flow.
The standardized storm concentration plots allow for the visual determinatien
of how concentration increases or decreases with increased flow and where
concentration peaks occur in relation to flow.

A stepwise multiple regression technique, using Maximum R2 improvement,
was performed to develop statistical models to predict storm water quality.
The 11 static and 3 dynamic storm variables were used as potential dependent
variables. All independent and dependent variables were transformed to
natural logarithms to provide symmetric distributions, An a-priori criterion
for all models was that at least one static and dynamic variable must be
included. A "best" model (Table 9) was chosen by:

1. Examining the increase of R2 improvement as independent variables
were added to fine asymptotic level,

2. Examining the decrease in model MSE as independent variables were
added,

3. Significance of parameter and model estimates,

4. Examining changes in Type I1 S5i, f-ratio, and parameter estimates
for possible multicollinearity.

The model variables are listed in order of significance. For each selected
model, plots of residuals versus predicted and independent variables not used
in the model were examined. All models except NH4N contained dynamic vari-
ables. For NH4N, the scatter plots of natural logarithm transformed concen-
tration and flow during storms had no chamnging relations, thus only a static
variable was used in the storm model. The storm models for TMG and TNA had
multicollinearity arise when static variables were added. This suggests TMG
and TNA can be modeled as a straight function of flow without static hydrologic
variables. Summary statistics for the predicted storm water quality concen-
trations are presented in Table 10. An important note when comparing these
statistics with those of the sampled storms is that the predicted set of storms
({.e., all storms during 1976-1980) contains many more storms of lower magni-~
tude (Table 11 and 12)., Thus, the water quality probability distributions and
summary statistics would be shifted toward those concentrations associated with
low magnitude storm events. For example, the mean flow and TP are smaller for
predicted (all storms) than observed (14 storms).

Using the continuous {(bi-hourly) flow record and estimators for water

quality concentrations for baseflow and storm events a bi~hourly concentration
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Table 9
Statistical Models for Storm Water Quality Variables

LOG

LOG

LOG

LOG

LOG

LOG

LOG

LOG

LOG

L.Os

LoG

LOG

LOG

LoG

LOG

LOG

LOG

LoG

LOG

TP = -0.5155 + 0.6854*LFLOW -~ 1,0875*LTTP ~ 0.1359%LAQ
PP = 0,0506 4+ 0.9505*LFLOW ~ 1.2861*LTTP - 0.2616%LAQ

SUP = -3.2533 - 1,509*LTTP - 0.4264*LTLS + 0.6304*LDUR + 0.1858*LFLOW

SRP = -4.6914 + 0.4312%LFLOW - 0.3197%LMQL10

3

NHAN = =0.7945 ~ (0.4581*LTLS

NO.N = ~3,3490 + 0,3772*%LTLS + 0,2702%LAQ - (.0080*TIMESSS ~ 0.1902*LTVOL

0.2465*LPQLS

TKN = ~(.3271 + 0.4138*LFLOW - 0,08604LAQ - 0.0996*LPQLS
TS = 4.,9865 + 0,4850*LFLOW - 0.1508*LAQ

DS = 4,1666 + 0,1113*LFLOW -0.2441*LTTP

88 = 4.8168 + 0.8599*LFLOW - 0.3032*LAQ

TSI = 2.2793 - 0.1491*LFLOW

TMG = 0.9638 - 0.1799*LFLOW

TCA = 2.8819 - 0.2871*LFLOW

TNA = 0.9011 - 0,1573*LFLOW - 0.0827*LTLS + 0.1804*LTTP
TK = 1,8008 + 0.2405*LFLOW - (0,0967*%LAQ - 0,1101*LPQLLO - 0.260*TTP
TMN = =2,1695 + 0.4191*LPQLS + 0,3440*LFLOW - 0.1799*LAQ
TFE = 0.3295 + 0.5B66*LFLOW - 0,2484*%LAQ + 0.4577*LMQL25
TOC = 1.0228 + 0.3638*LFLOW - 0.1126*LPQLS

DOC = 1.9977 - 0,6419*%LPQL1C + 0.2580*LFLOW

734
. 647
<374
.580
422
.358
471
672
.198
.606
112
.560
.605
.607
.567
617
.B49
570

.552
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record was established for the period 1 Jan 76 - 31 Dec 80. A corresponding
material load record was established by integrating the area under the
material load curve. Summary statistics for predicted daily concentrations

and load for all variables are shown in Tables 13 and 14, respectively,
DISCUSSION

Based on the information generated, three groups of water quality vari-
ables were identified based on characteristics during baseflow and storm
events. The three groups were 1) flow concentrating, 2) flow dilutilon, and
3) no pattern. The characteristics of each group will be discussed separately
and while there were definite patterns between groups, a continuum from one
group to another was observed.

The flow concentrating group had a strong positive linear relation
between concentration and flow having the same shape curve during storm events
(Figure 3). The peak concentration occurred slightly in advanced of peazk flow,
especially as storm magnitude increased. The mean and standard deviation (std)
of observed baseflow samples tended to be less than the mean and std from
observed routine, suggesting the significance of storms (i.e., increased con-
centration and variation with increased flow). Observed baseflow concentra-
tions usually had a negative relation with flow until approximately 12 cms,
which probably arose due to dilution. At flows greater than 12 cms, the
increased flow caused runoff and resuspension to occur and concentration to
increase. The observed storm concentrations had means from 2-6 times larger
thap baseflow while coefficients of variation (cv) were smaller. Observed
storm concentrations were strongly correlated with flow, hence flow was usually
the most significant independent variable in the storm model. The mean of
predicted storm concentrations were usually less than cbserved because of the
higher percentage of low magnitude storms in the predicted storm set {all
storms) in comparison to the set used to develop the storm models (14 storms).
This occurred because the higher percentage of small storms caused lower pre-
dicted mean flows; therefore the predicted storm concentrations had smaller
means and maximums. In comparison, the means and maximums of complete set of
predictions (baseflow and storm) were smaller than observed routine conditions.
The overall set of predictions also tended to have the same or larger maximum

and range. The group consisted of (in order from most applicable to least):
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pP, S8, TP, SRP, TFE, TOC, TKN, TS, NO3N, DS, DOC, TK, and TMN. All variables

from PP to TEN were definite members of the group while the other variables had

the following discrepancies: TS5 showed flow dilution until flows exceeded

12 cms; NO3N tended to asymptote out at flows greater than 30 cms; DS had a

smaller percentage of storm load; DOC, TMN, and TK had larger variations in concen-
tration at high flows.

In the dilution group, concentration had an inverse relation with flow
and peaked simultaneously with flow (Figure 4). Mean observed baseflow con-
centrations were slightly larger than routine and had a very strong negative
relation with flow. The observed mean storm concentration was less than base—
flow and had an increase 1n cv and decrease in minimum and maximum., The storm
model was usually a function of only flow with the addition of static variables
usually causing multicollinearity. The predicted storm concentrations had a
larger mean and smaller std and range than observed storm concentrations
because the large percentage of small storms caused less dilution (increased
mean), and less change in concentration (smaller std and ranges). The complete
set of predictions (baseflow and storm) were very similar to the observed
routine data because the biases in baseflow and storm predictions tended to
cancel each other. The dilution group consisted of TCA, TMG, TNA, and TSI,
Both TCA and TMG were strong members with TNA having larger variation in con-
centration at low flows and TSI having larger variations at low to medium
flows. _

Group 3, the no pattern or high variation group, showed very little
pattern with flow during baseflow or storms (Figure 5). The lack of pattern
may occur because the variables had characteristics of both group 1l and 2
combined or actually exhibit no consistent relatioﬁships at all. The observed
baseflow concentrations were very similar to observed routine with both sets
of data having large cv. The means of observed storm concentrations were
slightly higher than those for baseflow. Since no strong influence was
exerted by any dynamic independent variable, the peaks of predicted
concentrations in storm events were flat. The group consisted of SUP and
NH4N,

The contributions of storm event loads to the total monthly and annual
loads are typified in Figures 6-~7, respectively, with the annual percentages
for all variables in Table 15. Before examining the water quality load plots,

it is important to examine the amount of water load from baseflow and storm
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Figure 6. Typlcal patterns for flow concentrating variables: (a) annual
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monthly load (separated into baseflow and storm).
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events (Figure 8), for if storm events have no effect on concentration during
storms the percentages of water load and water quality load should be very
similar. However, if increased flows caused increased concentrations, then
storm events should contribute a higher percentage than water load; whereas if
dilution of concentration cccurred with increased flow, a decrease in storm
load percentages should be expected. For concentration variables, storm
events dominated the total load (94-98 percent) with medium to large cv's. 1In
contrast, the percentage of storm event contribution to the total load for
dilution variables was much smaller (51-64 percent),

A pattern that emerged within all variables was that as the percentage
of storm event contribution imcreased, the cv decreased. This suggests that the
variables that are significantly concentrated by flow do so in a consistent
manner, while dilution variables have increased variation in storm event per-
centages in comparison to baseflow. However, this pattern must be viewed in
the light that even though a smaller cv existed with variables having large
storm loadings, a small variation at the higher percentage actually caused more
change in loading than a larger variation at a lower percentage. Another
important pattern was that even though dilution variables had high cv's of
percentages during storm events, they had lower annual cv's because the lower
percentage cv's during baseflow coupled with more baseflow loadings created
lower annual variations.

Both baseflow and storm event material loading have seasonal patterns,
exemplified in Figures 6-7 and Tables 16 and 17 for all variables, respec-
tively. The total mean monthly loads for concentrating variables occurred on
a definite seasonal basis; very high in spring, decreasing in summer and
increasing in fall. For dilution variables, the total mean monthly loads were
fairly uniform throughout the year. For all variables, the seasonality in
storm loading was similar to patterns in water loading with the major peaks in
the spring and slightly smaller ones in the fall. In comparison, baseflow
material lcads peaked in summer. In beth storm and baseflow loadings, when the
monthly percentage increased, the cv decreased, and may exhibit the same
properties of changing percentages and cv as was examined for total annual
loads.

The fact that material loads occur in a seasonal manner can have an
important impact on the response of the system (lake or reservoir) based on

the uneven impulse loading. Thus, even though annual estimates may predict
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similar annual loads, by not incorporating the seasonal pattern in material
loads, they have limited usefulness. Also, if annual input-output models are
used, the fact that seasonal loading exists may have a significant impact on
the coefficlents used in the model. Ancother important aspect of spring
seagsonal loads is the possibility for the large amounts of material loads

to be added either directly to the water or sediment and provide the spring
starting point for water quality concentrations and an internal nutrient
source to become available later in the year (Kennedy et al,, 1983).

The change in chemical species composition between baseflow and storm
event loadings was most pronounced in variables having dissolved and
particulate fractioms. The fraction of particulate or suspended material was
much larger than dissolved during storm events {(eg., PP to SUP and SS to DS).
Thus, the variables consisting of a significant amount of both dissolved and
suspended species and which have a large percentage of storm lcadings may be
comprised of many more particulates than reflected by the percentages
calculated from using observed routine data and a direct loading estimator.
For example, if storm events contribute 90 percent of the total load and
90 percent of storm loads are particulates, then out of 100 units a year, 81
are particulates. The importance of increased percentage of particulates is
augmented by presence of seasonal loading, in that the spring load, high in
particulates, may be deposited and utilized later during anoxic conditions.
However, if no anoxic conditions occur, then the spring peaks high in
particulates may overestimate the actual amount of phosphorus available, for
the majority, when they would be deposited and lost to the system (i.e., sink).
The increase in particulates may be of special importance in riverine or
dendritic type reservoirs, where in the headwaters, or arms, flow may diminish
enough to allow decomposition of material leoads and thus change the species
composition (i.e., particulates to dissolved). Hence, when high flows do

occur, resuspension and scour could cause a large amount of internal loading.
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GLOSSARY OF SYMBOLS

A, Water Quality Variables

Symbol Description
DOC Dissolved organic carbon
bs Dissolved solids
NH4R Ammonia nitrogen
NO3N Nitrate nitrogen
PP Particulate phosphorus
SRP Soluble phosphorus
SS Suspended solids
SUP Soluble unreactive phosphorus
TCA Total calcium
TFE Total iron
TK Total potassium
TKN Total Kjeldahl nitrogen
™G Total magnesium
T™MN Total manganese
TNA Total sodium
TOC Total organic carbon
TP Total phosphorus
TS Total solids
P-DOC Doc/Toc
P-DS D§/TS
P-PP PP/TP
P-SRP SRP/TP
P~$8S S8/TS
P-SUP SUP/TP

B. Storm Model Independent Variables

Symbol Description
AQ Accumulated flow since start of storm (cubic meters)
DURATION Duration of storm (hours)
FLOW Flow {(cms)
MAXQ Maximum flow of storm (cms)
MEANQ Mean flow of storm (cms)
MQLLO Mean flow last 10 days (cms)
MQL25 Mean flow last 25 days (cms)
PQLS Peak flow last storm (cms)
PQL1D Peak flow last 10 days (cms)
PQL25 Peak flow last 25 days (cms)
TIMESSS Time since start storm (hours)
TLS Time since last storm {(days)
TTP Time to peak flow from start of storm (hours)
TVOLUME Total volume of storm (cubic meters)
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THE THERMAL STRUCTURE AND CHARACTERISTICS OF DeGRAY LAKEl

Marc C. Fohnson and Dennis E, Ford

Ford, Thornton, Norton and Associates, Ltd., 3 Innwood Circle, Suite 220
Little Rock, AR 71211

Abstract

Thermal stratification is one of the most important phenomena
affecting reservoir water quality., It inhibits the vertical
exchange of heat and dissolved and suspended materials and causes
chemical end biological reaction rates to vary with depth,

Since the factors which influence stratification vary annually,

synoptically, and diurnally, the thermal structure of DeGray Lake
can be characterized at these same time scales. Data collected from
1975 to 1980 show that only a few differences in its stratification
cycle occur annually. Synoptic events cause deviations or variations
in the smoothed thermal cycle seen during an annual overview of the
system, Diurnal variations are small and are controlled primarily by

the daily cycle of solar radiatiom,

Temperature is one of the most significant factors impacting
reservoir water guality. It directly affects biclogical growth and
chemical reaction rates and indirectly affects vertical exchange through
its influence on water density and viscosity: vertical density gradients
create buoyancy forces which inhibit mixing while increases in viscosity
reduce settling velocities, Since the factors which influence tempera-—
ture in & reservoir vary at several time scales it is possible to charac—
terize its thermal structure at these same time scales. At DeGray Lake,
AR, the thermal structure can be characterized at three time scales:

annual, synoptic, and diurnal,

1

The data used in this paper were collected by Dr. Joe F, Nix and

his staff, Ouachits Baptist University, as part of the Environmental and
Water Guality Operational Studies which were sponsored by the Office,
Chief of Engineers, US Army Corps of Engineers, Washingtom, DC. The
data analysis and paper preparation were supported by FIN, Ltd.
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Thermal Stratification

Thermal stratification is defined as the layering of water due
to density differences. The density of reservoir water is influenced by
temperature (Fig., 1) and dissolved and suspended solids, The influoence
of the latter can be considered negligible at DeGray Lake, however, since
solids concentrations are usually very low (Ford and Johnson 1983) (it
takes approximately 330 mg/1 of dissolved solids or 420 mg/1l of suspended
solids with a specific gravity of 2,65 to equal the effect of a 1°C
change at 25°C).

Solar radiation supplies nearly all the energy for heating in the
reservoir, When the radiant energy enters the water, it is attenuated
with depth by scattering and absorption by the water and suspended
material in it. Some of the absorbed enexrgy is lost due to back radia—~
tion, conductance (with the atmosphere and sediments), and evaporation
(Fig. 2), but the majority is dissipated as heat. '

The vertical distribution of the heat within the reservoir depends
ot only on the attenuation of light but also on mixing due to advection,
convection, and wind. These processes are described in detail by Ford
(1983),

When stratification is fully developed as a resnlt of the comb ined
effect of these processes, the reserveir can be characterized by several
zones (Fig. 3). The warm, turbulent upper stratum of nearly uniform
temperature is known as the epilimnion. The cold deep region of the
reservoir which remains isolated from the upper portion is termed the
kypolimnion, The zonme in between these two, the metalimnion, is
characterized by a strong temperature gradient: the plane of maximum
temperature gradient within the metalimnion is known as the thermocline,
An examination of an annual cyele for DeGray Lake illustrates how these

features evolve.

Annual Cycle
DeGray Lake is monomictic. Overturn cccurs in late Januery or early
Februvary when solar radiation is low and energy from the wind is able to

overcome the remaining stratification, mixing the reservoir thromghout
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Fig. 2. The heat budget at the reservoir surface,
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its depth, In 1979 overturn resulted in a 5°C isothermal reservoir
(Fig, 4). Stratification began building again in March. Fig. 4 shows
that heat was mixed to progressively shallower depths as solar radiation
increased and wind speeds remained relatively constant. Near summer
solstice the thermocline reached its minimum depth.

The remainder of the year was characterized by a deepening of the
thermocline and the initiation of turmover (Fig. 4), As solar radistiom
began the declining phase of its annual cycle, miring processes were able
to increase the thickness of the epilimnion. Surface temperatures peaked
in August (nearly a month later than air temperature due to the large
specific heat of water) and then declined steadily as heat losses to the
cooler fall and winter air exceeded the gains from solar radiation. These
losses caused convective mixing which penetrated to increasingly deeper
depths from September to December in Fig. 4.

Similar trends can be seen in the annusl cycles from 1975 to 1980
(Figs. 5 — 10). Stratification builds from the bottom each year starting
in March (Julian Days (JD) 60 to 90) with & minimum thermocline depth
occorring near summer solstice. Surface temperatures peak in July or
August (JD 180 to 240) and then decrease continunally until overturn. Only
a slight increase in hypolimnetic temperatures occurs during the year,
however, indicating that little mixing occurs intc the hypolimnion during
the summer,

Some differences in thermal structure do occur from year to yesr.

As Figs. 5 throngh 10 show, temperatures in the freely circulating
reservoir in January and February vary slightly from 1975 to 1980,
Meteorological records (Fig. 11) show that the colder temperatures during
Fanuvary and February of 1977 through 1979 were due to colder than normal
winters. The winters of 1974-75, 1975-76, and 1979-80 were near normal,
resplting in warmer temperatures during January and February of 1975,
1976, and 1980, These temperatures are important in that they determine
the hypolimnetic temperatures for the following year and when overturn
eventnally occurs,

The slopes of the isotherms in Figs. 5 thromgh 10 also vary from year
to year. The steeply sloping isotherms in the metzlimnion during 1979 and
1980 (Figs. 9 and 10) are due in part to a change in project operation.

In March 1979 the outlet level was lowered to the elevation showm in
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Fig. 12, The effect was to continunally draw down the upper layers of warm
water to replace the cooler metalimnetic waters which were being released
and, in general, to increase mixing in the metalimnion, Wird speeds
during this period were below average indicating that wind mixing probably
was not a significant factor. During 1979, however, large storm inflows
entered the metalimnjon (unlike base flows which entered the epilimnion)
and created esdditional mixing (Fig, 13).

Since inflows and outflows can have ¢ significant impact on the
thermal structure of the resetrvoir, they are important to chsracterize on
an annual basis alsc. A typical anmeel distribution of inflow is shown
in Fig. 13. Large inflow events occur from March through May with little
additional flow occurring until November or December, Outflows occur in
response to inflow events and power generation., As a result, outflows are
generally larger than inflows during the summer months as evidenced by
the falling water surface elevation in Figs. 5 through 10,

Inflow and outflow temperatures follow a general sinusoidal pattern
annually. Fig. 14 shows the inflow pattern with measurements made from
1976 to 1979 superimposed upon it., Inflow temperatures generally vary
from 4°C in January to 35°C in mid~Tuly, lagging changes in air
temperatures by a few days. Outflow temperatures vary less throughout
the year, peaking approximately a month later tham inflow temperatures.

As wonld be expected, the effect of lowering the outlet level was to
decrease ontflow temperatures and to delay the peak., Fig. 15 shows these

relationships with respect to the variation in surface temperatuzres,

Synoptic Changes

Variations in the thermal strmcture of DeGray Lzke aiso occur synop—
tically or as a result of the passage of weather systems (i.e., take
plece over several days), An example of such an oceurrence is showna in
Fig. 16, Data from & thermistor chain and meteorclogical station from 26
February to 16 March 1980 show the formaiion and destruction of stratifi—
cation in response to meteorological events. Cold, windy., and cloudy
conditions from 29 February to 1 March produced an isothermal layer 6 m
deep. Calm, clear conditions on 2 March sllowed stratification to bwild
in the top 6 m only to be destroyed by high winds the following 2 days.
Stratification occured again from 5-10 May after 5 days of high solar

radiation and calm winds.
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Inflow temperatures are also subject to synoptic variations, Fig.
17 shows the effect of a storm event which occurred in late March 1979,
Temperatures coinciding with the peak of the hydrograph are nearly 4%
cooler than those preceding and following the storm. As a result, the
jnflow entered the pool at & lower elevation than base flows during the
same period {Fig. 13). Larger temperature variations also occur, Am
example is shown in Fig. 18 for a storm event which occurred early in May
1979. Seldom do inflow temperatures to DeGray Lake change more than

10°C during synoptic events, however,

Diurnal Variations

Dinrnal veriations are caused by the well-defined cycle of solar
radistion and the somewhat erratic variations in the daily cycle of the
wind (winds peaking during the afternoon), In the absence of wind and
cloudy conditions, surface layers will heat and stratify during the day;
at night they will cool, sink, and mix as the result of radiative losses.
A typical July diurnal cycle at DeGray Lake in shown in Fig. 19. At 0800
hrs the top 4 m are isothermal at 28.2%. After 8 hrs of solar heating,
stratification developed throughout the 4 m depth with the surface
temperature increasing by over 2.5°C, Diurnal variations of the same
magnitude occur in the Caddo River inflow to DeGray Lake. The 2°C
varistion observed during September 1979 in Fig. 20 caused the inflow to
enter the epilimnion from mid-morning to early evening and enter the
metazlimnion during the remaining hours of the day. Although changes of
this nature do not significantly impact the thermal structure of the
pool, they must be considered when interpreting the results of a field or
mnodeling study since they do affect where inflowing nutrients and other

materials are transported in the reservoir,

Summary

The temporal variations in thermal structure at DeGray Lake can be
characterized at three levels: annual, synoptic, and diurnal. On an
anpual basis, overturn occurs in lete January or early February with the
onset of stratification in March., The minimum thermocline depth occurs

near summer solstice. Surface temperatures peak mneerly two months later,
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however, The hypolimnetic temperature is determined by temperatures
during the previous winter and increases little during the yvear, Inflows
and outflows from March through May are large and augment wind mixing in
defining the thermal structure of the resexrvoir.

Synoptic events occur over several days but their cummlative
effects determine the thermal structure of the reservoir, Large inflows
and outflows occur in March thromgh May as a resmlt of synoptic events
and increase mixing within the pool,

Diurnal veriations are strongly influenced by solar radiation.
During the smummer, diurnal variations generally result in a net gein in
heat and during the fall, a net loss. Even thongh diarnal temperature
variations within the pool and inflow are small they are, nontheless,

importent to consider when interpreting field dats or modeling results.
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Mixing Processes in DeGray Lake, Arkansas1

Dennis E. Ford
Ford, Thornton, Norton and Associastes, Ltd.

3 Innwood Circle, Smite 220, Little Rock, AR 72211

Abstract

Mixing processes are defined as any mechanism that caunses a
parcel of watex to blend with or be diluted by another parcel of
water. Understanding and quantifying these mixing processes are
essential to understanding the observed water quality of Defray Lake
since they control the movement and dilution of many water quality
constituents. Specific mixing processes include advection, convec-
tion, diffusion, dispersion, entrainment, and shear. All of these
processes require energy from meteorological forcing, inflows,
outflows, and/or project operation, which includes the effects of
hydropower operation, The relative magnitude and importance of the
individual processes depend on the time and space scales or charac—
terisics of the forcing functions, the degree of thermal stratifica-
tion, and the physical location in the reservoir. Imn this paper,
each of the mixing mechanisms is described and quantified with
respect to season (i.e., spring, summer, fall, winter) and location
(i.e., headwater, cove, main body near dam, and epilimnion, meta-
limnion, and hypolimnion), The relative significance of each process

to observed water quality is also discussed,

Mixing is defined as the integrated effect of all processes that
cause a parcel of water to blend with or be diluted by another rarcel of

water, Understanding mixing processes is essential to understanding

1

The data used in this paper were collected by Dr. Joe F, Nix and
his staff, Ouachita Baptist University, as part of the Enviropmental and
Water Quality Operational Studies which was sponsored by the Office,
Chief of Engineers, US Army Corps of Engineers, Washington, DC, The data
analysis and paper preparation were supported by FIN, Ltd.
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reservoir water quality because mixing and transport determine the ulti-
mate fate of all particulate and dissolved constituents in a reservoir,
Withont mixing, materials would not be transported or diluted. Materials
generated at 2 specific location would remain at that location and would
significantly alter many of the horizontal and vertical patterns observed
in resexvoirs,

Mixing, like other time dependent, multifaceted processes, is
difficult 2nd expensive to quantify in the fieid, In general, velocities
are at or near the threshold limit of most current meters. State—of-the-—
art eguipment to measure turbulence is designed for use under laboratory
not field conditions. In addition, since these measurements are point
measurements, numerous points or instruments are required to spatially
define the mixing regime throughout the reservoir, Perhaps the best
method to quantify mixzing in the field is to use fluorescent dyes. The
interpretation of these meascrements, however, is also limited to a
specific time and Iocation in the reservoir. Because of the difficulties
and costs associated with studying mixing in the field, knowledge about
reservoir mixing processes is based primarily on results from laboratory
experiments, computer model simnlations, and the interpretation of tem-—
poral and spatial variations inm passive water guality constituents such
as temperature and solids. This was also true for DeGray Lake, Although
both current measurements and dye studies were undertaken in DeGray Lake,
many of the observations and conclusions presented in this paper are
based on the physical interpretation and integration of laboratory stud-
ies with field data (both long—term monitoring and short—term intensive
studies) and computer simulation results.

The objective of this paper is to characterize the mixing regime
of DeGray Lake and to describe the importance of various mixing processes
on the observed water quality. First, a general description of reservoir
mixing is presented, Then the reservoir is spatially divided into five
compartments based on water quality considerations (i.e., headwaters,
epilimnion, metalimnion, hypolimnion, and coves) and the mixing regime
within each compartment and between compartments is discussed, Finally
the potential impact of pumped storage operations on the DeGray Lake

mixing and water quality regimes is discussed,
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General Description

As shown in Fig. 1, there are a number of different physical
processes that contribute to the mixing regime of DeGray Lake. These
processes include advectionm, convection, diffusion, dispersion,
entrainment, and shear,

Advection is transport by an imposed current system. In Delray
Lake, material is advected by inflows, ocutflows, pumpback currents, and
wind drift.

In contrast, convection is vertical transport induced by demsity
jnstabilities. As surface waters cool, they become more dense than the
underlying water, sink, and create convective currents. In hydrodynamics
and aerodynamics, the term convection is sometimes used interchangeably
with advection, but not in this paper.

Diffunsion is the spreading of a constitment by random molecular
motions (i.e., molecular diffusion) or by turbulent motiom (turbumlent
diffusion). The flux or transport per unit area by diffasion is
described by Fick’s law (i.e,, flux = diffusion coefficent times a
concentration gradient), Differences in mean concentrations or concen—
tration gradients are, therefore, always reduced or attenuvated by
diffasive processes.

Entrainment is a one—way advective type process which sharpens
gradients. A well-mixed, turbulent layer advances into 2 gquiescent
layer by entraining the guiescent water.

A1l of these processes require a source of energy. Water flows
downhill (i.e., is advected) because potential energy (PE = mgh) is
being converted into kinetic energy (KE = 1/2 mvZ). In reservoirs,
inflows, outflows, wind, and heat transfer across the air-water inter—
face are sources of KE and/or PE, In addition to mean KE, turbulence
or turbulent kinetic energy (TKE) is also generated by these energy
sources. Turbulent flows are irregular (random), diffusive (produce
mixing), rotational {overturning motions), and dissipative (require a
continuous source of energy),.

Since the sources of energy for mixing are time—varying, mixing is
also time—varying. The mean monthly TKE input rates for the wiand and
inflow for DeGray Lake are compared in Fig, 2. With the exception of

May, the wind contributes more kinetic energy to DeGray Lake than the
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inflows, There is also a definite seasonal trend. The period of

max imem TKE input {(Mazch - May) coincides with the onset of stratifi—
cation while the period of minimal TEE input is characterized by strong
stratification. The interaction of mixing with the stratification cycle
in DeGray Lake is described in detail by Johnson and Ford (1983).

The actual input of TKE to DeGray Lake is more dynamic than indi-
cated in Fig. 2, For example, Fig., 3 illustrates daily variations in
wind speed and inflow, Since the TKE input is proportional to the third
power of the wind speed and flow rate (See Johnson and Ford, 1983), the
daily input of TXE is even more dynamic than the mean monthly values
indicated in Fig, 2, For comparative purposes, the TKE input from a 9.8
m/s wind (i.e., 22 mph) on DeGray Lake is equivalent to an inflow rate
of 370 m3/s (~ 13,000 cfs). Because the TXE input zate is propor—
tional to the third power of the wind and flow rates, TEE inputs are not
linear and additive. The TEE input from a 6 m/s wind blowing for 4 hours
is 36 times greater than the TKE input from a 1 m/s wind blowing for 24
hours. This analogy also applies to outflows at hydropower projects like
DeGray Lake becavse power generation is limited to a few hours and not

averaged over 24 honrs.

Inflow Mixing (Headwater Area)

DeGray Lake has one major tributary, the Caddo River, which is the
major source of water, nutrients, and other quality constituents. When
the Caddo River first enters DeGray Lake, backwater effects cause veloci-
ties to decrease and depths to increase, If there are no density differ—
ences between the Caddo River inflow and DeGray Lake surface waters, the
point of maximum velocity remains near the water surface and the inflow
moves through the lake as plug flow in an open channel, Concentrations
of inflowing constituents decrease due to diffusion and dispersion, If
there are density differences between the inflow and reservoir waters, the
inflow will push the reservoir water ahead until the buoyancy forces dom—
inate over the advective forces and the inflow either plunges beneath or
flows over the reservoir surface waters.

The location of this plunge point {or overflow point) can be used
to separate the headwater region from the pelegic region of DeGray Lake.

For a mean annual inflow of 18.2 m3/s and relative density difference
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(Ap/p) of 5 x 10_4. the average location of the plunge point in
DeGray Lake is near Station 14 (i.e., 4.5 km into the lake) (Fig., 4).
Under low flow conditions, the plunge point will move upstream 3 or 4 km
to where the water depths are 1 m or less. During extreme storm events,
the plunge point will move downstream into the lake past Station 10. For
typical storms, the plunge point is near Station 12,

Upstream of the plunge point, the mixing regime is riverine-1like
and dominated by advection and dispersion, Velocity gradients in the
lateral and vertical directions cause materials located in the center
of the stream near the surface to move faster than at the boundaries.
Dead zones along the boundaries trap materials and release them at a
slower rate causing the inflowing constituent distribution to be skewed.
Dye studies in the upstresm region, under steady flow comnditions,
resulted in greater tham 10~fold dilutions due solely to dispersion.
Similar dilutions can be expected for all water quality constituents even
under unsteady storm conditions,

Ford and Johnson (1983) showed that the inflow water and its asso-
ciated constituents pool at the plunge point. As inflows increase
during storm events, this pool of constituents is pushed further into
the lake, When the inflows recede, the plunge point retreats back
upstream and the constituents that load on the leading edge of the hydro—
graph remain behind on the water surface, These constituents are then
available for biochemical processing in the euphotic zone of the lake.
This mixing mechanism may be the major cause of the high constituent
concentrations found between Stations 14 and 10 ip DeGray Lake (Thornton
et al. 1982), Mixing also is associated with the plunge point. Ford and
Fohnson (1983) estimated mixing coefficients on the order of 12 percent

for six storm events on DeGray Lake, The range varied from 4 to 28 percent,

Epilimnion Mixing

The epilimnion of a lake is usually defined as the upper strata of
well-mixed, turbulent water. The turbulent or vertically well-mixzed
epilimnion is maintained by the wind and convective cooling. These
processes transport energy directly across the air-water interface, In
contrast, the energy input from the Caddo River inflow is concentrated

at the upstream end of DeGray Lake (i.e., the headwaters) and the out-—
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flow energy input is concentrated near the dam. Because of the dynamic
force balance at the plunge point, only a small fraction of the inflow
energy usually impacts the epilimnion. During the spring months,
however, when inflow temperatures exceed lake temperatures the majority
of the inflow energy enters the epilimnion, Energy from the cutflows is
concentrated in the epilimnion only when the top or surface outlet is
used at DeGray Lake (i.e., surface withdrawal). DeGray Lake was oper—
ated with surface withdrawal until March 1979 when the withdrawal level
was lowered to evaluate the impact of withdrawal depth on both in-lake
and downstream water quality and fisheries, The withdrawal level was
returned to the surface ontlet in March 1983.

When the wind blows across the water surface, the resulting drag
force generates surface waves, drift curremts, and TKE. The magnitude of
the drag force will depend on the wind strength, atmospheric stability,
variability of wind speed, length of fetch, and degree of wave develop—
ment. BSince only limited wind speed data is available for DeGray Lake,
data from the Natiomal Weather Service station at Little Rock, AR,was
used, Although differences between the two wind regimes exist, the rela—
tive proximity of Little Rock to DeGray Lake and similarities in the geo—
graphic locations of the two sites allow for generalities to be made con—
cerning the importance of wind to the mixing regime in DeGray Lake. The
representativeness of Little Rock wind speeds for DeGray Lake has also
been verified by mathematical simulations (see Johnson and Ford 1983).

The marimum and minimum monthly wind speeds of 4.8 m/s and 3,0 m/s
cccur in March and June, respectively. As implied in Fig. 2, there is
a definite seasonal pattern with higher wind speeds during the winter
and spring periods of complete mixing end lower wind speeds occurring
during late summer which is characterized by sirong stratification. The
frequency distribution for mean daily wind speed at Little Rock has a
median wind speed of 3.3 w/s and a range from celm to 10 m/s. 1In
general, wind speeds peak in mid-afterncon during all months., The
dominant wind direction is southwest (Fig. 4), which is perpendicular to
the major axis of DeGray Lake. Since Defiray Lake is also surrounded by
high hills and is dendritic in shape, sheltering of the water surface
from the wind by the surrounding terrain should be important, The

resulting drag force from the wind, therefore, varies temporally and
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spatially cansing both temporal and spatial variations in epilimmetic
mixing. Despite these complicating factors, the importance of the wind
for mixing in DeGray Lake has been substantiated by mathematical thermal
simulations (Johnson and Ford 1983},

Relatively little is known about the pertitioning of wind enerzy
into the PE of surface waves, KE of drift corrents, and TKE. It is known
that the fraction associated with the surface waves is radiated away as
potential energy and dissipated along the lake boundaries where surface
waves break. If the waves break in open water, turbulence (TEKE)} is
genersted that can be used for vertical mixing. °The gereral wave cli-
mate thereby acts as an indicator of mixing. Since the drift currents
generated by the wind on DeGray Lake are small (i.e., order of 3 to
4 cm/s) and the velocity gradient dissipates quickly with depth, the
significance of these currents with respect to mixing is probably minor.
Even through the fraction of wind energy available for mixing is small, it
is sufficient to maintain a well-mixed epilimnion and entrain metalim-—
netic water.

Because of the mature of the wind input, two facts are known about
epilimnetic mixing., First, the entrainment of metalimnetic water into
the epilimnion is not a constant continuous process as implied by smoothed
jsotherm plots but rather an intermittent process with entraiopment coin—
ciding with peaks in wind speed, Therefore, the epilimnion and euphotic
zones are intermittently pulsed with notxients from the metalimnion.
Second, wind mixing is not uniform across the water body because of spatial
variations in both the wind regime and wind-associated phenomena‘such
as seiching and upwelling, Nutrient pulses, then, would also be expected
to exhkibit similar spatial variation.

In addition to the wind, convective mixing also acts to maintain a
vertically well-mixed epilimnion and entrain metalimnetic waters, Con—
vective mixing is important during the fall months when water surface
temperatures are greater than air temperatures, Convective mixing can
either be penetrative or nompenetrative (Fig. 5). In penetrative mixing,
a fraction (1 to 4 percent) of the TKE generated by the convective cur—
rents is used to entrain metalimnetic water. Because it is difficult to
separate the effects of penetrative convection from wind mixing, the

relative importance of penetrative convection is unknown at this time.
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Convective mixing can, however, alter the comcentrations of inflowing
constituents by causing more dilution. This is shown in Fig. 6 where
the dye cloud was divided into three distinct parts by convective
mixing (see Ford and Jolmson 1983 for details).

Metalimnetic Mixing

The metalimnion is the transition zone between the epilimnion and
hypelimnion. It is usually characterized by a stxong density gradient
that inhibits mixing. In DeGray Lake, inflows, including stomm inflows,
enter the metalimnion via interflows, during most of the summer periods.
The middle and bottom outlets are also located in the metalimmnion. There-
fore, much of the advective kinetic emergy input is concentrated in the
metalimnion during the summer stratification months, especially if the
lower two outlets are nsed, In fact, storm interflows have been
observed to short—circuit through the metalimnion of DeGray Lake in
seven days. This storm flow and associated metalimnetic mixing had =z
pronounced influence on the temperature gradiemt in the metalimnion
(Fig. 7). N

Kinetic energy from the wind radiates through the metalimnion in
the form of internal waves, If these waves should break or become
unstable (i.e., Kelvin—Helmholtz instability), a patch of turbulence is
generated (Fig. 1). Since the standing timber was topped at elevation
114.3 m (ca 10 m below the water surface), the timber extends into the
metal imnion creating obstacles for these intermal waves to break against,
Once a patch of turbulence is formed, it quickly collapses and spreads
horizontally due to the stromg density gradiemts. This type of mixing
helps to maintain horizontal uniformity in the metalimnion but does not

result in much vertical mixing.

Hypolimnetic Mixing

Although no in situ measurements of hypolimnetic mizing were
made at DeGray Lake, the constant hypolimnetic temperatures and flatnmess
of the observed isotherms {see Johnson and Ford 1983) indicate hypo—
limnetic mixing was near molecular levels most of the time. The coef-
ficients used in the thermal modeling studies and the resulting eddy

diffusivities from these coefficients also confirm this low level of
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mixing. In addition, underwater video pictures in the hypolimnion
showed a very fine floc on the surfaces of branches and pine needles that
was easily disturbed by any minor movement of water.

This conclusion is not surprising, however, since there is mno
direct source of TKE to the hypolimnion for mixing. The hypolimnion is
protected from TKE generated at the water surface (e,g., by the wind
shear) by the density gradient in the metalimnion, Part of this 1KE,
however, indirectly enters the hypolimnion via seiche motion and inter—
nal waves that propagate through aress of density gradients, Mixing
occurs when these internal waves break (i.e., Kelvin—Helmholtz insta-
bilites) or when the waves encounter an obstacle boundary and break like
surface waves bresking on a beach. Since DeGray Leke was not completely
cleared of trees and the trees were topped at an elevation within the
metalimnion, the trees provide many obstacles on which waves cen break.
It is unlikely that the waves will propagate far before encountering an
obstacle (i.e., possibly not out of the metalimnion)., In general, this
this type of mixing is intermittent and patchy. There is insuvfficient
energy available in most lakes to maintain a turbulent hypolimnion
(Imberger and Hamblin 1982).

TKE from inflows and outflows is also not directly available to the
DeGray Lake hypolimnion, Analysis of the inflow densities, even during
storm events, indicates that inflows enter the mid to npper metalimnion
and not the hypolimnion, Withdrawals are also limited to the epilimnion
and metalimnion since the lowest outlet was in the lower metalimmion.
There are no bottom flood gates available to flush the hypolimnion.

Even though the sverage hypolimnion mixing level in DeGray Lake is
near molecular, intermittent periods of intensive mixing will occur.
These periods probably will be associated with storm events. During
these periods, exhanges of material across the sediment-water interface
will be greatly enhanced because of the higher level of turbulence, In
contrast, during the gquiescent periods, exhanges across the
sed iment—water interface will be governed by biochemical processes not

physical diffusion.
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Horizontal Mixing

DeGray Lake, like many other reservoirs, is dendritic in shape with
many coves and embayments (Fig. 4). Several of these coves are fed by
small or intermittent tributaries. These coves are relatively isolated
from the pelagic regions of the lake and may be characterized by different
water quality. Dye studies and turbidity tracking during storm events
showed that the inflows follow the thalweg of the river and do not mix
completely across the lake (Ford and JYohnson 1983). The question is how
significant is horizontal mixing?

There are three basié horizontasl transport mechanisms - varying
pool levels, thermal instabiiities, and horizental dispersion, Although
DeGray Lake is operated to mzintain constant pool levels, seasonal and
short-term fluctuations in response to storm events do occur., The
actual mechanics of transport will vary with the smbient stratification
and the inflow placement or withdrawal depth. Seasongl differences of
i1 mor more may result from outflows exceeding inflows during dry months,
In genmeral, during the dry months of Yuly through October, water levels
fall and there is a net transport out of the coves into the pelagic
region of the lake. Both hypolimnetic and epilimnetic water can be
transported. Algae or natrients in coves, therefore, can be transported
into the pelagic regions and possibly create water gmality problems.

Short-term fluetuation in water levels of 0.5 m or more may result
during storm events (Fig. 8). During these events, the high-nutrient
flood waters may flow into the coves and be stored. When the flood water
is released to return the pool to normal levels, the material processed in
the coves during the storage period may move out of the coves into the pelagic
aresa,

During periods of cooling (fall), the shallow water in the coves
cools faster than the deeper water (Fig. 9). The resulting temperature
differentials create density instabilities and comvective currents that
can transport material from the coves into the metalimnion of the lake
and from the pelapgic surface water back into the coves.

The third mechanism, horizontal dispersion, occurs cont innously
and its magnitude depends on the turbulence and shear generated by the
wind, inflows, and ovntflows. Empirical formulae for horizontal dispersion

have been developed by Murthy (1976) and others. In gemeral, horizontal
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dispersion is an insignificant mixing mechanism. The length scale character—

istic of horizontal dispersion in one day is only about 150 m.

Pumped Storage Operations

One operational alternative at DeGray Lake that has not been
evaluated but could significantly alter the mixing regime and reservoir
water quality is pemping water from the downstream re~regulation pool
into the reservoir during periods of low power demand to be used to
generate power during periods of high demand. Waterg is pumped back
through a 28,000-kw reversible turbine to any of the three outlet
levels, This water can therefore enter the epiliminon or metalimnion
depending on gate settings. This capability has been used sparingly at
DeGray.

The pumped water can enter the reservoir as a buoyant jet entrain—
ing ambient reservoir water (Fig. 10). Although no entrainment measure-—
ments were made at DeGray Lake, entrainment rates from other projects are
on the order of 100 to 300 percent. The jet will rise until it reaches a
level of neutral buoyancy and then spread horizontally as a density current,
Depending on the depth that the jet enters the reservoir and amount of
entrainment, pumpback operations can significantly alter the thermal and

water quality regime of a reservoir,

Conclusions

1, During all months except May, the wind supplied more TKE for
mixing DeGray Lake than the Caddo River inflow, The period of maximum
TEKE input occurs during the spring months of March through May. The
period of minimum TKE input occurs during the summer months of July
through September.

2. In the headwater region upstream of Station 14, the mixing
regime is riverine in nature dominated by advection and dispersion,
Inflowing nutrient concentrations can be reduced by a
factor of 10 or more due to dispersion.

3. Mixing coefficents at the plunge point averaged 12 percent with
a range of 4 to 28 percent. Inflowing constituents also tend to pool at
the plunge point. During storm events, the plunge points moves down—

stream into the reservoir with increasing flow and recedes back upsiream
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with decreasing flow. Materials pooled around the plunge point or
associated with the rising side of the hydrograph may be left behind in
the photic zone as the plunge point recedes back upstream.

4. The major source of energy for mizing the epilimmion is the wind.
Becaunse of temporal and spatial variations in the wind regime, vertical
mixing in the epilimmion will also vary temporally and spatially.
Entrainment of metalimnetic water into the epilimnion is an intermittent,
sporadic process.

5. Hypolimnetic mixing typically is near molecular levels during
most of the year., The major source of energy for turbulent hypolimnetic
mizing is also the wind since density underflows do not enter the hypo-
limnion and the lower outlet in DeGray is located in the metalimnion.

6. Meny of the coves and embayments are effectively isolated from
the main body of the lake. Inflows jncluding storm events tend to short
circuit through the lake following the old river chanrel and do not mix
laterally. The major transport mechanism between the coves and main
body appears to result from changes in water levels, There is a net
transport out of the coves duoring the dry summer months as pool levels
fall and a net transport imto the coves during the fall and winter
months as the pool is raised to normal levels, During storm events,
material can still be exchanged if pool levels fluctumate but the process
is complicated by the ambient stratification, inflow placement, and with—
drawal level.

7., If the pumped storage capabilities at DeGray are used exten—
sively, significant changes in the mixing and water guality regime

will probably occur.
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Introduction

Dissolved oxygen concentratioms in lake waters provide a valuable index
to water quality conditions and a means for assessing the relative Importance
of autotrophic and heterotrophic activities. This is especially true for
stratified lakes. Since hypolimnetic waters are isolated well below the air-
water interface by density differences, these strata contain a finite supply
of oxygen during summer months when heterotrophic demands are highest. As
oxidizable organic materials are transported to the hypolimnion due to the
gettling of algae and/or the deposition of organic particulates introduced by
tributary streams, demands are placed on oxygen stores. This results in
declines in hypolimnetic dissolved oxygen concentrations, When organic {nputs
are excessive, all or part of the hypolimnion may exhibit anoxic conditions
prompting the solubilization of selected sediment constituents and their
accumulation in the water column. Additional demands are placed on oxygen
stores as a result of chemical oxidation.

Relations between autotrophic activities in the epilimmnion and hetero-
trophic activities in the hypolimnion, as modified by morphological charac-—
teristics, have long been used as a means to assess trophlc relationships in

lakes (see Hutchinson, 1957). These relationships become less well defined in
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reservolrs, however, due to differences in flow, operation, and comstruction
practices, Density currents, resulting from density differences between river
and lake waters, often result in the introduction of oxygenated river water to
the reservoir's hypolimnion, thus making oxygen budget analyses difficult,
Similar analytical problems occur in reservoirs which discharge water from the
hypolimnion. During the years immediately following impoundment, the presence
terrestrial organic material (i.e. timber and litter) may also potentially
influence dissolved oxygen conditionms.

The flooding of the Caddo River during impoundment of DeGray Lake
resuited in the inundation of a pine and hardwood forest, Although areas
immediately upstream from the dam, near-shore areas, and shallow areas near
the inflow of the Caddo River were clear-cut, much of the lake's basin pres-
ently contains submerged standing timber. Depending on depth, tree tops may
extend to within 10 m of the lake's surface. In addition to representing a
significant source of oxidizable organic material, these trees also appear to
influence the velocity and lateral dispersion of density currents (Ford,
1986) .

A phenomenon commonly observed in newly flooded reservoirs is the occur— |
rence of "trophic upsurge" (Grimard and Jones, 1982), The release of nutri-
ents and organic material from terrestrial detritus and inundated soils and
their accumulation in the water column increase nutrient levels and primary
productivity. With these increases in organic matter production, hypolimnetic
oxygen conditions are further impaired.

Studies conducted at DeGray Lake provided a unique opportunity to docu-
ment changing conditions during and following impoundment. Since these
studies spanned a period of approximately 12 years, the resulting data provide
a means for assessing conditions during both the period of "trophic. upsurge"
and the period of improving conditions which followed (i.e., trophic depres-
sion). An understanding of dissolved oxygen dynamics is central to the under-
gtanding of other processes influencing water quality conditions in DeGray
Lake.

Merhods

As discussed by Kennedy and Carroll (1986), four primary sampling sta-

tions were established in DeGray Lake for the purpose of routine monitoring.
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These included Station | and 4 (near-dam stations), Station 10 (mid-lake sta-
tion), and Station 12 (headwater station). Although variable between years,
data were collected at 2- to 4-week intervals using in-situ monitoring
techniques. Profiles consisted of measurements at 1-m intervals in surface
waters and at intervals ranging from ! to 10 m at depths below the depth of
the summer thermocline (approximately 10 m). Additionally, more intemsive
studies conducted during 1978-9 resulted in four sets of dissolved oxygen data
collected at l-m depth intervals at approximately 60 stations located through~
out the entire lake basin. In-situ measurements of concentration were
obtained using a YSI (Yellow Springs Instruments, Yellow Springs, Ohio) dis-
solved oxygen analvzer or a Hydrolab (Hydrolab Corp., Austin, Texas) dissolved
oxygen analyzer.

Periods of anoxia at each station were defined as including all sample
dates for which dissolved oxygen concentratlons at one or more depths in the
hypolimnion were below 0.05 mg/l. Times when dissolved oxygen concentrations
were below 0.05 mg/l only in the metalimnion were not considered to be periods
of anoxia. The extent to which the hypolimnion exhibited anoxic conditions
was gauged by determining the minimum depth at which anoxic conditions were
observed during the course of an anoxic period. In cases where anoxiec condi-
tions existed in the metalimnion and in the lower strata of the hypolimmnion
but not at intermediate depths, the depth of the top of the hypolimmnetic
anoxle zone was recorded,

Area and volumetric hypolimnetic oxygen deficit rates were calculated by
comparing oxygen concentrations observed below the depth of the summer thermo-
cline on the last sampling date when isothermal conditions were observed with
those observed on the sampling date immediately preceding the establishment of
anoxic conditions. Rates were determined by expressing rates of change in
hypolimnetic oxygen content {gm/day) as a function of hypolimnetic area (areal
deficit rate) or as a function of hypolimmetic volume (volumetric deficit
rate). Since the rate at which oxygen is depleted was expected to vary con-
siderably as a function of both depth and time, a second method for calcu-
lating volumetric rates was also employed. This invelved calculating absolute
differences in concentration at each depth during each successive sampling
interval. Rates for each depth were expressed as mg/m3 per day. While this
method allowed greater insight to the manner in which oxygen concentrations

were reduced during each season and throughout the water column, care was
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taken to consider only those rates occurring at depths within the hypolimnion

on each particular sampling date,

Results and Discussion

Pronounced differences in the duration and the timing of the onset of
anoxia were apparent between stations and between vears (Figure 1-3),
Between-year differences were also observed in the minimum depth of anoxia at
Station 1, In general, the duration of anoxia was shorter at Statiom 12, the
most upstream station, than at stations further downstream., This observation
was a direct consequence of morphologic differences and resultant differences
in mixing regime. The shallow depth at this station resulted in shorter
periods of thermal stratification than at other statioms. While the timing of
the onset of thermal stratification was similar for all stations (late April
or early May), autumnal turnover began at progressively later dates at down-
stream stations. Thus, while turnover commonly occurred in late October or
early November at Station 12, turnover at Station 1 was generally not complete
until January. The consequences of these differences in thermal characteris—
tics were most apparent in the early years (1970-75) when bottom waters at
Station 1 remained anoxic for periods ranging from 165 to 225 days. During
these same years, periods of anoxia at Station 17 ranged from 90 to 180 days
in duration.

A pronounced discontinuity in the severity (i.e., duration and vertiecal
extent) of anoxia was apparent at Station 1 in 1975-76. With the exception of
1973, anoxic conditions prior to 1975 were observed from the bottom to the
depth of the thermocline. In subsequent years, anoxic conditions were
observed only in lower (depth >42 m) strata of the hypolimnien. While mo
direct evidence exists to explain this difference, the oxidatiom of labile
organic material (e.g., terrestrial detritus, soil erganicg and standing vege-
tation) during the early years could have reduced oxygen demands during the
later years. The initial impact and eventual exhaustion of readily oxidizable
crganlc material has been documented in laboratory studies using soil samples
from the DeGray Lake basin (Gunnison and Brannon, 1981). This suggestion is
further supported by the fact that laboratory simulations of several amnnual
cycles of ancoxia/reaeration indicated a similar change in severity in degree

of anoxia. Consistent temporal patterns in anoxia at the more upstream
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Changes in the duration and extent of hypelimnetic anoxia at

Station 1 during the period 1970-1981, Shaded, horizontal bars indi-
cate periods of anoxia. The depth (m) of the maximum upper extent of

the anoxic zone is indicated in parentheses,
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Figure 3. Changes in the duration and extent of hypolimnetic anoxia
at Station 12 during the period 1970-1981. Shaded, horizontal bars
indicate periods of amnoxia. The depth (m) of the maximum upper
extent of the anoxic zone is indicated in parentheses.
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stations may have been related to the increased importance of algal produc-
tivity (Gaugush, pers. comm.) and/or inputs of organic material from the Caddo
River (Montgomery, 1986; James and Kennedy, 1986) at these stations.

Temporal differences in oxygen dynamics were further explored by con-
paring data from 1971-72 and 1980-81, since these data were considered to
represent conditions during "early" and "recent" years, respectively. Changes
in dissolved oxygen concentration following the omset of thermal stratifica-—
tion during both early and recent years were most rapid in the shallow
upstream portion of the lake (Figure 4 and 5). Riverine organic inputs, a
shallow and less voluminous hypolimnion, and a large sediment area to hypo-
limnetic volume ratio in this portion of the lake would lead to a rapid oxygen
depletion rate since hypolimnetic dissolved oxygen stores would be relatively
small compared to oxygen demands. Similar spatial patterns in oxygen deple~
tion have been observed for other reservoirs. Hannan and Cole (in press)
report that anoxia in Canyon Reservoir, a long, deep storage reservoir having
a2 similar morphometry, is restricted to upstream areas and Is related to
morphometry and flow regime.

Also apparent during both early and recent years was the development of a
marked metalimnetic oxygen minimum (Figure 4 and 5). Coincident with rapid
declines in oxygen concentration in the upstream portion of the hypolimnion
were less rapid declines In oxygen concentrations in the thermocline region.
These declines, which were first observed in the upstream third of the lake,
progressed downstream throughout the stratified period. The result was the
establishment of anoxic conditions in portions of the metalimnion by mid-
summer. The occurrence of similar patterns of change in metalimmetic oxygen
concentrations during both periods and the observation of interflowing density
currents in the region of the thermocline (Ford, 1986) suggest the potential
importance of autochthonous and allochthonous sources of oxidizable organic
matter sources. The settiing of algal material (James and Kennedy, 1986},
frequently cited as a major factor in the establishment of metalimnetic oxygen
minima (Wetzel, 1975), as well as the introduction of oxidizable material from
the Caddo River (see Montgomery, 1986) and/or as a result of thermocline ero-
sion and subsequent transport of reduced material downstream (Nix, 1986) may
have provided sufficient oxygen demands to deplete oxygen stores in this rela-
tively unmixed portion of the water column. Kim et al. (1983) observed a

metalimnetic minimum in Cherokee Reservoir, a deep Temnessee Valley
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Conclusions

Pronounced changes in the oxygen status of DeGray Lake have océurred in
the years since impoundment. In years immediately following impoundﬁent, the
inundation of solls, vegetation and detritus led to high oxygen demands and
the extensive loss of oxygen from the hypolimnion. As readily omidizable
organic materials were depleted, oxygen conditions in the hypolimnioﬁ became
less severe. During recent years, the oxidation of autochthonous and alloch-
thonous organic materials has played a greater role in the lake's oxygen
dynamics. Of particular importance is the deposition of orgenic materials in -
the headwater of the lake and the seasonal occurrence of anoxia in {he shallow
hypolimnion in this region of the lake. '

These changes are of significance in understanding other chemical and
biological occurrences 1n the lake. Observations reported here also provide
information of general importance in the understanding of events occurring in

newly filled reservoirs.

216



until the entire hypolimmion was involved in anoxia beginning in mid-
September,

Patterns in the distribution of rates of decline in oXygen concentration
at Station 1 in 1980 differed from those observed in 1971. While both benthic
and metalimnetic demands were observed, declines were confined to a shorter
period of time. Maximum rates of decline occurred immediately above the
sediment/water interface in mid-August, near the thermocline in late June and
early July, and throughout the hypolimnion in late May and early June.

Conditions at Station 12 were more severe in later years than in the
early years. While anoxic conditions were observed during both years, rates
of decline were higher in 1980 than in 1971. With the exception of the near-
thermocline area, similar rates of decline in oxygen concentration were
observed during both vears at Station 10,

These data suggest the influence of two types of oxygen demands and the
occurrence of sipnificant temporal trends in their relative importance to the
oxygen dynamics of DeGray Lake. Similarities between years (i.e,, 1971 and
1980} in the timing, duration and extent of anoxia at Station 12, the station
located in an area cleared of vegetation during construction and receiving
direct inputs from the Caddo River, would indicate that oxygen demands are
exerted primarily by autochthonous production and riverine inputs. This sug-
gestion is supported by recent data indicating the occurrence of high rates of
primary productivity (Gaugush, pers. comm.) and chlorophyll maxima (Thornton
et al,, 1982) in this portion of the lake, Oxygen counditions at Station 1,
however, reflect the potential importance of inundated terrigenous material in
early years and the relatively greater importance of benthic and metalimmetic
oxygen demands during recent years., Similar oxygen conditions across years at
Station 10 may have resulted from a progressive change in the relative impor-—
tance of sources of various oxygen-demanding materials. During early vyears,
terrigenous materials would have represented a significant source of oxygen~
demanding organic matter. In recent years, this source would have been sup-
prlemented by autochthonous production of crganic material in upstream portions
of the pool and by riverine inputs, which are frequently observed to influence
this reach of the lake (Ford, 1986). Sediment surveys (Gunkel et al., 1984)
also indicate the accumulation of sediments in this area of the lake. The
presence of these sediments, and the organic material they contain, would lead

to the progressive importance of benthic oxygen demands.
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Figure 7. Dissolved oxygen depletion rates (gm/m3 per day) at
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Figure 6. Dissolved oxygen depletion rates (gm/m3>per day) at Stations 1,
10 and 12 during 1971, Shaded areas represent the upper, well-mixed
portion of the water column.
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Table 1, Areal and volumetric hypolimnetic oxygen deficit rates.

Year
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980

Areal Ratea

1
1090
830
550
510
560
800
490
560
340
890

690

10
510
480
870
550
680
480
850
470
490
900
890

Station

Volumetric Rateb

1
93
62
36
33
36
52
32
36
22
57
45

10
105
73
103
64
79
56
99
55
58
104
105

113
58
92

125

164

155

a - Areal oxygen defiecit rates have units of mg/m2 per day.

3
b ~ Volumetric oxygen deficit rates have units of mg/m”~ per day.
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Authority lake. Gordon and Skelton (1977) attributed such observations to
reduced algal settling rates in the metalimnion.

During early years, oxygen declines in the metalimnion and in near-bottom
strata resulted in complex oxygen profiles in mid-summer and complete hypo-
limnetic 2noxia by late summer. In recent years, hypolimnetic anoxia was
restricted to upstream areas and deep areas Imnmediately upstream from the dam,
and negative heterograde oxygen curves were routinely obgerved at mid-pool.
However, major portions of the hypolimmnion were impacted by deepening of the
thermocline in late fall and early winter of 1980 (Figure 5)., Reduced material
accumulating in the hypolimnion in the vicinity of Stations 12 and 10 was
apparently transported to deeper, downstream areas following turmover; this
resulted in new demands on oxygen stores in this portion of the hypolimnion.
Evidence for the occurrence of downstream transport I1s provided by data indi-
cating the translocation of nutrients (Kennedy et al, 1983) and selected
metals (Nix, 1986; James and Kennedy, 1986).

In apparent contrast to the pronounced trend of Improving oxygen condi-
tions discussed above, no clear trends are apparent in the areal or volumetric
hypolimnetic oxygen deficit rates {Table 1). Although greatest during 1970,
deficit rates at Station ! during the period 1971-80 were highly variable.
Rates at Station 10 and 12, which were also highly variable, were as high or
higher in 1979-80 than in early years.

A consideration of rates of change in oxygen concentration throughout the
water column during the stratified period in 1971 (Figure 6) and 1980 (Fig-
ure 7) provides insight to the manner in which oxygen demands are exerted.
While calculation of both areal and volumetric hypolimnetic oxygen deficit
rates account for net changes in oxygen content of the ertire hypolimnion
between the period of isothermal conditions In the spring and the onset of
anoxlia in bottom waters, depth-specific calculations allow delineation of
spatial (i.e., vertical) patterns in oxygen demand. During 1971, decreases in
oxygen concentration at Station ! were apparent throughout the hypolimnion
immediately following stratification. Rates of change were greatest near the
sediment/water interface and below the developing thermocline, suggesting the
occurrence of both a benthic and metalimnetic oxygen demand. Rates continued
to be high in bottom waters until late May when anoxic conditions were estab-
lished in this stratum. A prolonged period of relatively high rates of change

in oxygen concentration was observed in upper portions of the hypolimnion
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NUTRIENT DYNAMICS IN DEGRAY LAKE, ARKANSAS
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Introduction

Lake and reservoir trophie dynamics are regulated, in part, by the supply
and availability of inorganic nutrients required for the growth and reproduc-
tion of aquatic plants, particularly algae, While the requirements of algae
are diverse, the relative abundances of nitrogen and phosphorus play primary
roles in determining algal production. Because of thls, nitrogen and phospho-
rus concentrations are frequently used as indicators of the potential trophic
gtate of freshwaters (Vollenweider, 1969; Carlson, 1977).

The transport of nitrogen and phosphorus from watersheds via streams and
rivers is the primary means by which these nutrients are introduced to lakes
and reservoirs., However, recycling is often an iImportant process leading to
increased availability of these nutrients, particularly in lakes and reser-
voirs containing large accumulations of sediment and detritus. For newly
filled reservolrs, the inundation of vegetation and soils rich in organic
materials provides additional internal sources of these nutrients through
leaching and solubilization. The potential importance of thls latter source
of nutrients for new reservoirs was suggested by Grimard and Jones (1982) who
described the "trophic upsurge" or increases in nutrient concentrations fol-

lowing the filling of Smallwood and La Grande-2 reservolrs in Canada. The
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period of trophic upsurge lasted approximately 1-3 years and was followed by a
trophic depression period during which nutrient concentrations declined to
levels more consistent with the observed external loading rate,

DeGray Lake is a Corps of Engineers hydroelectric impoundment located on
the Caddo Rover in south-central Arkansas. The lake was filled in 1969-1970,
Inundated during this process were 54 sq km of soils and standing timber.
Comprehensive monitoring of selected water quality variables began prior to
impoundment and continued until 1982. Described here are changes in the
nutrient (phosphorus and nitrogen) status of the lake during the years follow-

ing Impoundment,.

Methods

Four primary lake stations (Stations 1, 4, 10, and 12) and a single river
station (Hwy 84) were established for monitoring nutrient concentrations, The
locations of these stations are described by Kenmedy and Carroll (1986).

Water samples were initially collected using a nonmetallic sampling bottle and
later using a sampling system consisting of a polyethylene hose, a deck-
mounted centrifugal pump, and an optional in-line, filter manifold. All sam-
ples were transferred to acid-washed bottles and stored in the dark at 4 deg.
C. Samples for total nitrogen and phosphorus, and digsolved iron analyses
were preserved with acid.

During periods of anoxia, care was taken to avoid aerating samples upon
which analyses of soluble forms were to be performed. This required withdraw-
ing samples from the sample bottle using a syringe. The in-line filtration
manifold, used during a major portion of the study, provided a means for fil-
tering water samples prior to any possible exposure to air.

Total phosphorus concentrations of unfiltered samples were determined
colorimetrically following acid-persulfate digestion (APHA, 1980). Soluble
redactive phosphorus concentrations of filteéred (0.45-um membrane), undigested
samples were determined using the same colorimetric method. Total nitrogen
concentrations were determined colorimetrically following acid-persulfate oxi-
dation digestion using methods similar to those described by Raveh and
Avnimelech (1979). Dissolved iron concentrations were determined by atomic

absorption spectrophotometry.

225



Results and Discussion

The total nitrogen and total phosphorus content of DeGray Lake during the
period 1974-80 is plotted in Figures 1 and 2. Although variable within years,
a marked and steady decline in total nitrogen content occurred during this per-
iod. Nitrogen content in 1975, five years following impoundment of the lake,
ranged from approximately 350 to over 1,150 metric tons. In 1980, the content
of nitrogen in the lake was seasonally less variable and ranged from 250 to
600 metric tons.

Total phospherus content, while declining over the same period, displayed
a markedly different trend. Although initially high in 1974 and early 1975,
phosphorus content declined sharply in late 1975. While peaks in content con-
tinued to occur on a seasonal bases (i.e., peaks in spring and fall), values
for seasonal minima were similar (5 to 10 metric toms) for the peried 1976
through 1980, During this same period ingreases in the amplitude of seasonal
changes in phosphorus content (i.e., the difference between seasonal maxima and
minima) were also observed. As will be discussed below, these latter changes
were related to changes in phosphorus and iron relationships, and the cycling
of phosphorus between sediment and water,

Trends of change in total nitrogen and phosphorus content were clearly
related to impacts of initial impoundment and the changing importance of sev-
eral processes during subsequent years as the newly filled lake "stabilized."
While data for the years immediately following impoundment are lacking, trends
observed for the period 1974-80 suggest that internal sources (e.g., the
decomposition of inundated organic materials associated with soils and/or ter-
restrial detritus) were important in maintaining nitrogen concentrations dur-
ing the early years. In subsequent years, as stores of labile materials were
reduced through decomposition, the importance of nitrogen supplies from exter-
nal sources increased., Changes in the duration and extent of anoxia during
this same period (Kennedy and Nix, 1986) support this suggested decline in the
quantity of readily oxidizable organic material covering bottom sediments.

While the leaching of soluble phosphorus and phosphorus—containing
organic compounds from decomposing organic materials and/or from flooded soils
was potentially an important phosphorus source during early years, seasonal

patterns of change in phosphorus content suggest the influence of internal
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recycling, Further, the increased amplitudes of seasonal change in phosphorus
content suggest that the importance of internal recycling increased over time.

Depth- and time-related changes in the concentration of soluble reactive
phosphorus during 1971 to 1980 are presented in Figures 3 and 4. During 1971
concentrations were relatively high throughout the water column at each sta-
tion, Also apparent were concentration increases in bottom waters during the
summer, stratified months, particularly at Station 12; these increases coin-
cide with the occurrence of anoxia. Concentrations in near-bottom strata
ranged from 100 to 150 ugP/l, while those for surface waters ranged from less
than 25 ugP/1 to 50 ugP/1.

During 1980, concentrations throughout the water column at the near-dam
station (Station 4) and in surface waters at Stations [0 and 12 were much
reduced. However, hypolimnetic concentrations at Stations 10 and 12, but not
the near-dam station, were greatly elevated during periods of amoxia. With
few exceptions, concentrations in surface waters were less than 25 ugP/1.
Hypolimnetic concentrations as high as 250 and 350 ugP/l were observed at Sta-
tions 10 and 12, respectively. These increases coincided with periods of
anoxia and markedly reduced loading from the Caddo River (see Montgomery,
1986).

Relationships between mean hypolimnetic soluble reactive phophorus con-
centrations and mean hypolimnetic dissolved iron concentrations for each sta—
tion during anroxic periods of 1971 and 1980 are plotted in Figure 5. Slopes
of regression lines (Table 1) estimate the average soluble reactive phosphorus
to dissolved iron ratio (P/Fe) in the hypolimnetic portion of the water column
at each station for each year. During 1971, P/Fe values ranged from 0.005 at
Station 1 to 0.0l4 at Station 12, Relationships during 1980 were significant
(p>0.05) for Stations 10 and 12, but not for Station 1. Phosphorus to iron
ratios for the former two stations were 0.026 and 0.041, respectively,
Clearly, important changes in the relationship between phosphorus and iron
occurred over this period of time. Since few changes in landuse patterns and,
therefore, in phosphorus and iron loading from the Caddo River, were docu—
mented during this interval of time, it is reasomable to suggest that differ-
ences in P/Fe in the water column were attributable to the occurrence of am
internal storage and recycling mechanism,

Redox-related release of phosphorus from iron—-containing sediments is

well documented for freshwaters (see review in Ryding, 1985). As dissolved
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Figure 3. Changes in soluble reactive phosphorus concentrations {ug P/1) at
Stations 1, 10, and 12 during 1971. Shading indicares zones of anoxia.
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Figure 4. Changes in soluble reactive phosphorus concentrations {(ug P/1) at
Stations 4, 10, and 12 during 1980. Shading indicates zomes of anoxia,
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Table 1. Mean hypolimnetic soluble reactive phosphorus to mean
hypolimnetic dissolved iron (P/Fe) ratios. Ratios are based on
regression analyses of data presented in Figure 5.

Year
Station 1971 1980
1 0.005 -
5 - ns
10 0.008 0.026
12 0.014 0.041
All 0.007 0.032

ns = nonsignificant (p>0.05).

oxygen concentrations in bottom waters approach zero and at oxidation-
reduction potentials below 200 mV, both phosphorus and iron are solubilized
from previously insoluble iron/phosphorus complexes at sediment surfaces and
the concentrations of these elements increase in the overlying water column.
When redox conditions change, as following mixing and reaeration, iron and
phosphorus are again removed from the water column as a coprecipitate.

Kennedy et al. (1986) report the seasonal depositiom of influent partic-—
ulates in the headwater area of DeGray. The long-term effect of this deposi-
tion has been a greater accumulation of sediments in this area of the lake
(Gunkel et al., 1984). Also observed here wete higher concentrations of both
iron and phosphorus when uplake and downlake sediments were compared,

These spatial patterns in the quantity and quality of sediments have been
influenced by seasonal loadings from the watershed, flow regime and seasonal
changes in oxygen conditions. Materials transported from the watershed, par-
ticularly during the spring high-flow period, settle and accumulate in the
shallow, upstream area of the lake. Following the establishment of stratified
conditions, the oxidation of organic material im this shallow portion of the
hypolimnion results in anoxia and the release of iron and phosphorus. Advec-
tive transport is minimal during the summer, low-flow period and the concen~
trations of irom and phosphorus increase in the upstream portion of the
hypolimnion. During fall mixing, reaeration of the hypolimnion results in

the redeposition of iron and phosphorus complexes.

233



In the years since impoundment of DeGray Lake, the seasonal occurrence of
these events has led to the observed accumulation of iron and phosphorus in
the lake's headwater area and an increased interaction between these two ele-
ments. The increase in the amplitude of seasonal change in phosphorus content

of the lake is a direct consequence of these occcurences.
Conclusions

Important changes in the relative influences of various processes on the
dynamics of nitrogen and phosphorus have occurred during the period following
impoundment of DeGray Lake. Nitrogen inputs from the watershed have remained
relatively constant, while the importance of nitrogen sources within the lake
has diminished over time coincident with declines in the quantity of oxidiz-
able organic material inundated during initial filling. Phosphorus
concentrations, while also initially influenced by the inundation of
terrestrial material, are now regulated to a greater extent by interactions
with iron and by seasonal changes in oxygen status. Events of greatest impact
on phosphorus dynamics are those occurring in the headwater area of the lake.
It is here that external phosphorus loads are initially stored in sediments
and later recycled during periods of anoxia. Since this coincides with the
peried of minimal phosphorus loading from the Caddo River, recycling from
bottom sediments plays a potentially important role in determining the trophic
status of this lake.
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DISTRIBUTION OF IRON AND MANGANESE TN DeGRAY RESERVOIR, ARKANSAS

by
J. Nix
Department of Chemistry

Quachita Baptist University
Arkadelphia, Arkansas

Introduction

The spatial and temporal distribution of iron and manganese in seasonally
anoxic lakes has been studied by numerous investigators. A basis for the re-
lationship between redox potential of the aguatic environment and the chemistry
of these elements was described early by Mortimer (1941). Stumm and Morgan
{1970) summarized the aquatic chemistry of jron and manganese transformations
in various natural water systems, including the seasonally anoxic lake. Recent
sediment trap studies have provided new information on the flux of these elements
in seasonally anoxic lakes {Davison et al.1982}.

Assessing the distribution of iron and manganese species has become a standard
1imnological practice in studying seasonally anoxic lakes. Conseguentiy, consid-
erable data exists on the distribution of iron and manganese and provides a basis
for understanding the factors influencing iron and manganese cycling in various
types of lakes. However, the reliability of analytical techniques, sample handling
procedures, and sample preservation technigues have prevented a detailed comparison
of data from many of these studies (Stumm and Lee, 1960; Collienne,1983). Even
with these limitations, the generalized chemistry of iron and manganese in
Timnetic environments has been well developed (Hutchinson, 1957; Golterman, 1975;

Wetzel, 1975}.
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Cycling of these elements in a stratified lake generally begins with the
development of an oxygen depressed zone at the mud-water interface in the
hypolimnion. Reduced species of iron and manganese are formed, which are
stable in the Tow redox environment of the anaerobic bottom muds. Since these
reduced species are soluble, they diffuse into the overlying water column.

The thickness of this anoxic zone usually increases throughout the period of
stratification and in some cases, reaches the top of the hypolimnion before
fall turnover. As hypolimnetic water becomes oxygenated by mixing, the reduced
species of iron and manganese are oxidized to insoluble compounds and settle
from the water column.

This rather simplified description of iron and manganese cycling in a
seasonally anoxic lake can be complicated by numerous factors. For example,
manganese can be reduced from its insoluble (+4) state to the soluble (+2) state
at significantly higher redox potentials than the corresponding reduction of
iron from its insoluble (+3) state to its soluble (+2) state. As pointed out
by Stumm and Morgan {1970} and Davison et al. (1982), this difference in
chemistry may result in different patterns of cycling of these two elements in
seasonally anoxic lakes, It has also been suggested that the source of reduced
iron in the anoxic hypolimnion is diffusion from bottom muds, while the source
of reduced manganese may be in situ reduction as oxidized manganese particles
settle through the anoxic zone. It seems likely, however, that reduced manganese
could originate from both bottom muds and in situ reduction.

Different redox chemistry for iron and manganese could result in different

patterns of cycling due to varying oxidation and precipitation rates. Gordon
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(1983) has pointed out that the mechanisms for iron and manganese oxidation
are quite different with iron following essentially first order kinetics while
manganese follows a somewhat different path probably involving autocatalysis.
The differences in the oxidation mechanism could result in manganese remaining
in suspension significantly longer than iron following mixing of the water
column.

Damming of a river can, in some cases, result in a body of water which
has significantly different properties from most lakes. Although not completely
separable, a reservoir usually has characteristic sedimentation patterns and
density currents that are affected by such factors as flow regime and outlet
depth. These factors may significantly impact the cycling and distribution
of iron and manganese in seasonally anoxic reservoirs. Gunnison and Brannon
(1981) have addressed some of these factors and have provided a detailed
sequence of redox reactions resulting in the production of soluble iron and
manganese species in reservoir hypolimnia.

DeGray Reservoir, which was formed by the damming of the Caddo River in
Southwest Arkansas, has been the site of field studies since impoundment began
in 1969. Numerous studies have provided iron and manganese, as well as other
water quality data on this reservoir at periodic intervals from 1969 through
1981. Data collected over this 12-year period indicate the spatial and temporal
distribution of iron and manganese can be explained in terms of established
concepts of redox chemistry when appropriately coupled with characteristic

processes of deep water reservoirs.
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Methods

Filling of DeGray Reservoir was begun in 1969 with the conservation pool
being reached in 1971. The general characteristics of DeGray are summarized
in Table 1.

Sampling stations were located directly over the old river channel at
points ranging from the dam to the upstream portion of the impoundment (Figure
1}.

From 1971 through June 1978, samples were taken at various depths using
a van Dorn type sampler. From July 1978 through the 1982 samples were taken
by pumping from the desired depth. Comparison studies conducted in 1978
indicated that there was no significant difference in samples taken by the
two different methods. Immediately after collection of each sample, an aliquot
was acidified and reserved for analysis of total iron and total mangansse. A
second aliquot was immediately filtered through a 0.45-micron filter, acidified
with nitric acid and reserved for analysis of soluble iron and manganese. Iron
and manganese were determined using standard atomic absorption spectroscopy
techniques (direct aspiration, flame method). A detection limit of 0.1 mg/L
was obtained for both analyses.

Temperature, dissolved oxygen, and pH were determined in situ using a Hydro-
lab or a Martek water quality analysis system. Prior to 1978, temperature and

dissolved oxygen were determined using a Yellow Springs Dissolved Oxygen Analyzer.

Results and Discussion

Since the pattern of cycling of iron and manganese in a reservoir is closely
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TABLE 1

Normal Pool Elevation 124.4 M ms]
Volume 8.07 x 10% M
Surface Area* 54.2 k M°
Shoreline Length* 333 kM
Maximum Depth* 60 M

Average Depth* 14.9 M
Drainage Area 1,173 kM2

*at elevation 124.4 M
AREA MAP

HWY 84 M 2 ' ‘
SR 12
LEGEND -
@ SAMPLING 4
* STATIONS

1

Figure 1. Sampling location in DeGray Lake, Arkansas
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related to its dissolved oxygen regime, a brief review of the spatial and tempora)l
distribution of dissolved oxygen in DeGray Reservoir is presented.

As expected, hypolimnetic dissolved oxygen depletion occurred in a greater
hypolimnetic volume during the early years following impoundment. Figure 2
presents the dissolved oxygen profiles observed in Station 1 during mid-summer
from 1970 through 1981. Severe hypolimnetic dissolved oxygen depletion was
observed at Station 1 during the early years of impoundment but moderated by
1973 and 1974. Subsequently, the general trend has been to observe higher
hypotimnetic dissolved oxygen concentrations.

Although the exact pattern of oxygen depletion varied, a metalimnetic
dissolved oxygen minimum was observed each year. The retationship of this
metalimnetic minimum to the transport of iron and manganese will be discussed
later.

The data presented in Figure 2 are representative only of the downstream
portion of the reservoir. Patterns observed at upgtream stations were signi-
ficantly different. In Figure 3, dissolved oxygen data observed at Stations
10 and 12 are presented for 1976, It is clear that following the onset of
stratification, dissolved oxygen depletion is first observed in the upstream
hypolimnion and that it gradually progresses in a downstream direction. Al-
though the distance to which anaerobic hypolimnetic conditions extend into the
reservoir varied each year, the pattern of early oxygen depletion in the upstream
hypolimnion was observed from 1970 through 1981. The metalimnetic dissolved
oxygen minimum is also observed at the upstream stations early in the year but

the pattern is confounded as the entire hypolimnion becomes anaerobic.
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Figure 3. Dissolved Oxygen at Stations 1, 10, and 12 for 1976,
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Sojuble manganese concentrations observed in DeGray during 1972-1973
and 1979-1980 are summarized in Figures 4 and 5, respectively. Prior to
1973, soluble manganese concentrations were somewhat higher than those shown
in Figure 4. From 1973 to 1979 the distribution of soluble manganese was
similar to that shown in Figure 5 with a slight trend toward lower concentrations
in successive years. Soluble iron concentrations for 1979 and 1980 are shown
in the same format in Figure 6. The dotted Tines in Figures 4, 5, and 6 indi-
cate the 0.5 mg/L dissolved oxygen isopleth,

The appearance of elevated concentrations of soluble iron and manganese
coincides with the initial development of low dissolved oxygen concentrations
in the upstream hypolimnion of the reservoir. Elevated concentrations of
jron and manganese gradually progress downstream in the hypoliimnion of the
reservoir, ultimately reaching the portion of the reservoir represented by
Stations 1 and 4. The observation that elevated soluble iron concentrations
lag behind elevated soluble manganese concentrations is consistent with the
redox chemistry of these two elements.

The fact that manganese reduction and, thus, solubilization occur at higher
redox potentials than iron reduction also explains why elevated concentrations
of manganese were observed in ;he downstream section of the reservoir in 1979
and 1980 while there was no significant accumulation of iron observed in this
same region. Although-dissolved oxygen concentrations were below 0.5 mg/L in
the downstream section of the reservoir, apparentfy, the redox potential was
not reduced enough to'bermit significant iron reduction. The accumulation of

soluble iron in the downstream section of the reservoir was observed in 1971
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Figure 4. Soluble manganese (mg/L) at Station 1, 10, and 12 for 1972 and 1973.
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and 1972 but was not observed again through 1981.

Elevated concentrations of both iron and manganese persisted until oxygen
was introduced by mixing. The dissolved oxygen and temperature profiles indi-
cated the mixed layer depth was relatively uniform from the upstream portion
of the reservoir to the downstream section. With thermocline erosion in
fall and early winter, oxygen is introduced into the shallower upstream areas
earlier than at downstream locations. Consequently, oxidation, precipitation,
and subsequent settling of iron and manganese from the water column occur
fairly early at the upstream station while significant concentrations of iron
and manganese remain at more downstream locations. For example, glevated con-
centrations of iron and manganese were removed from the water column at Station
12 by mid-October 1979 while significant concentrations still existed at Station
10 {(see Figures 5 and 6}. In fact, accumulation of elevated concentrations of
jron and manganese did not begin at Station 4 {downstream section
of the reservoir) until almost complete mixing had occurred at Station 10 (mid-~
stream section of the reservoir). The general pattern for the distribution of
jron and manganese in DeGray Reservoir is conceptualized in Figure 7.

Davison et al. {1982) has suggested that the origin of dissolved manganese
in the water column of a stratified lake may be in situ dissolution of settling
particulate manganese. The data in Figures 4, 5, and 6 show that increases in
the concentration of soluble iron and manganese coincided with the depfh at
which dissolved oxygen first reached 0.5 mg/L. This strongly suggests that
solubilization and migration from bottom sediment is the primary source of both

iron and manganese. Of particular note is the manganese data taken at Stationé
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during the stratified period in tate 1979 and early 1980 {see Figure 5).

Although low dissolved oxygen conditions {less than 0.5 mg/L) existed through-
out the late summer and fall of 1979, an increase in the manganese concentration
was not observed until the low dissolved oxygen zone (as defined by the 0.5 mg/L
isopleth) developed near the bottom of the reservoir. Manganese concentrations,
then, increased until mixing occurred at Station 4 in late February. It thus
seems likely that most of the manganese which migrates throughout the anoxic

hypolimnion originates in the bottom sediment rather than from in situ reduction

of settling particulate manganese.

As shown in Figure 6, slightly elevated concentrations of iron were ohserved
in the mixed layer at Station 12 (upstream section of the reservoir) during 1979
and 1980. Concurrent increases in manganese were not observed during these
periods. An examination of flow records of the Caddo River upstream from DeGray
as well as other water quality information collected at these stations clearly
show that these periods of elevated iron concentrations coincide with the intro-
duction of storm water into the upstream section of the reservoir. Although iron
in the fraction passing through a 0.45-micron filter is operationally defined as
soluble," the elevated iron concentrations observed during these periods probably
reflect colloidal iron being transported during periods of high flow. Organically
chelated iron entering the reservoir during storm periods cannot be ruled out;
however, these anomalous concentrations of iron quickly dissipate after the storm
period suggesting sedimentation as a removal mechanism.

Nix {1981) showed that the concentration of soluble manganese in the upstream

metalimnetic region of DeGray was often elevated during the late period of
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stratification. Figure 8 shows dissolved oxygen concentrations (dotted lines)
and soTuble manganese concentrations (solid 1ine) observed at Station 4 ( down-
stream section of reservoir} from September 1979 through February 1980. The
metalimnetic dissolved oxygen minimum was well developed by early September and
persisted until deepening of the mixed layer intruded into the metalimnion in
December. Slightly elevated concentrations of soluble manganese were observed
at depths coinciding with the metalimnetic dissolved oxygen minimum as long as
it existed. After disappearance of the metalimnetic dissolved oxygen minimum,
the layer slightly higher in dissolved manganese was observed just under the
Tower extent of the mixed layer.

Although in situ reduction of settling particulate manganese in the low

oxygen metalimnion (Davison et al. 1982) cannot be eliminated as a source of
this dissolved manganese, these observations are also consistent with a model
of advective transport as summarized in Figure 9. As shown in Figures 4 and 5,
elevated concentrations of manganese first appear in the upstream hypolimnion
of DeGray. As the anaerobic zone progresses in a downstream direction, soluble
manganese increases in the deeper portion of the hypoTimnion. At mid-reservoir
{Station 10), low dissolved oxygen concentrations in the deeper portion of the
hypolimnion allow the accumulation of soluble manganese with a classical distri-
bution showing an increase in concentration toward the bottom. Above the layer
containing elevated manganese concentrations is a portion of the hypolimnion
which contains moderately high dissolved oxygen concentrations even in late
fall. This prevents the further upward migration of reduced manganese. Byt

soluble manganese again appears in the low dissolved oxygen metalimnion. The
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separation of the deep layer containing elevated manganese concentrations from
the low dissolved oxygen metalimnion by a layer containing moderately high
dissolved oxygen concentration is even greater in the downstream section of
the reservoir due to increased water depth. Even with this additional separa-
tion, small increases in soluble manganese were observed in the metalimnion

at Station 4 (see Figure 8).

Advective transport within restricted layers of Lake Powell were reported
by Johnson and Merritt (1979). High turbidities in the metalimnion of DeGray
have been observed following storms which occur during the stratified period
(unpublished data). Nix (1981) suggested that even during periods of low flow,
density currents persist near the top of the metalimnion in DeGray. This work
also showed that the elevation at which increased metalimnetic concentrations
of manganese were observed coincided with the depth at which the temperature of
the reservoir was the same as the inflowing Caddo River.

Ford (this volume) has demonstrated the presence of density currents in
DeGray using dye tracer techniques.

Assuming that advective transport is occurring in a restricted layer of
DeGray near the top of the metalimnion, even during the low flow summer and
fall period, it seems likely that the movement of this density current would
intersect that portion of the upstream hypolimnion containing low dissolved and
possibly reduced iron and manganese and entrain these reduced species into the
density current. Subsequent downstream movement of this water throughout the
remaining period of stratification would result in the downstream transport of

these reduced species in the metalimnetic region. The data in Figure 8 suggest
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that during the late portion of 1979 and early 1980, advective transport re-
sulted in elevated concentrations of manganese even in the downstream section
of the reservoir (Station 4).

The advective transport mechanism suggested in Figure 9 would result in the
preferential transport of manganese over iron. As shown in Figures 4, 5, and
6, and summarized in Figure 7 the upward extent of soluble manganese is greater
than soluble iron during the stratified period. This would allow the density
current to "strip" soluble manganese from the upstream hypoltimnion and trans-
port it downstream without the concurrent transport of iron, The result of
such a process over an extended period of time would be for the sediment in
the downstream section of the reservoir to become enriched in manganese retative
to iron. Gunkel et al. {1984) observed that the sediment collected in the
downstream section of DeGray Reservoir had higher manganese concentrations
as compared to sediment taken from the upstream section of the reservoir.
the transportation of significant quantities of iron by this mechanism would
only occur during years where stratification persisted over a longer period

than is usual.

Summary
Although the cycling of iron and manganese in DeGray can generally be ex-
plained by the same processes that occur in most seasonally anoxic lakes, it is
necessary to impose processes which seem to be characteristic of deep reservoir
systems to adequately explain the distribution of these metals in DeGray Reservoir.
The solubilization of iron and manganese clearly begins in the upstream

section of the hypolimnion and progresses into the downstream hypolimnion
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throughout the period of stratification. As expected, manganese generally
appears first and extends further into the reservoir than iron.

The observation that elevated concentrations of these metals do not
generally begin to appear in the water column until the Tow dissolved oxygen
zone develops near the bottom strongly suggests that the origin of both iron
and manganese is bottom sediments.

Advective transport by a density current near the top of the metalimnion
results in the entrainment of upstream hypolimnetic water and ultimate transport
of reduced species into the downstream metalimnion of the reservoir. This
process can result in the preferential transport of manganese over iron through
the reservoir system. The presence of elevated concentrations of reduced
species in the metalimnetic regions of reservoirs should be given consideration

in the design of the intake structures to be used by municipalities and industries.
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LONG-TERM PHYTOPLANKTON SUCCESSION IN DeGRAY RESERVOIR (1975-1980)

by

Dr. Richard L. Meyer

Department of Botany & Microbiology
University of Arkansas
Fayetteville, Arkansas 72701

ABSTRACT

Annual and long-term phytoplankton succession studies on DeGray
Reservoir included a regular collection program in each of the reser-
voir's major compartments from 1975 through 1980. Samples were col-
lected in association with various chemical, physical, and biological
studies. The data indicate distinct, but independent, temporal distri-
bution patterns for the major taxa, Critical period analysis shows that
the successional dynamics for each lake compartment were relatively dis-
tinct from adjacent compartments during the early phases but tended
toward greater homogeneity. The structure of the phytoplankton assem-
blage as defined by the number of species per sample is described tempo-
rally for each compartment. A distinct trend from a diverse assemblage
to a major single taxon dominance was observable for the summer maximum,
fall transition, and to a lesser extent during the winter. The data
indicate a reduction in qualitative variability with an increased

abundance throughout the 5-year sampling period.
INTRODUCTTION

Long-term studies of annual phytoplankton succession on larger
freshwater lakes have been limited to certain European lakes, such as
Lake Windemere {Macan 1970) and others in Denmark, Sweden, Germany,
etc., and in the United States-Canadian great lakes. A recent study
by Hopkins and Lea (1983) reviewed the phytoplankton composition and
biomass during a l0-year study in Lake Erie. Also several multiyear

studies have been conducted on Lake Michigan by the Great Lakes Research
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Center. Similar long-term analyses have been conducted for selected
reservoirs in the Tennessee Valley Authority system: Nickajack and
Chickamauga Reservoirs by Placke and Poppe (1980); Guntersville Reser-
voir (Poppe, Placke, and Wright 1982); and other reservoirs by addi-
tional researchers within the TVA system. In the immediate region, a
smaller reservoir, Lake Fayetteville, has been studied by Meyer (1971,
1973, 1974), Rice (1978), and Foppe (1978) for seasonal succession,
macro- and micro-nutrients, and long~term forecasting associated with
the phytoplankton. Multiyear studies of phytoplankton succession on
large reservoirs in the adjacent area are limited to Beaver Lake by
Meyer (1973 and 1974). A review of the literature suggests that the
number of reservoirs with extended, multiyear analyses of annual stand-
ing crops of phytoplankton, seasonal succession, and long-term trend
analysis is limited.

In this paper a review of the long~term trends in total phyto-
plankton standing crop abundance, changes in taxonomic composition, and
a detailed analysis of the annual succession in the three principal com-
partments of DeGray Lake are described. The annual successional events
subdivide the phytoplankton into the primary taxonomic components which
collectively comprise greater than 95 percent of the standing crop, In
addition, the changes in the seasonal abundance of the phytoplankton are

presented to estimate or forecast the anticipated future trends.

RESEARCH SITE DESCRIPTION

DeGray Lake, a multipurpose reservoir with pump-back capability,
is located in the Ouachita Mountains near Arkadelphia, Arkansas. The
12-year-old reservoir has a maximum surface area of 6,883 ha with a
shoreline of 362 km and a drainage basin of 117,377 ha. It is5 ca. 30 km
in length with a maximum depth of 60 m and a2 mean depth of 14.9 m,

The reservoir contains three major compartments (Figure 1). The
compartments include several sampling sites; however, only four were
included as long-term stations. The near-dam compartment extends from

the dam through station 7 with station & as the representative site.
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Figure 1. Sampling station previously established on DeGray

and watershed. Stations 4, 10, and 12 are the representa-

tive stations for the "dam," "midlake,”" and "river" compart-
ments, respectively

The middle compartment begins at station 7 and is terminated by the
constriction at station 11. Station 10 is used as the standard section
for this compartment. The riverine or upper compartment extends uplake
until statiom 13 or 14, This latter compartment is represented by

station 12.

MATERTALS AND METHODS

Aliquots of the samples collected for the various chemical,

physical and biological studies were preserved with M3 fixative

(Meyer 1971). Ten milliliters of the preserved samples was settled in
counting chambers and enumerated with the aid of a Wild M-40 phase-

contrast inverted microscope.
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RESULTS AND DISCUSSION

The results and discussion of the research are presented in three
phases. Phase I reviews the several principal classes of algae which
comprise 95 percent of the standing crop from June 1974 through November
1976, Phase 11 summarizes multiyear trends based upon selected seasonal
events within each of the compartments. The data upon which Phase I and
IT are based are summarized in Table 1. These data include the summer,
fall, and winter seasonal phases of the annual cycle for each of the

lake compartments. The first value is the number of cells per

Table 1
Summary of the Mean Number of Cells per Liter x 103

and Taxa by Compartment

DATE COMPARTMENT

Month Year Dam Midlake River
August 1973 181(12) 289012} 224(19)
October 1975 301(11) 283(10) 330(14)
Decenmber 1975 243(14) 309(10) 706(17)
August 1976 184(11) 3az{18) 4661(21)
October 1976 115(11) 56(10) 33923
February 1977 1127 297( 7) S8( 5
July 1977 509¢(12) J&2( 9) P86 (13)
October 1977 go( B) 87(1¢) 345(23)
December 1977 63( 8) 273(10) 303(15)
August 1978 431 (1% 524012) 283(17)
October 1978 3v4(18) 457(14) 490(13)
February 1979 4310 6) 112410 26( 7)
Rugust 1979 1180(21) 456(16) 281 (14)
October 1979 372(21) 456(16) 281114}
February 1980 e3¢ 9) 108(13) 60010}
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liter x 10® (Phase I) while the values enclosed within parentheses are
the mean number of cells per liter (Phase I1). Phase III further
reduces the data to overall reservoir trends during each of the major
seasons for the time span 1975-1980.

The data for Phase I are summarized by compartment and depth for
the several principal classes of algae which represent the primary com-
ponents of the standing crop of phytoplankters. The;é classes Include
the Chrysophyceae, Cryptophyceae, Bacillariophyceae, Chlorophyceae, and
Cyanophyceae. Finally, the total abundance of the phytoplankton is
summarized for each compartment.

Chrysophyceae: Initially these algae were of minor Importance

with temporary subsurface appearance in the river and midlake compart-
ments with a later reduced occurrence near the dam. Maximum concentra-
tion of the combined chrysophytes was ca. 2 million cells per liter,
These taxa plus reduced numbers of cryptomonads and diatoms are the
primary contributors to the winter flora.

Cryptophyceae: The brown flagellates are present throughout the

annual cycle. These organisms have become increasingly important as the
reservoir ages and have extended their presence throughout the water
column and into each compartment. Only during the autumn are their
numbers reduced, The maximum concentration was ca. 1.2 million cells
per liter,

Bacillariophyceae: The diatoms were early significant contrib-

utors to the standing crop in the dam compartment. Collectively, these
plankters express a bimodal distribution with summer and winter maxima.
Fragilaria is the dominant diatom in the summer while Melosira and
Agterionella attain their maxima during the winter. These taxa later
expand into the midlake and riverine compartments. The maximum concen-
tration is present in the upper epilimnion of all compartments. Popu-
lations of less than 1 million cells per liter were encountered.

Chlorophyceae: The diverse populations of coccoid and capsoid

green algae attained their major abundance from spring through late
summer with reduced concentrations in early autumn. A resurgence may

develop in midautumn to late autumn before declining to the winter
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minimum. These populations tended to be nearly evenly distributed
throughout the epilimnion in all compartments. The maximum concentra-
tion of the assemblage of green algae was less than 1 million cells per
liter.

Cyanophyceae: The blue-green algae were sporatic in occurrence

during the early phases of the research but increased in importance.

The blue~greens were predominant in the midsummer to late summer and
early autumn in each of the compartments, with the greatest initial con-
centration near the dam. The maximum abundance of this assemblage was
greater than 9 million cells per liter.

The combined or total abundance of phytoplankton follows indepen-
dent seasonal cycles within each of the three compartments. Within the
near-dam compartment there is a definitive unimodal distribution, The
maximum is reached during the summer and the minimum in the winter, with
spring and autumn intermediate populations. The maximum may approach
20 million cells per liter while the minimum is slightly less than
500 thousand cells per liter-—a seasonal difference factor of ca. 40.
The midlake compartment lacks a well-defined seasonality. Also there is
greater vertical mixing and less stratification of species in this com—
partment. The midlake waters typically contain phytoplankton popula-
tions of ca. 5 million cells per liter; however, populations of twice
this concentration may oceur in the upper meter for brief periods in
late August or early September. The riverine compartment 1s mixed
except during low flow. In this compartment the late summer maximum of
ca. 15 million cells per liter develops subsurface. This population
initially expands toward the surface and then migrates to great depth
prior to and in association with thermal destratification,

The second phase of the analysis is based upon the selection of
critical periods in the annual succession for the expression of multi-
year trends. The critical periods selected include the maXimum during
late summer, the onset of fthe autumnal decline, and the winter minimum.
The vernal phase was not included since it is a highly variable period
with an erratic initiation to the expansive growth phase leading to the

summer maximum,
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The data for this phase are expressed in two formats. One mode of
expression is to examine the mean number of cells per liter. The second
measure is an estimate of the diversity by comparing the variation in
number of species present. The statistical analysis of diversity is
presented in a parallel study by Dr. Wayne L. Poppe (included in this
volume).

The mean number of cells per liter (cpl) data summarize the abun-
dance of phytoplankters in the upper 10 m of the water column. As prior
research has shown, this column represents the zone which contains the
major portionm of the total standing crop throughout the year. The
long-term dynamics of each of the three compartments are presented sepa-
rately from summer 1975 through winter 1980.

Dam: The multiyear seasonal variation in the mean number of
plankters per liter is shown in Figure 2. This compartment is noted for
its major differences between the summer maximum and winter minimum.

The initial mean concentration was slightly greater than 300,000 cpl.
In succeeding years the summer concentration increased so that by the
end of the study the observed maxima were nearly 1.2 million cpl. In
contrast, the winter minima remained at approximately the same concen-
tration through time, ca. 90,000. The constancy of the winter popu-
lation densities suggests that the limiting factors may be physical,
i.e., light and temperature, rather than chemical.

Midlake: The seasonal dynamics of the phytoplankton for the mid-
lake compartment are shown in Figure 3. The seasonal cycling of phyto-
plankton in this compartment has the typical sine wave~like pattern seen
in the dam compartment. The cyclic components of these two populations,
however, are not synchronized and have different amplitudes. The
midlake compartment has less variation, with maxima progressing from
ca. 300,000 ¢pl to ca. 500,000 cpl through time. The minimum also
increases over time. The 1976 fall minimum was ca. 70,000 cpl while the
later minima were nearly double this value. The initial minimal concen-
tration occurs during the fall but later shifts to the winter. The

winter minimum in the midlake compartment is greater than that in the
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dam compartment by a factor of two. It should be noted that the maxima
and minima remained relatively stable within a moderate dynamic range.

River: The river or uplake compartment is strongly influenced by
storm events since the major portion of the watershed drains into the
portion of the lake which has the minimum volume. WNutrient loading,
volume dilution, and reservoir height, as well as a combination of these
factors, have the greatest impact on the standing crop in the upper
compartment. ‘

In the river—influenced compartment the population concentrations
are highly variable with summer maxima and winter minima (Figure 4).

The exception to this general pattern was the large concentration in the
winter of 1976 produced by transitory populations of cryptomonads and
diatoms. The population concentrations are more highly variable in this
compartment than in either of the other compartments. The maxima and
minima are less predictable than either the dam or midlake populations.
Initially, the summer maxima increased from ca. 700,000 cpl to greater
than 1 million cpl; however, in 1979, the concentration decreased by a
factor of 2. A similar shift is noted in the winter concentrations.

The abundances in 1977, 1979, and 1980 are nearly equal at ca.

100,000 cpl, but the fall and winter standing crops of 1977 and 1978
contain ca. 400,000 cpl. This compartment has greaterx diversity in the
- pumber of taxa present and changes in the number cf taxa. Thus, this
region of the reservoir is the most highly dynamic, with great variation
in the abundance, variety of species present, and changes in taxa
through time, A certain portion of this dynamism is associated with the
transport of organisms from the river and backwaters into the reservoir
by storm events. During the most stable period (the summer), diversity
in space and time remains high.

Asgociated with the change in abundance of organisms through time
is the succession of taxa during the annual cycle and during the aging
of the reservoir. The data reported in the figures given below were
derived from the previous samples. The diversity of organisms present
within each compartment over time is expressed as mean number of species

in the 10-m water column.
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Dam: Within the dam compartment the diversity was seasonally
dynamic with increasing diversity (Figure 5). Initially the diversity
was high, with greater than 11 species per sample throughout the year.
By 1976 a regular cyclic pattern developed, with winter minima and
summer-fall maxima. The minimum was initially low, with a single
dominant diatom in winter 1977 and increasing diversity in the later
years to about 10 as a typical number of species per sample. The summer
samples showed a parallel increase in diversity through time. The
initial values were 11 to 12, followed by rapid increases to 22 in 1979.
The increase in diversity is apparently associated with the introduction
and establishment of new species during the maturation of the reservoir.
Tt should be noted that the maximum number of species tended to occur in
the fall during the transition period.

Midlake: The central compartment parallels the dam compartment
but with dampened amplitudes (Figure 6). The initial number of species
is approximately 11 in 1975 and early 1976, There is a temporary
maximum in the summer of 1976 associated with the transport of uplake
species into the midlake compartment by stormwaters. In general, there
is a tendency for the maximum to occur during the transition between
summer and winter floras followed by a moderate winter decline. There
is a tendency of increasing diversity with greater amplitude between the
maximum and minimum periods. Also, the minimum number of species is
greater in this compartment than the dam compartment.

River: The uppermost compartment is the most dynamic with the
greatest variability and diversity (Figure 7). Summer—fall values tend
to be greater than 20 species per sample and increase to greater than
25, As with the previous compartment, the greatest diversity develops
in the fall in the later samples. The maximum number of species is
greater in this compartment (26) than the former compartments; however,
the winter minimum is intermediate between the dam and midlake sectors.
Both the maxima and minima values indicate a general trend of increasing
diversity over time.

The third phase summarizes the data by further reduction into a

composite of the predominant phytoplankton taxa, by major time period,
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within each of the three major compartments. Table 2 consolidates the
data by combining the taxa which constitute 95 percent or greater of the
standing erop into an overview of the reservoir dominant assemblage for

each of the seasons.

Table 2

Summary of the Dominant Phytoplankton Taxa by Season Through Time

Date Dominant Phytoplankton Taxa
Summer
1975 Greens, cryptomonads, diatoms, and blue-greens
1976 Greens, blue-greens, and cryptomonads
1977 Blue-greens and greens
1978 Blue-greens
1979 Blue-greens
Fall
1975 Cryptomonads, greens, and diatoms
1976 Greens, diatoms, blue-greens, and cryptomonads
1977 Greens, blue-greens, diatoms, and cryptomonads
1978 Blue-greens
1979 Blue-greens
Winter
1976 Greens, cryptomonads, and diatoms
1977 Diatoms
1978 Diatoms and cryptomonads
1979 Diatoms
1980 Diatoms and greens
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During the first summer (1975), the green algae were the major
component in the plankton in the dam and river compartments, Of second-
ary importance in all compartments were the flagellated cryptomonads,
with diatoms important in the near-dam compartment. The blue-green
algae were of tertiary and primary importance in the dam and midlake
compartment, respectively. In the summer of 1976 the green plankters
were primary in importance at the dam and midlake stations and of sec-
ondary importance in the upper reservoir stations., The blue-green algae
were inverse in their distribution, i.e., of primary importance in the
river compartment and of secondary importance in the remaining sectors
of the reservoir, Cryptomonads were present but in small numbers near
the dam and as tertiary contributors in the other regions of the reser-
voir. By 1977 the diversity had been further reduced so that the plank-
ton standing crop was dominated by blue-green taxa with secondary
contributions of diatoms near the dam and greens near the river
entrance, The trend toward reduction in diversity continued through
years 1978 and 1979. The blue-green phytoplankters dominated at all
stations throughout the reservoir with only minor contributions of green
algae at all sites and a few diatoms near the dam during 1978. These
additional taxa were unimportant in 1979.

The initial fall (1975) populations were dominated by crypto-
monads, coccoid greens, and diatoms. Tn 1976 the greens continued to be
of primary importance at the two terminal compartments with blue-greens
of greater importance in the middle sector. The diatoms remained as
subdominants in the larger compartments while cryptomonads are abundant
in the river compartment. The midlake water contained a more diverse
population with not only bluegreens and dlatoms, but also coccoid greens
and cryptomonads. Bluegreen algae were of minor importance in the river
compartment. In fall 1977, cryptomonads were of secondary importance in
all compartments with blue-greens predominant near the dam and coccoid
greens in the remainder of the.reservoir. Blue-greens were tertiarily
important in the two upper segments. Dinoflagellates and diatoms were

minor contributors in the dam and river compartments, respectively. By
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1978 and 1979 the blue-green algae were clearly the predominant forms
with an admixture of taxa associated with these populations.

Winter standing crops were typically composed of fewer taxa and
cells. The composition present in 1976 was an admixture of green algae,
cryptomonads, and diatoms throughout the reservoir. The cryptomonads
and diatoms were present in nearly equal numbers at all stations, but
the greens were of primary importance at the near-dam station and
diminished progressively in concentration and importance uplake. During
winter 1977, the diatoms constituted greater than 95 percent of the taxa
present at all stations. These taxa were major contributors to winter
populations in 1978 along with the cryptomonads. The cryptomonads had
their greatest concentration near the dam and decreased in numbers fur-
ther uplake. Thus, two interrelated gradients were present: diatoms
increasing and cryptomonads decreasing in importance with increasing
distance from the dam. In winter 1980, the cryptomonad comtribution was
insignificant and the diatoms were predominant, with a limited presence

of coccoid green algae.

SUMMARY

In general, the trend during the summer and fall seasons was a
gradual reduction in the diversity of major taxa present. In addition,
there was a tendency toward predominance by the blue-green algae. The
blue-green algae were, therefore, increasing in importance in space and
in time, These organisms expanded from their early dominance in the
summer-midlake position to the role of predominant plankter in all com-
partments during the entire summer and fall seasons. Similarly, the
winter assemblage tended to be diatom-dominated with minor annual vari-
ation in the relative frequency of other contributors.

Associated with the trend toward reduction in major taxa has been
an increase in abundance and number of species. The abundance data
suggest that the reservoir is tending toward increasing fertility, and
thus supporting a greater number of cells per liter. Concomitant with

the increase in abundance is an increase in number of species present.
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These species, however, are from a reduced breadth of algal classes.
These data suggest that species are not replaced on a one-to-one basis,
but rather that more than one species may replace the lost taxon and
that the replacement taxon will be from the major algal class in the

direction of succession.
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USE OF EMPIRICAL PHYTOPLANKTON INDICES
FOR PRETROPHIC STATE ANALYSIS

by

Wayne L. Poppe

ABSTRACT

This paper is intended to examine and qualify one facet of pre-
eutrophication analysis: phytoplankton indices. Sorenson's quotient
and Pielou's percent similarity index are used to describe similarities
and differences within and among stations, both temporally and spa-
tially. The results of these analysis indicate that very few similari-
ties exist within DeGray Reservoir, which implies that these analyses
alone are of little use in describing the phytoplankton quality of the
reservoir. These analyses do, however, merit use when coupled with
analyses (presented in papers of these proceedings) and suggest that a
modification of plankton sampling will be required to obtain "average™

conditions for modeling purposes.

INTRODUCTION

The word "eutrophic" was first used in the literature by Weber in
1907 to designate nutrient-rich layers within bogs. In a limnological
sense, eutrophic means "well fed," indicating an abundance of life-
supporting nutrients. The word eutrophication is now commonly used to
describe the response of water bodies to nutrient (including organic)
enrichment.

Eutrophication is a natural aging process by which lakes become
more biologically productive (until eventually aquatic plants cover the
entire surface of the lake, and the basin fills in with detritus and
sediments). Rivers and reservoirs with short hydraulic retention times
do not age in the same sense as lakes, but added nutrients may increase

their productivity above desirable levels. "Cultural eutrophication”
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results when anthropogenic activities (e.g., release of wastes of munic-
ipalities and industries into a body of water or runoff from heavily
fertilized farmland) accelerate the natural aging process. As enrich-
ment proceeds, the composition and abundance of the biotic assemblage
change. Massive growths of algae, called "blooms," occur periodically
and under extreme conditions may turn the water a pea-green color. The
most typical offenders are the blue-green algae, primitive bacteria-like
organisms that may produce noxious floating scums or release toxins
which kill fish and other animals. Massive growths also tend to deplete
the life-supporting oxygen in the water as they decompose. Less dra-
matic growths of these and other algal organisms may produce taste and
odor problems in municipal water supplies, increase water treatment
costs by causing filter clogging, and impart less palatable taste to
fish caught in the area. Fish yield often increases under moderatively
productive or eutrophic conditions, but as eutrophication proceeds sport
fish populations are reduced and replaced by rough fishes, and aquatic
weeds and algae become more abundant in shallow areag--potentially
interfering with boating, fishing, swimming, and aesthetics of the
water. It is not certain that the biotic changes occurring during cul-
tural eutrophication parallel the changes that would occur during normal
lake and reservoir maturation. The very rapid changes during cultural
eutrophication may give rise to such poor water quality that the desig-
nation "polluted" is warranted.

It is generally accepted that cultural eutrophication results from
the addition of excessive amounts of nitrogen and/or phosphorus to lake
and reservoir systems. The possible causal roles of complex organic
compounds, vitamins, and minerals (which may also be abundant in wasre-
water) have been defined but have been demonstrated to be of importance
in only a few cases.

Management of accelerated eutrophication has focused on nutrient
removal from municipal and industrial wastes; diversion of waste to
alternate water bodies; management of nonpoint sources; or symptomatic
relief through oxygenation of water, mechanical removal of excessive

aquatic weeds, and the application of herbicides to control algal and
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macrophyte growth., Though there is some question whether the process of
eutrophication is ultimately reversible, marked improvements in water
quality have occasionally been noted when remedial measures such as
sewage diversion, nutrient removal, or nutrient inactivation were
applied. The rate of recovery may be relatively rapid (on the order of
a few years).but may also occur very slowly as nutrients continue to be
released from the basin sediments for years after excessive nutrient
enrichment has ceased (Wisconsin Department of Natural Resources 1974) .

Several techniques are available to assess eutrophication and the
relative trophic classification and quality of reservoirs. These
include: (1) comparison of established trophic indicators with other
reservoir systems, (2) multivariate statistical analysis of water qual-
ity indicators, (3) measures of biological productivity or response to
nutrient enrichment, and (4) remote sensing imagery analysis. Although
each technique merits use in eutrophication analysis, a single analysis
is often inadequate to evaluate alternative management practices. A
better evaluation is obtained by combining the results of each of the
available analytical techniques.

Comparative data, for example, can provide a relative reservoir
trophic classification, but the evaluation may be biased 1f the vari-
ability between or within reservoirs is limited. Nutrient ratios and
empirical nutrient load-reservoir response models, using inflow, out-
flow, and in-reservoir nutrient concentrations, can be useful supple-
ments to these data. The value of such techniques in eutrophication
analysis 1s limited, however, in cases where the nutrients are unavail-
able for biological productivity. Many reservoirs in southern states
have been classified as eutrophiec by empirical nutrient load-reservoir
response models (e.g., models developed by Vollenweider, Kirchner, and
Dillon); yet, the biological productivity expected from these loadings
is not observed. This phenomenon can be explained by examining the
nutrient species present. A large percentage of the nutrients within
these reservoirs, as well as those entering and leaving the reservoirs,

are biologically unavailable. Therefore, biological response indicators
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present a more sensitive analysis than measurements of nutrient concen-
trations. Algal assay results and measurements of chlorophyll, standing
crop, and productivity may actually be more reliable indicators of
trophic status than observed nutrient concentrations.

Descriptive statistical analysis may provide additional insight to
classification problems. In the case where data do not correlate with
predictor variables, methods such as empirical indices or principal
components analysis may extract information from the data set that would
otherwise be overlooked.

In the case where a data base for eutrophication analyses is
either limited or nonexistent, remote sensing techmiques may provide an
alternative method of relative trophic classification. LANDSAT imagery
is now being used by several State and Federal agencies to complement
field and laboratory trophic status measurements and to monitor reser-
voirs that are not being monitored manually.

This paper presents the use of accepted plankton indices to
describe similarities among and within stations. Additionally, the use

of these analyses as related to eutrophicatlon analyses is presented,

METHODS AND MATERIALS

Similarity of algal communities within and among reservoir sec-
tions was determined using a two-step approach. Sorenson's Quotient of
Similarity, SQS (McCain 1975) was first calculated to determine simi-
larities based solely on presence/absence of genera {qualitative charac-
teristics)., Next, a percentage similarity (PS) index (Pielou 1975) was
calculated to determine similarities based on both qualitative and quan-
titative characteristics. In both cases, values of 60 to 70 percent or
greater were assumed to show similarity.

8QS was calculated as follows:

SQ8 = 2s/(x + y) « 100

where
x = number of taxa at station x

277



y = number of taxa at station y
= number of taxa in common between
stations x and y

w
|

Percentage similarity index was calculated as follows:
s
PS = zooiZ:;min (B> Py

where PiX and PiY are the quantities of species i at stations X and Y
as proportions of the quantities of all s species at the two stations
combined,

Both coefficients were calculated because they are additive and
should be used in combination to provide the greatest information. If
comparisons between two locations provided low SQS and PS values, the
communities were considered different. If SQS was high but PS low,
comnunities were composed of similar genera but differed either in
absolute cell density or in relative abundance of genera present. When
SQS was low and PS high (a rare occurrence), communities were still con-
sidered similar because the low SQS probably related to random occur-
rence of rare genera which affects SQS much more than PS, If both
coefficients were high, communities were similar in generic composition,

relative abundance of genera present, and absolute cell number.
RESULTS

Tabulated Sorenson's quotient and Pielou's percent similarity
values are presented in Tables 1 and 2, respectively.

Spring season (March-May) Station ! and 4 8QS values varied con-
siderably with some similarities observed between the 0~ to 3-m and 3-
to 5-m depths. Corresponding PS values were only significant in May
1976 with 0-, 3-, and 5~ to 10-m depths showing similarities, and in
1977, 3- to 5-m depths. Summer SQS values averaged higher than those
during the spring season with the exception of August 1976. The remain-
der of upper—epilimnetic SQS values were generally in the 60 to
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70 range, indicative of similar genera present among depths. PS values
generally corresponded favorably with $Q8 values with fairly strong
(values of 80 or above) similarities observed. Autumn season (October)
SQS and PS values generally remained significant at the 0- to 3-m and
3~ to 5-m depths, but were reduced from the summer values.

Station 10 SQS spring values were generally significant at the
0~ to 5-m depths, with only two values above 60 observed below those
depths. PS values were, with two exceptions, significant only in May
1976 and then only at the 0- to 5-m depths., Station 10 summer SQ8 and
PS values were quite variable, with August 1976 and 1978 showing signif-
icant values in the 0- to 5-m depths. The remainder of PS and 5QsS
values were generally lower than 50, indicative of little interaction
- among depths. Only one value above 70 was observed in the PS or 5Q8
values during the autumn season. Values in the low 60's were observed
at the 0- to 3-m and 3- to 5-m depths without any strong observations
below those depths.

Station 12 SQS spring values were generally above 60 at the 0- to
5-m depths, with values at a significant level observed between the
3~ to 10-m and 5- to 10-m depths in May 1977. The remainder of the
values were low without any significant levels observed between upper
and lower epilimnetic depths. The only significant PS values observed
during the spring were in May 1976 where all depth combinations between
0 and 10 m showed values above 75. $QS and PS summer values were gen-
erally low at station 12 with only a few values above 60 observed. As
with summer values, 5QS and PS autumn values were quite variable with
only a few values observed above 60.

5QS station comparisons (all depths combined) were, with a few
exceptions, above 50 with values in the 60's being common., PS values,
on the other hand, were generally lower than 50 with only a few values

observed in the 60's.
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DISCUSSION

Some generalities and intuitive conclusions can be drawn from
these data even though a considerable amount of variability exists.
Reservolr segmentation undoubtedly plays a key role in the stability of
algal communities from one depth to another, and between stations. This
is reflected in the data where both SQS and PS values within stations
were highest at stations 1, 4, and 10, with values at station 12 being
highly variable and generally not significant. The observed stability
(although weak) of plankton communities at and below station 10 is most
probably due to the nature of the water column itself. Above sta-
tion 10, the water column is turbulent; hence, algal communities do not
develop in a strictly stratified sense, but rather are constantly being
turned over, This generality is opposed to areas below station 10 where
long epilimnetic residence times allow for upper-epilimnetic development
and subsequent slow settling. Furthermore, significant values were
observed between the 0- to 3-m and 3- to 5-m depths with a few signifi-
cant values observed below these depths, This is most likely due to
light and flow limitations at lower depths, with upper-epilimmetic
depths showing similarities because of similar physical conditions.

Another factor of paramount concern that influences the effective-
ness of evaluating "average" plankton abundance and composition (and
hence, trophic state) is the sampling methodology. Discrete depth sam-~
ples are certainly of value but are not effective in describing average
epilimnetic or hypolimnetic conditions, particularly when the sampling
depths are separated by 1 to 5 m, Microlayers of plankton communities
are probably more often than not missed by discrete sampling. This cer-
tainly will affect indices used to describe plankton dynamics and may
lead to erronecus management decisions based on available modeling rou-
tines, It has been shown that a 1 to 3 order of magnitude over-
underestimation of standing crop can be made by using discrete sampling
depths (Poppe 1978). Conversely, discrete sampling does allow for
development of settling rates, water column comparisons, thermal

impacts, etc. For these reasons, development of an appropriate sampling
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regime must be implemented at project initiation and must reflect the
needs of the project and not necessarily traditional sampling strategy.
Such is the case for trophic state analysis of reservoirs in
general. Bimonthly or quarterly sampling of plankton at a single depth
(or in a few cases, two to three depths) leaves much to be desired when
trying to develop trophic state indices, or for that matter reservoir
management decisions. All too often, discrete plankton sampling has
resulted in poor management decisions, particularly for water supply
reservoirs. Water supply reservoirs and multipurpose reservoirs require
special attention to evaluate all intended water quality uses. With
this in mind, specialized sampling strategies are required now and in

the future to obtain the best product for the effort spent.
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