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ABSTRACT

Grain-size analyses of the bottom sedimeﬁts of western
Lake Erie illustrate the presence of three separate sediment
plumes in the basin., These sedimentary features are: the
Detroit River sediment plume, which extends southeast into
+the basin: the Maumee River sediment plume, which enters the
lake flowing northeast from Maumee Bay and hugs the Michigan
shoreline as 1t heads north into the basin; and the Monroe-
Raisin plume, which is é coarse-sediment feature which Seems
to emanate from the Raisin River. Because of its high dis-
charge of water, the Detroit River plume is fairly unbroken
and consistent, whereas the true character of the Maumee
and Monroe-Raisin plumes is constantly being altered by the
varying current patterns located in the southwestern portion
of the western basin. In addition to these sediment plumes,
nearshore-sediment zones are also differentiated along the
Ohio, Michigan, and Ontario shorelines. Cores from four cross
sections across the western basin were also analyzed to deter-
mine the character of the sediments within the various plumes
during their most recent depositional history; Variations
in sedimenf.distribution and accumulation along these cross
sectioné further illustrate the locations and extents of
the depositional zones in the western basin.l

Heavy-mineral analyses of the sands within the sediment
plumes show a distinct trend with respect to white/pink
garnet ratios. The Maumee and Monroe-Raisih plumes possess
ratios of greater than 1.0, whereas the Detroit plume con-

tains garnet ratios of less than 1.0,
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INTRODUCTION

The purpose of this thesis is to determine the presence
and location of the bedload-sediment plumes of the Maumee
and Detroit Rifers in the western basin of Lake Erie. The
approximate locations of these fluvial channels are determined
by the analyses of coré and grab samples collected from thfoﬁgh—
out the basin. Nearshore deposits derivedbffom.the erosion,
reworking, and subsequent.transportation of glacial till-bluff
deposits are also indicated.’ Heavy-mineral concentrations are
additionally used to differentiate between the Maumee,'Detroit,
and bluff-derived sediments. |

Although much research has been performed in efforts to
determine various chemical, biological, or other physical trends
and zones in the western-basin, no attempt has been made to

differentiate the bottom sediment "zones" of the entire basin

by means of sediment and heavy-mineral analyses. Several grain-

gize distribution analyses have been carried:out by other re-
searchers, but these have generally only dealt with small sec-
tions of the basin. The island area, for eXample, has been
intensely studied, but the majority of the basin has not under-
gone such scrutiny.

The results of this research are intended to be used to
further détéfﬁine the influence of the Deffoit and.Maumee Rivers
on sediment supply and dispersal in the western.basin. In ad-
dition, any information concerning the dynamics of sediment
input from these two rivers will be useful to enviromentalists

in their battle to "clean up this area of Lake Erie.




Location and Physiocgraphy

Lake Erie, located between the land areas of Ohio, Penn-
sylvania, and New York, is the fourth largest of the Lauren-
tian Great Lakes, as well as being the thirteenth largest
lake in the world (Federal Water Pollution Control Administra-
tion, 1968, p.1). Although researchers have divided the lake
in%o separate physiographic sections, the boundaries, as well
as the number, of these sub-basins are open to debate. The
morphometric and hydrologic data for Take Erie is listed in
Table I.

Carman (1946, p.279) lelded Iake Erie into three basins
primarily on the basis of bathymetry. Another tri-basin di-
v181on was proposed by the Federal Water Pollution Control
Admlnlstratlon (1968, p.3). Although these proposals are
relatively valid, it is in this writer ‘s opinion that they
are too vague to properly describe the entire Lake Erie basin,
especially when dealing with deposition and sediment accumula-

tion., TFor this reason, the four-fold Erie subdivision proposed

by several workers, including Lewis et al. (1966), Sly (1976),

and Thomas et al. (1976), will be used in this thesis.

This four basin plan, shown in Figure 1, is based on the
"naturalu subdivisions within:the_lake which are formed by the
presence of the Point Pelee-Lorain and Long Point-Erie Sills,
These two low amplitude bathymetric highs origihally formed
as glacial moraines between 13,500 and 13,000 years age (Sly,
1976, p. 360). The two sills, as well as the less important

Erieau-Cleveland Sill, transverse the Erie basin relatively




Table I. Morphometric and hydrologic data for Lake Erie 1
Length (straight line) o 240 miles
Breadth (right line) 57 miles
Length (coastline including islands) ' 851 miles
Water Surface (United States) _‘ 4,982 sq, miles
Water Surface (Canada) | 4,932 sq. miles
Drainage Land (United States) 18,008 sq. miles
Drainage TLand (Canada) L,722 sq. miles
Drainage Land (Total) | 22,730 sq. miles
Drainage (land and water) 32,644 sq. miles
Maximum depth 216 feet
Average depth 56 feet
Water volume ' 110 cubic miles
Mean elevation above sea level (1977) 572 feet
Average annual precipitation 34 inches

Mean outflow : - 209,776 cfs

1 after the Federal Water Pollution Control Administration,
1968, p. 2; Chandler, 1964, p. 62; and Hough, 1958, p. 5.




| TTE A m ' ﬁmm.m.ﬁ ‘UTE e SewoyJ pue
“wmmﬁ.h.ﬁm“momﬁ...HMPmm..hzm_H .Hmp%.mvmaﬁﬁm&ﬁﬂ%omco.mmﬂbﬂ@psnm o..nsmmhmOﬁw.acﬂm

‘T 8aInsTy

- T

ANYIIAITD

" | -
<_z<>._>mzzm_n__
i Y —
. )
| e L10¥13q
‘I. . MIN 1NIOd | _ :
9NOT |
| | NVOIHOIW
LEFSE
¥iY1D 1S
Ol¥VINO
owiing e
.ﬂ_v -
43AIN
VHEYOYIN
6L .08 18 28 co




5

ﬁerpendicular to the long axis of the lake; The presence of
these sills, combined with the depths and underlying topo-
graphy of various sections within the lake, allows these
workers to logically and accurately subdivide Lake Erie in-
to four basins: eastern, central, Sandusky, and western.

The eastern basin, underlain by non-resistant Devonian
shales and sandstones, is that part of Lake Erie 1lying east
of the Long Point-Erie Sill.! This sill, which is between'l?
and 40 kilometers wide, is composed of a till ridge overlain
by lag sands and gravels. A more detailed description of
this feature is presented by Lewis et al., (1966). The east-
ern basin covers approximately 2,400 squére miles with an
average depth of about 80 feet, and a maximum sounding of
216 feet, by far the deepest in Lake Erie (Federal Water
Pollution Control Administration, 1968, p. 23).

The central basin is the largest subdivision of Lake
Erie, covering over 6,000 sgquare miles with an average depth
of 60 feet (Federal Water Pollutlon Control Administration,
1968, p. 22)..This basin is also underlain by non-resistant
Devonian clastic bedrock, and is physiographically separated
from the remainder of ILake Erie by the Long Point-Erie Sill
”to the east and the Point Pelee-Lorain Sill té_the west,

The Sandusky basin is that porfiﬁn of Lake Erie which
is the subject of debate for many workers. The triangular-
shaped basin, located northwest of Sandusky, is bordered to
the east by the Point Pelee~Lorain Sill and to the west by.

a line running from Pelee Point through Pelee and Kelleys




Tslands to Marblehead Peninsula (Lewis gjlg;L, 1966; Sly,
1976; and Thomas et al., 1976). This line indicates the
casternmost extent of the bedrock islands in the Lake Erie
basin., The area of this basin is estimated to be about 400
square miles, making this the smallest basin in Lake Erie.

The portion of Lake Erie lying west of Pelee and Kel-
leﬁs TIslands makes up a distinct physiographic unit known |
as the western basin (Figure 2). The island divide is made
up of a series of resistant dolomitic outerops which com-
pletely separate this shallow basin from the deeper portions
of the lake. The approximate area of the wéstern basin as
shown in Figure 1 is over 800 square miles (Federal Water
Pollution Control Administration, 1968, p. 21),

An excellent discussion of the bathymetry of the western
basin has been presented in a study of the isiand and reef
area by Herdendorf and Braidech (1972). The following dis-
cussion draws heavily from this report. |

The mean depth of this basin is only-?@ feet, and the
1lake bottom is relatively flat except for the sharply rising
Silurian and Devonian reefs and islands in the eastern part
of the basin. The lake bottom slopes gently lakeward from
the shoreline with relatively minor gradients. The gradients .
increase gfadually in ﬁhé igland area, with the steepest
inclines exceeding 60 feet per mile in the South Passage.
The deepest épot in the basin, 62 feet, 1s located north of
Starve Island Reef. Aside from a 54 foot sounding south of

Gull Island Shoal, depths in the western basin do not exceed
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L5 feet, The extreme shallowness in this area is due to
the underlying resistant Devonian and Silurian bedrock.

The western basin of Lake Erie was the location of
most of the samples used in this thesis researéh, although
some Sandusky basih samples were used. Because of this
fact, all additional discussions will deal directly with these
.two basins and the areas surrounding them, unless otherwise
indicated. The morphometric and hydrologic data for fhe com—.

bined Sandusky and western basins is listed in Table IT,

Bedrock Stratigraphy and Structural Geology

Figure 3 illustrates the approximate.disfribution of
Paleozoic rocks in the study area. Most of the bedrock un-
derlying the western basin is Silurian and Devonian and was
deposited as 1limy and dolomitic muds in shallow, epicontinental
seas between 375 and 410 million years ago. Some Mississip-
pian sandstones.and shales are present in the immediate drain-
age area of the western basin, but these rocks have no actual
| bearing on the morphology of the basin itself. No evidence
exists for the occurence of any sedimentary formatioﬁs which
date from Mississippian to Pleistocene in the area. A gener-
alized stratigraphic section of the western basin of Lake FErie
is given in Table ITI, -

During Tertiary and early Quaternary time, it is be-
lieved that this portion of the Great Lakes was subJected to
subaerial erosion by an extensive fluvial system known as

the Erigans river system (Forsyth, 1973, p. 19). This pre-




Table IT

Morphometric and Hydrologic Data for the

Study Area

Length (straight line)
Breadth (right line)

Water area

Drainage area (land)
Drainage area (total)

Water wvolume

Maximum depth

Mean depth

Average annual precipitation

Mean outflow

L8

40
1,265
11,300
12,565
5.8

63

24

33.7
200, 661

miles

miles

sq. miles
sq. miles
sq. miles
cubic miles
feet

feet

inches

cfs

—

1 Combined ﬁrea of the western and Sandusky basins; data from
the Federal Water Pollution Control Administration, 1968,
p. 21; Chandler, 1964, p. 62; and Limnos, 1972a, p. 10.
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KEY
Mississippian {various shales,sandstones, and limestones)
Devonian {Traverse Group and Antrim Sh:'aie)

Devonian {Columbug or Dundee Limestone)

pevonian ( Detroit River Group and Syivania Sandstone)
Silurian (Raisin River and Put-in-Bay Dolomites}

Silurian {Tymochtes and Greenfield Dolomites)

Silurian (Lockport Dolomite)

- e - Approximate Axis of the Findlay Arch

.Figure 3, Geologic map of the western end of Lake Erie, with
both Paleozoic rock distribution and the location of the Find-

- lay Arch { Carman,

et al., 1952, p. 7; and Herdendorf and Braidech, 1972, p. ll)..

1946, p. 281; Hough, 1958, p. 28; Ehlers,




Table ITI. Generalized section for the Paleozoic ro
the western Lake Erie area {(after Herdendorf an

11

cks in
d Brai-

dech, 1972, p. 10; and Ehlers et al., 1952, P. 8)..
System Group Formation Lithology Thickness
Mississippian Berea sandstone 10-50

Bedford shale 0-150
Devonian Ohio (1) shale 100
Ten Mile
Creek dolostone 40
Silica shale 4o
Delaware limestone 35
Columbus(z) limestone 65
Detroit Anderdon dolostone 15-25
River TLucas \dolostone 30-120
Group Amherstburg(B‘dolostone 60-80
‘ Sylvania sandstone Lo
Disconformity
Bass Island {Raisin River jdolostone L0o-60
Group Put-in-Bay dolostone 35-60
Salina Tymochtee dolostone 100
Group Greenfield dolostone 50
Lockport(u) dolostone |200-450
1 . ' . .
in southeastern Michlgan

2

known as the Antrim Shale

Dundee Limestone in Michigan

3 1oeated in southeastern Michigan only

& also known as the Guelph Formation
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glacial stream valley, with a long axis approximately_par-
allel to the present day axis of Lake Erie, is largely re-
sponsible for the over 200 feet of bedrock relief in the west-
ern basin (Herdendorf and Braidech, 1972, p. 12).

The western basin is influenced by two major structural
elements (Sly, 1976, p. 356). To the south, the Appalachian
geosyncline seems to affect the general northeast orienta-
tion of the existing lake basin, while to the west, the basin
ié linked to another major structural feature by the Findlay
Arch (Hough, 1958, p. 83). This arch (Figure 3) 1is the
dominant structural feature of the western basin, upwarping
+the Lower Devonian dolomitic rocks in the areé. The nearly
north-south axis of the arch almost bisects the basin and
plunges slightly to the northeast (Sly, 19?6, p. 356). The
alignment of this arch gives the overlying Pzleozoic bedrock
a slight eéstward dip.

The bedrock in this area has had a profound effect on
the formation and structure of much of the Lake Erie basin,
According to Hartley (1962, p. 125), differential weathering
of the bedrock controlled the predominant eéstward drainage
of the pre-glacial Erigans river system. Pleistocene gla-
ciation followed this pre-existing draiﬁage system (Fofsyth,
1973, p. 16), and the resultant morphplogy-of'the bedrock and
glacial deposits enables the lake to bé physiographically
gubdivided into four separate basins.

In additioh to the large-scale effects of the bedrock

topography on the overall structure of Lake Erie, several




13

6thef features in the western basin are also related directly
to rock structure (Hartley, 1962, p. 125). For example ,
part of the shoreline of Lake Erie tends to parallel the
strike of the underlying bedrock (Carman, 1946, p. 280).

The headlands of Point Pelee and Marblehead and the island
chain of Pelee, Middle, Gull, Kelleys, and Johnson's Islands
all lie along the outcrop of the eastward-dipping Columbus
Limestone, whereas Catawba, East Sister, Middle Sister, énd
the three Bass Islands lie along the outérop‘pattern of the
Bass Island Group, following a curved pattern induced by the
northward plunge of the Findlay Arch (Hartley, 1962, p. 125).
The west end and northwest corner of Lake Erie paralliel

this same outcrop line,

Hartley (1962) has reported that many small-scale struc-
tural forms lead to several features in shoreline configura-
tion within the study area, Vertical joint éystems in the
Columbus Limestone at Kelleys Island have caused the formation
of pronounced parallel alignment of bluff faces on the west
side of Long Point. Minor thrust faulting has resulted in
narrow inlets and embayments in many of the islands. 1In
addition to these two instances, many other mdrphologic fea~
tures are also related to structural causes in the western

basin (Carman, 1946; Hartley,-l962).

GLACTIAL GEOLOGY

The Lake Erie region had undergone a fairly simple history

which lasted from the Mississippian, through the Mesozoic, and
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into Ceriozoic time. However, this all changed when Pleis~
%ocene glaciation began to infringe on the area about one
million years ago. The ice of the Kansan, Illinoian, and
Wisconsinan glaciai epochs proceeded to scour the western
Lake Erie area, as well as the rest of the Great Lakes,
into the basic shapes fhey possess today.

The modern Lake Erie basin was formed "...by glacial
erosion of a pre-glacial stream falley, a basin made deéper
by'fhe erosion of each successive advance of the ice ”(Forsyth,
1973, p., 16). Glacial striae in northwest Ohio are almost
parallel to the axis of the lake itself, being.generally
oriented northeast-southwest. The similar orientation of
the glacial striae and Lake Erie basin reinforces the theory
that the pre-glacial stream valley governed the direction of
the ice flow of the Erie glacial lobe, at least during later
Wisconsinan time (Forsyth, 1966, p. 202), Of the five Great
Lakes, Lake Erie was eroded the least by this glaciation due
to the relative thinness of the ice over the.aréa (Forsyth,
1973, p. 16), 1In fact, the lake is so shallow, with an av-
erage depth of only 60 feet (Federal Water Pollution Control
Administration, 1968, p. 1), that it is the only Great Lake
whose entire water mass lies above sea level {Hough, 1958,
p. vii; and Federal Water Pollution Control Administration,
1968, p. 5).

Wisconsinan glaciation obliterated most pre-existing
ti11 deposits from the western basin as it moved over the
area (Federal Water Pollution Control Administration, 1968,

p. 11). During the ablation of the Erie glacial lobe, a
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new series of glacial tills were deposited (Dorr and Eschﬁann.
1970, p. 161). A few end moraines, as well as some outwash
sands and gravels,were also constructed during pauses of the
glacial retréat, although none are present in northwest Ohio.
The median diameter of the particles in these Wisconsinan tills
is 0,027 millimeters, with a standard deviation of 4.73 milli-
meters (Benson, 1971, p. 15). Usiné_Sheppsl (1953) glacial-
texture data, Benson (1971, p., 6) calculated that the tills

in the western basin area are Early Cary in age. This cor-
responds well with the report of Dorr and Eéchmann {1970,

p. 161), as well as Goldtshwait et gg;s (1961) glacial map of
Ohio; both of which state that all tills lodated in the west-
ern Lake Erie area are Cary, or early Wisconsinan, (16,000-
13,500) in age.

The matrix of the till is made up of varying proportions
of sand, silt, and clay, with clay predominant in ﬁorthwest
Chio, In general, mineralogical aﬁd grain-size analyseé in-
dicate that the till is relatively uniform in composition
throughout the study area, although some local variations are
present., Benson (1971, p. 30) reports that tills in the is-
land area average approiimately Lo#% ailt and 30% clay-sized
pérticles. However, the matrix tends to be very sandy at
certain locations. High-sand content in the tills is common
in Monroe County (southeastern Michigan) due to_the influence
of the friable Sylvania Sandstone (Mozola, 1970, p. 8). Coakley
(1972, p. 331) reports that sandier tills, which contain about

Lo# sand and gravel, 40% silt, and 20% clay, are also present
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between Kingsville and Leamington in southwestern Ontario.
Because of its textural immaturity, grain size in these
glacial deposits renge from boulders (?»256 mm) to clay
(<0.0039 mm). The boulders, cobbles, and pebbles present 1n
the till are igneous, metamorphic, and sedihentary in nature.
Because the local bedrock is mostly composed of limestone
and dolostone, the dominant clasts in the gravels are com-
posed of carbonate rocks, whereas only 5 to 10% of the clasts
are non-sedimentary in nature (Forsyth, personal communica-
tion, 1977)., In a rare exception to this rule, Dreimanis
et al, (1957, p. 153) reports the presence of black shale
fragments in the tills of southwestern Ontario., The presence
of these shale clasts is stratigraphically dependent upon the
occurence of Devonian shales cropping-out in the nearby area.
In come areas of Monroce County, the tills contain a very high
percentage of small pebbles. These inconsistent till zones
are termed hardpan by drillers because of the extreme dif-
ficulty of penetrating this layer (Mozola, 1970, Pe 7) Non—
sedimentary erratics, which range in size from pebbles to
boulders, are also present in the ti1l., Aside from the rock
fragments and erratics, the finer fraction within the tills
contalns quartz, calcite, dolomite, feldspar, il11lite, kaoli-
nite, chlorite, and minor amounts of mixed- 1ayered clays
(Benson, 1971, D. 30), as well as various heavy minerals.
Ti11 deposits in the western bagin area vary in color |
rrom blue-gray to pink (Hartley, 1961, b.?). ' Most of the till

is blue to blue-gray, but due to oxidation, the tills change
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to a dull yellow-brown color in the near-surface weathering
zone, The depth of‘oxidation (discoloration) varies depend-
ing upon topography and drainage (Hartley, 1961, p. 7)» In
northwest Ohio, the depth of oxidation is 12 feet (Forsyth,
personal communication, 1977). The density (compaction) .¢f
the tills is high due to clay content, but variations do
occur, depending on the degree of oxidation. For the most
part, unweathered tills are the densest in.mostbsamples,
whereas weathered tills are generally leastldense.

" Using core data, Hartley (1961, p. 7) reported till
cqvering two-thirds of the lake bottom with an average thick-
nesg of ten feet and a maximum of 68.5 feet. However, the
thickness of the till varies widely due to the topography of
the bedrock in the western basin of Lake Erie. Glaclal de-
posits are nearly uniform in the western half of the western
basin, whereas till occurence is scanty and fhin in the island
area.

In the drainage basin of western Lake Erie. till thick-
ness varies widely. In Monroe County, glacial deposits rénge‘
from a few inches to over 150 feet (Mozola, 1970, p. 7). Till
bluffs in southwestern Ontario range up to 75 feet in height
(Coakley, 1972, p. 331), whereas till thicknesses in north-
western Chio vary from zero to over 130 feet in accumulation
(Nielsen, 1977, Dv 33). |

Tills are ohe of the primary sources of fine-grained
sediment to the western basin of Lake Erie, Carter (1977,

8

ps. 7) reports that about 9.6 x 10~ kilograms of silt and
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clay-sized sediment per year enter the western basin due to

8

erosion of nearshore-till bluffs, as well as 1.75 x 10 kilo-

grams of sand and gravel-sized material, Of the fine-grained

8 kilograms, is derived from

sediment, over 54%, or 5.2 x 10
the Michigan shoreline (Carter, 1977, p. 7). In addition to
erosion of shoreline bluffs, rivers in the drainage basin

are constantly eroding glacial deposits and transporting

material. According to Kemp (19?5, p. 372), the Maumee River,

which drains a combination lake-till plain over almost its
entire length, COntributeé about 1.8 x 109 kilograms of fine-
gréined, till-derived sediment to the western basin every
year, Some of the Detroit River's input'of 1.4 x 107 kilograms
of fine-grained sediment per year (Xemp, 1975, Db. 3?2)‘is
probably derived from the erosion andfsubsequent transporta-
tion of £i11 material in the drainage basins of the Upper
Great Lakes. |

According to Forsyth (1973, p. 17), the first of a series
of harrow, marginal lakes was formed as the final Wisconsinan
glacial lobe retreated from the Foft Wayne End Moraine. These
ice-marginal lakes were too short-lived for any significant
amounts of bottom sediments to accumulate, although some sandy
deltaic deposits are present (Heffner et al., 1965, Ohio Divi-
sion of Lands and Soil, 1959, 1961, and 1963)..Forsyth (1969,
p. 61) has proposed that two or three of thesé émall lakes
were formed just north of Lima, Ohio, and that the highest of
these lakes had an elevation of about 850 feet. Although these

lakes were formed following the retreat of glaclal ice, they
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6ccurred prior to the formation of glacial Take Maumee I
(Fbrsyth, 19?3. p. 18), which was the first of the classic ,
Erie basin,.post—glacial lakes {Leverett, 1902; Leverett and
Taylor, 1915; and Hough, 1958).

Tn addition to the earlier marginal lakes, erosion was
also prevalent in the western Lake Erie area, Tills that
were subjected to this erosion were winnowed of their finer
components, resulting in the formation of lag or residual
sand and gravel deposits on top of the glacial tills. Com-~
positionally, this reworked till is very similar to the under-
lying glacial material, with tﬁe exception of higher concen-~
trations of mixed-layer clays (Benson, 1971;.p.)31). The
sones of residual coarse materials are especially common in
the Pelee-Lorraine Moraine south of Poiﬁt Pelee (Thomas et al.,
1976, p. 387), as well as in various offshore locations.

Lake Maumee I was the first of a series of at least thir-
teen post-glacial lakes that were formed in the Erie area
(Table IV). The lake was bordered on thé northeaét by the
glacier itsélf. which was still covering the present-day,
‘northeastern part of the Lake Erie basin, and extended south
to Van Wert and Findlay (Forsyth, personal communication,1977).

}The surface of this lake was about 800 feet above present

sea level, and the drainage was westward into the Wabash River
in Tndiana due to the fact that glacial ice still blocked

‘ any eastward drainage outlet (Federal Water Pollution Control
Administration, 1968, p. 11)}. According to Leverett (1902),

Leverett and Taylor (1915), Hough (1958), Forsyth (1959),
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and Dorr and Eschmann (1970), at least twelve other post-
glacial lakes (after Maumee I) occupied the same approximate
area of present-day Lake Erie and the area south of it. The
locatibhs and elevations of these lakes varied due to the con-
tlnu1ng changes in the p081t10n of the gla01al ice and the
available dralnage outlets. Most of the lakes drained west-
ward with one major exception, that of Early Lake Erie |
(Hough, 1958 ps 161; ‘and Lewis et al., 1966, p. 176),

The post-Wisconsinan glacial lakes deposited silty-clay
materials which were probably derived from reworked glacial
tills., Where glacioiacustrine clays and glacial tills were
exposed to erosional energy within the post-glacial lakes,
the deposits are capped by a lag sand ranging'from one to
five inches in thickness (fhomas et al., 1976, p. 389). These
glacial~lake sediments have been found to cover most of the
western basin (exéept for the island area) and surrounding
drainage basin, and thicknesses rapgé from a few inches to
over thirty feet in the Maumee Bay area (U.S. Army Corps of
Engineers, 1974, p. 64). Mineralogically, the zone is very
cimilar to the underlying till, except that there are more
mixed-layer clays“and less chlorite and illite than in the
£i11 (Benson, 1971, p. 32).

- Aside from the influence on the extent and elevation of
the post—glacial lakes, the Erie glacial lobe affected the
TLake Erie basin by continuing to retreat and advance in the

area. General retreat with minor re-advances from 14,000 %o

13,000 years ago caused the constructidn of the Pelee-Lorraine
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and Erieau Moraines, as well as the Port Maltland Moraine |
(sly, 1976, p. 359). About 13,000 years ago, the ice re- |
advanced into the eastern basin and formed the Norfolk
Moraine, as well as re-excavating the eastern part of Lake
Erie (Sly, 1976, p. 359).
About 12,500 years ago, ice which blocked the eastward
drainage of the glacial lakes retreated enough to allow a
tremendous outtét: flow over the still-isostatically low
Niagara Escarpment (Thomas et al., 1976, p. 389; Lewis et al.,
1966, p. 176; and Sly, 1976, p. 359)., The drainage into the
Ontario basin, now known as the Great Flood (Forsyth, 1973,
p. 22), lowered the level of Early Algdnquin,Lake Erie to
about 490 feet (Lewis, 1969, p. 250), leaving only two very
shallow and extremely small residual lakes in the central and
eastern basing (Forsyth, 1973, p. 22). Theée two inter-

connected lakes have been termed Early Lake Erie by Hough

(1966, p. 104) and Lewis et al. (1966, p. 189), although

Forsyth (1971, p. 15) has called the entire feature a “spec-

tacle 1ake. The formation of this Early Lake Erie is signi-

ficant to the history of the area primarily because it marked
the end of glacial influence in the Erie basin (s1y, 1976, p.
361). |

During the existence of Early Lake Erie; the western ba-
sin was completely drained, with the exception of a Tew
ephemeral ponds and marshes (Herdendorf and Braidech, 1972,
p. 16), as well as some extended consequent rivers., This

relative draining of the western basin is directly related
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to the dissection of the bedrock in this area, due to the
fact that the Devonian and Silurian rocks were only slightly
eroded by the glaciers that extended over the western basin
area, Areas of sand lags, peat, plant detritus, bivalve,
gastropod, and ostracod shells are a remnant of this marshy
period (Lewis et al., 1966, p. 177). The sudden drop in lake
level brought the surface of the glaciolacustrine silts and
clays above water level (Hartley, 1961, p. 8), and the sub-
sequent de-watering of the sediments probably caused the
very high degree of compactlion that tends to .characterize
these lacustrine deposits (Benson, 1971, p. 7).

A highly—cempacted, organie-rich zone marks the bound-
ary between glaciolacustrine and modern Lake'Erie sediments.
Herdendorf and Braldech (1972, p. 16} proposed radlocarbon
dates ranging from 4,335 to 9,440 years before present for
this layer, which indicates a much later date for the flooding
of the western basin than was previously proposed by Lewis
et al, (1966)} When the range of dates is considered, it is
possible that the western basin was dry, with the exception
of a few shallow ponds and marshes, for morerthan 8,000 years.
In the western basin, this dark, spongy, highly-compacted,
plant-detritus zohe occurs about three to;fifteen feet below
the present-day sedimentewater interface, and ranges from one
to three inches in thickness (Lewis et al., 1966, p. 179),

From 12,500 to 8,500 years ago, the isostatically low
Niagara Escarpment rebounded due to the release of glacial-

ice pressure (Lewis, 1969, p. 250). Because of this isostatic
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‘riSe in elevation, the water level of Lake Efie began to rise
and expand over the low drainage area around the basin (For-
syth, 1973, p. 22). According to Lewis (l969,lp. 250), this
rlse in water level was fairly consistent untll a slow de-
crease occurred between 8,500 and 4,000 years ago, Accordlng
to Forsyth (19?3, p. 22), this decrease in the steady rise
of TLake Erie water level occurs at about the same time as
Sears‘ (1942, p. 708) Xerothermic Interval..whlch was the
warmest and driest part of the Hypsithermal Interval pro—
posed by Ogden (1965, p. 481), This arid period prov1ded too
1ittle precipitatien and/or too much evaporation for the
weter level of Lake Erie to rise as fast as it had. been rising,
~ although isostatic rebound continued in the vicinity of the
~ Niagara Escarpment (Fofsyth, 1973, p. 23).

Following this slack interval, a pericd of rapid rise in
water level took place from 4,000 to 3,500 yeafs ago (Forsyth,
1973, p. 23). As the water level rose, the lake began to ex-
pand into the western basin, When lake level reached 540 feet
about'3,000'years ago, water began to penetrate around the
bedrock hillsfthat are now known as the Erie Islands (For-
syth, 1973, p. 23). Modern Lake Erie, which Was the first of
~the Great Lakes to be formed (Federal Water Pollution Centrol
| Administretion, 1968, p. 5), still has a rising water level,
whlch has been calculated to be somewhat less than one inch
per century in the entire lake basin (Forsyth, 1973, D. 23)»

Much of southeastern Mlchlgan,‘southwestern Ontaric, and

northwestern Ohio are covered by the lake plain_thaﬁ was formed
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due to the presence of the post-glacial lakes (Figure 4).
Although these sedimentary deposits are mostly fine-grained
in nature, Vagners (1971, p. 102) has reported the presence
of several areas of very sandy glaciolacustrine deposits in
the proximity of Colchester, Leamington, and Kingsville in
southweétern Ontario, as well as both on and south of the
Pelee Peninsula. These sandier deposits may be the result

of Devbnian bedrock highs in the area. Several sand ridges
are present on the lake plain that covers the western Lake
Erie-drainage basin. In northwest Ohio, these ridges formed
as beaches along the margins of glacial Lake Warren about
13,000 years ago, és well as in the middle of the lake as
offshore bars (Forsyth, written communication, 1977). How-
ever, these sandy deposits are not related tb the sandy gla-
ciolacustrine sediments in southwestern Ontario. 1In addition
to these sand bodies in northwestern Ohio, Mozola (1970, p. 8)
and Sly (1976, p. 361) have reported the presence of several
poorly defined, water-deposited end moraines in Monroe County

and southwestern Ontario, respectively.

Drainage Basing and Tributary Supplies

The immediate drainage basin of western Lake Erie covers
an area of about 11,300 square miles in Ohio, Michigan, Indi-
anz, and Ontario (Figure 5). The Maumee River is the largest
river in the basin (excluding the Detroit River) in terms of

both average water supply (4794 cubic feet per second) and
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area (6386 square miles), according to the Federal Wabter Pol-
lutioﬁ'Control Administration (1968, p. 27). The remaining
rivers, which cover a total drainage area of about 4 700
square miles, are relatively minor due to their small water
discharges, This is especially +he case in southwestern On-
tarlo ( the St. Clalr Clay Plains)}, where the topography is
extremely flat and drained only by a few minor creeks (Ong-
ley, 1976, p. 472). Table V lists the areas of the various
drainage basins in the western Lake Erie area, as well as the
percentage of precipitation that becomes runoff in each stream
basin.

The rivers in the Ohio section of the western Lake Erie-
drainage basin are similar in all respects except for average
water flow. The Maumee, Sandusky, Portage, and Toussaint
Rivers all drain highly agricultural and cultivated areas.
Runoff into these rivers is relatively low {28 to 29%) due to
the flat topography and the compact, semi-permeable clay solls
in northwest Ohio (Federal Water Pollution Control Administra-
tion, 1968, p. 26). The important streams in.Michigan, on the .
other hand, are all polluted tributaries which pass through
highly urbanized and industrialized areas. The Huron and
Raisin Rivers‘both drain rather flat basins which have the
lowes?t precipitation and runoff values for any portion of
Take Erie (Federal Water Pollution Control Administration,
1968, p. 28), In addition, the Huron River is fed by several

small natural lakes, while the Raisin is not.
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Table V. Drainage-basin areas of western Lake Erie (Federal
‘ Water Pollution Control Administration, 1968, p. 27;
Herdendorf and Braidech, 1972, p. 8; and Ongley,
1976, p. 478).
River Area (square miles) Runoff 1
Huron 890 | 27
Raisin 1,125 28
Maumee 6,586 | 29
Portage 587 .-T 28
Toussaint 108 _ 28
Sandusky 1,421 28
Rouge 67 22
' Southwest Ontario 2_ 116 -
Total 11,300

1 percentage of precipitation that becomes runoff in each

river’s
2

drainage basin.

includes the Sturgeon, Cedar, and Big Creeks
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The lower few miles of all the streams in the western
basin area are extremely sluggish, due to lake effects. 1In
addition tb dredging fof navigational purposes, the Raisin
River is additionally sluggish due to the présence of sev-
eral dams near its mouth, which have been constructed in the
last few years (Federal Watér Pollution Control Administra-
tion, 1968, p. 28).

Over 90% of the water supply for the western basin is
d@erived from drainage in Lakés'SuPerior, Michigan, Huron,
and St. Clair (Table VI). Aithough greét variations occur in
the discharge from these northern_lakes, it is still the most
uniform of the tributary drainages to Lake Erie (Federal Water
Pollution Control Administration, 1968, 24), The actual
~drainage area of-fhese'four lakes is 151,190 square miles in
land area, and 77,180 square miles iﬁ water-surface area (Ta-
ble VI), In addition to the outflow from the Upper Great Lakes,
the_Black, fine, Belle, Clinton, Rouge, and Thames Rivers all
contribute_significant amounts of water to western Lake Erie.
The outflow from these rivers (Table VII) and the Upper Great
Lakes exerts a strong dilﬁtional inflﬁence'on the western |
basin, with an éverage water supply of 193,401 cubic feet per
| second, or 94,47% of the total basin supply (Federal Water
Pollution Control Administration, 1968, p. 34).

'The inflow from the Maumee and Detroit Rivers influences
the western basin to a much greater extent than the input of
the other minorxstreams and creeks, as well as precipitation

and runoff, in the drainage basin., Combined, these two rivers
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Table VI. Drainage basins of the Upper Great Lakes (Federal
Water Pollution Control Administration, 1968, p. 2).

Lake Land Area (sq. miles) Water Area (sq, miles)
Superior 49,180 31,820
Michigan 15,460 22,400
Huron 49,610 23,010
St. Clair 6,940 490

Potal 151,190 77,180
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Table VII. Water supply to western Lake Erie (Federal Water
Pollution Control Administration, 1968, p. 34).

‘River System

Avg., Water % Total Lake % Western
Supply (cfs) Erie Supply . Basin Supply

. 8t. Clair
(L.ake Huron
outflow)

Black, Pine, Belle
Clinton

Rouge

Thames

Misc. Runoff
Precipitation
(Lake St. Clair)

"Subtotal
{(Detroit River)
Huron (Michigan)
Raisgin

Maumee

- Portage

Sandusky 7

. Misc. Runoff

'Precipifation
{western basin)

Subtotal ‘
(western basin)

Overall Totals

187,450

688
470
235
1,840
1,799
919

193,401

556
714
L, 79k
403
1,021
1,271
2,564

11,323

204, 742

79. P4

. 293
., 200
. 100
. 783
776
« 391

82.307

. 237
. 304
2. 040
172

h35

. 541
1.091

L,820

87.127

91.562

. 336
. 230
.115
.899
.879
L9

o4.470

. 272
349
2,342
. 197

499
621

1.252

5.530

100.000
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provide 96.81% of the average water supply to western Lake
Erie. Because of their large size and water influx, great
amounts of sediment are transported by the Maumee and Detroit
Rivers, both in suspension and as bedload. The subsequent
sediment plumes of the two rivers dominate the bottom deposits
of the western basin. The locations and compositions of the
sediment plumes as well as further information concerning the
Maumee and Detroit Rivers will be dealt with later in this

thesis,

ILake Levels, Precipitation, Runoff, and Evaporation in the

Western Basin

The water level of Lake Erie varies over short periods
of time due to such phenomena as winds, seiches, and lunar and
solar tides.. In addition, lake levels also show changes in
storage if the levels are averaged over long periods of time;
These changes in storage normally reflect precipitation fluc-
tuations ovef both western Lake Erie and the Upper Great Lakes
(Federal Water Pollution Control Administration, 1968, p. 33).

Water levels have been measurediby the U. S. Lake Survey,
Army Corps of-Engineers, since 1860. The mean ievel for a
110 year test period (1860 to 1969) was 570.4 feet above sea
level. The highest average monthly level recorded was 5?2.8‘
feet in May of 1952, whereas the lowest monthly average level
was 567.5 feet‘in February of 1936, This represents a change

between minimum and maximum lake levels of 5.3 feet - almost
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nine per cent of the lake's average depth (Federal Water Pol-
lution Control Administration, 1968, p. 33).

The highest and lowest average monthly levels of Lake
Erie normally occur in June and February, respectively. The
seasonal variation typically ranges from one to two feet.
The average monthly levels of the western basin over a period
of nineteen years is shown in Figure 6 (Brunk, 1964, p. 207).

Lake igvel is presently 572 feet above sea level (For-
syth, personal communication, 1977), but this is highly vari-
able, depending on wind direction and seiche effect, Water
levels have a greater range of fluctuation at the east and
west ends of the lake (Toledo and Buffalo)., High water levels
coupled with northeast storm winds have produced a maximum
fluqfuation of 7.1 feet above low water datum at Toledo.
Conversely, low levels and southwest winds have lowered the
level of the lake to 7.5 feet below datum, which results in a
range of 14.6 feet (Herdendorf and Braidech, 1972, p..21).
These wind tides are probably the most commﬁn'and influential
short-term oscillations that affect the western basin. Sun
énd lunar tides are negligible, resulting in a maximum fluc-
tyation of only 0,11 feet (Verber, 1960, p. "8).

Water levels in the western basin have risen an average
of 50 to 60 centimeters over the past 100 years (Lewis, 1969,
p. 268), This rising water level is closely associated with
the isostatic rebound of the Erie-basin area due to the removal

of glacial ice. This effect has been caused‘by the thickness
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of the Pleistocene ice sheet, which tended to increase from
séuth to north. The increasing thickness caused varying iso-
static depression in the areé. and the subsequent glacial re-
treat caused the areas previously covered by thicker ice to
rebound more than those areas covered by thinner ice., This
.is the case in the Erie basin, where the northern (Canadian)
side of the lake is rising more rapidly‘fhan the southern
(American) side of the lake, This results in a "tilting"of
* the lake basin; which is closely related to nearshore bluff
erosion (Coakley and Cho, 1972, p. 345), Alfhough no notice-
able trend is apparent in lake-level records-qver the past
100 years, the presence of modern, underwater peat deposits
offshore of Monroe, stalactites in submerged caves in the Bass
Islands, and the abundance of drowned river wvalleys along the
Ohic shore are éufficient evidence of the long-term trend

of rising water levels (Liu, 1970, p. 360). The fact that
the lake basin is tilting is reinforced by the location of
these featurés, which are all in the southern or down-tilted
section of the western basin.

Due to current flow, water in the basin is constanfly
being flushed into the central and Sandusky basins, Most of
this outflow is through. the Pelee Passage, although some out-
flow does occur. in the intér—island area, eépecially in the -
South Passage (Simons, 1976, p., 384). Burns (1976a, p. 523)
has calculated that tﬁe mean water-residence fime for the
western basin is about 0.2 years, which is the lowest for any

portion of the Great Lakes.
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Precipitation in the western Lake Erie-drainage area
ranges from 36 to less than 29 inches per year (Sanderson,
1966, p. 276). Rainfall is greatest in the headwaters of the
streams that feed the western basin, and decreases the closer
one gets to the lake itself. Jones and Meredith (1972,

p. 480) calculated lake/land precipitation ratios for both
the Canadian and American sides of the Erie basin. These
figures are 1,0143 and 0.8644, respectively. Using these fi-
gures, the average precipitation for the wesfern basin-drain-
age area can be calculated. The Federal Water Pollution Con-
trol Administration (1968, p. 16) measured the mean rainfall
at Put-in-Bay, Ohio, to be 28,99 inches per year, and com-
bined with the‘lake/land ratio for the American side of the
western basin (0.8644), an average precipitation rate of
33,54 inches per year can be postulated. This figure agrees
very well with the proposed rainfall average of 33.78 inches
per year reporfed by Limnos (1972a, p. 10),

Of this rainfall, less than 30% becomes runoff into the
streams feeding the western basin (Table V). Runoff parallels
the aforementioned precipitation patterns With greater values
oceurring farthest from the lake in the headwaters of the tri-
butary streams, Jones and Meredith (1972, p. 497) proposed
fhat this runoff into Lake Erie is 0.88 cubic feet/second/
square mile of surrounding drainage land., |

Precipitation on the water mass of western Lake Erie is
negligible due to the effect of evaporation., In fact, a slight

deficit in the water budget occurs, because rainfall in the
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basin is less (28.99 inches per year) than the average evap-
oration rate of 35.52.inches per year {Jones and Mereditﬁ,

1972, p» 491).

Water Circulation

The Detroit.and Maumee Rivers contribute over 9% of the
water supply to the western basin of Lake Erie. As these fiv—
ers enter the basin, the sizg and velocity of_their'water
masses controls the initial distribution of water and the
éubsequent deposition of sediments and effluénts in the area.
In an effort to determine the location and extent of these
fluvial plumes, Walters and Herdendorf (1975) analyzed nu-
merous core and grab samples from the western baéin far varia-
tions in heavy-metal concentrations., Using mercury occurences
in sediments deposited since 1939, Walters and Herdendorf
(1975) constructed a map of sedimentation rates for the west-
ern basin (Figure 7). |

After studying this map, the plumes of the Detroit and
Maumee Rivers can be readily distinguished and their basic
flow patterns identified, The Detroit River water mass flows
southeast after it leaves the protection of its banks, split-
ting into two sepérate flows at about 41°57’ north latitude.
This split agrees well with the proposed current bifurcation
(Hough, 1958; Hartley et al,, 1966; and the Federal Water Pol-
lution Control Administration, 1968) in thié part of the 1ake;

The Maumee plume is seen to be a coast-hugging feature which
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Figure 7. Map of sedimentation rates in the western basin
based on mercury concentrations (Walters and Her-

dendorf, 1975).
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stays near the Michigan shore.

Przywara et al., (1977) plotted several chemical parameters
for the sediments of the western basin. Their_results cor-
respond well with the fluvial plumes proposed by Walters and
Herdendorf (1975). Results obtained from grain-size and
heavy-mineral analyses of sediments from western Lake Erie
pertaining to the presence of these sediment channels will be
discussed later in this thesis.

Tn the western half of the western basin, the water masses
exiting the Detroit and Maumee Rivers control the circulation
and dispersion of water and sediment., Howéver, after the ini-
tial effect of these two fluvial bodies has dissipated and be-
come insignificant, water and sediment circulation in the
remainder of western Lake Erie is primarily controlled by wind-
related currents. Two main types of currents are present in
the western basin: surface and bottom, Surface currents have
a relatively minor effect on the distribution of sediments in
the basin; their patterns will be analyzed in detail because
there is a strong correlation between the sufface water flow
and the bottom currents.

Harrington (1895) first attempted %o intérpret the sur-
face currents of the western basin., He originally deduced
the bifurcating currents of the Detroit River water mass, as
well as the surface-current flow around Pelee and Kelleys
TIslands. Olson (1950) separated the western'basin into seven
different water masses, each with a specific drift péttern.

Wright (1955) drew no definite conclusions, but discovered
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that the surface currents are not constant due to thé fact
that they are highly dependent upon prevailing winds. Ver-
per {1953a, 1953b) concluded that a rotational movement of
water existed in the western basin of Laké Erie.' Besides
~also correlating wind movement and surface flow, Verber
(i953a, 1953b) calculated that the average current velocity
in open lake water was about 6.5 miles per day (0.4 feet per
second). Numerous other surficial current gstudies havé also
been made, with varying results and conclusions. |
" Due to its large size and tremendous influx of water

into the western basin, the movement of the water mass of tﬁe
Detroit River and its effects upon western Lake Erie have been
the most studied and understood of all the rivers in the Great
TLakes. Using synoptic vector methods, 0’ Leary (1966) analyzed
the flow of water from the Detrolt River as it entéred the
Western basin. He also documented the effects of various
wind directions on the Detroit water mass. Kovacik (1972a,
p. 81), using data acquired due to an accidental salt spill
at Detroit, proved that some Detrolt River water flowed south
to a position very close to the northwestern Ohio shore with
an average velocity of slightly less than 0.3 feet per éecond.

Probably the most accurate and efficient current analy-
ses was performed by the Ohio Division of Natural Resources,
Division of the Geological Survey, during the summer of 1967,
This study was conducted on 2 physical limnology cruise and
the resultant information has been compiled by Herdendorf .

(1970a). Current and wind direcgtion studies were made aloﬁg




L2

several brofile lines, Whosellocations are given in Figure 8.
Most of the following discussion concerning surface flow in
the study area is drawn from the limnological data of Herden-
dorf (1970a),

The resultant direction of all the Lake Erie surface-
durrent measurements is towards the south-southwest at an
a21muth of 192 , with an average velocity of 0.37 feet per
second. In comparlson, the average movement of the surface
éurrents in the western basin is towards the southeast (121°)
with an average velocity of 0.66 feet per second.. The. lim-
nological data of Herdendorf (1970a) also illustrates the
tremendous influence of the Detfoit River oﬁ the current flow
in the wgstern basin. Wind and surface currents were measured
simultaneously at 49 stations in Lake Erie, When the direc-
tion.toward which the wind was moving was compared with the
surface-current trend for each station, it was found that the
average curreht flowed'l6° clockwise to;therdirection of the
wind., When 15 of these stations were omitted because of their
proximity to the strong Detroit River inflow, it was discovered
that the average direction of the surface currents was 28°
clockwise to the wind direction., This 12° variation is due
wholly to the influence of the Detroit River water mass on
current movements in the western basin., 1In addition to these
readings, it should also be noted that these current deflec-

tions are much less than the theoretical 450 clockwise de-

flection of surface currents from wind direction in the
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northern hemisphere (Donn, 1965, p. 431).

Table VIIT 1ists the compass directions and velocities
at the profile stations established during the limnological
cruise. The Detroit River is the controlling factor for all
the readings in profile 3, but measurements along profile L,
5, and 6 illustrate the influence of northeast-moving winds
on surface flow. The surface currents normally move with the
wind. whereas bottom currents generally flow in the opposite
direction, presumably as subsurface-return flow., The greatest
surface velocities in the area were found northeast of Locust
Point at P-L-6 (0,80 feet per second) and just west of Cataw-
ba Island at P-5-9 (0,50 feet per second). The lowest velo-
city was found south of West Sister Tsland at P-4-4 (0,10
feet per second). In a later in-depth study, Herdendorf and
Braidech (1972, p. 84-89) also measured the average surface-
water velocities in the island area and arrived at a figure
of 0,47 feet per second.

Figure 9 shows the dominant movement of both surface and
bottom currents in the western basin, As previously stated,
however, the surface flow is extremely dependent upon wind
direction, and therefore no one map can adequately cover all
possible flow patterns. The Federal Water Pollution Con-
trol Administration (1968) has constructed maps which illus-
tfate the dominant surface-current movements depending on
wind direction. Herdendorf and Braidech (1972, p. 23) have

accumulated data dealing with the average annual wind directions
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Table VIII. Western Lake Erie surfaée-current measurements
(Herdendorf, 1970a, p. 35).

Station Number of Average Direction Average Velocity
Number Readings (compass®) (feet/second)
P-3-1 L 317 0.29
P-3-3 6 170 0.29
P-3-5 7 204 0.29
P-3-7 5 233 0.27
P-3-8 b4 360 0.36
P-4-2 7 207 0.30
P-4-L 7 262 0.10
P-l-6 3 262 0.80
P-4-8 3 66 0.32
P-5-1 6 191 0.43
P-5-3 8 148 0.42
P-5-5 7 250 0.48
P~5-6 7 96 0,44
" P-5-7 7 92 0.40
P-5-8 6 179 0.41
P-5-9 5 210 0.50
P-6-5 9 140 0.37
P-6-7 8 148 0.48
P-6-8 i 0.48

1h7
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' western basin of Lake Erie, including velocity measure-
ments (Federal Water Pollution Control Administration, -
1968; Hough, 1958; and Herdendorf, 1970a).
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and velocities over a period of several years in the vicinity
of Sandusky, Ohio, Herdendorf (1970a, p. 36) also conducted
an additional wind study which showed that the mean wind di-
rection in the western basih is out of the southwest at an
angle of 45° with an average velocity of 8.3 miles per hour.
Although these southwest winds are dominant, six other wind
directions are also prevalent, with occurences of thirty days
or more.

In summary, the surface currents of the western half of
the western basin are dominated by the Detroit River inflow.
In the eastern hélf of the western basin, however, the surface
flow becomes more influenced by the prevéiling southwesterly
winds. This effect produces the clockwise flow around the
Erie Islandé. The influence of the Maumee River water mass
produces an additional clockwise current flow between Toledo
and Monroe. Eddy effects along the sides of the Detroit River
inflow, which tend to retain water, lead to sluggish move-
ments of surface water west of Colchester, Ontario, and be-
tween Stony Point, Michigan, and Toledo. The effect of strong
winds on surface circulation is to skim the surface water and
move the water in the direction toward which the wind is
blowing. One final note concerning surface flow should be
made: in the winter, when the western basin is normally iced
over, winds have no effect upon surface flow, and the watef
circulates according to its own dominant flow pattern.

Surface flow, though related, tells alﬁost nothing about

‘bottom circulation, In the summer, bottom currents in much
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of the western basin are similar to surface flow patterns,
due to the dominance of the Detroit River inflow. In the is-
land area, however, the bottom currents often flow in the
opposite direction of the surface flow (Herdendorf and Brai-
dech, 1972; Simons, 1976). Because of this fact, the bot-
tom currents in the western basin tend to move around the
islands in a general counter-clockwise pattern. In late
August and into September, however, the bottom flow in the
Pelee Passage reverses, and circulation becomes very similar
to surface flow (Federal Water Pollution Control Administra— 
tion, 1968, p. 60). Apparently, lake cooling is important in
establishing a top-to-bottom uniformity of.dominént circula-
tion at this time of reversal of current directions. A domi-
nant northwest bottom flow is indicated north of Toledo, and
 this is compatible with the clockwise surface movement in

the Toledo-Monroe area,

Herdendorf (1970a, p. 34) has proposed that the mean
bottom-current flow in the western basin is to the southwest
(218°) with an average velocity of 0.39 feet per second.

This velocity is not céﬁable of eroding'boftom material, but
according to Hjulstrom's.Diagram as modified by Postma (1967,
p. 158), it is capable of transporting fine sands, silts, and
clays once they have been placed into suspension, In addi-
tion, Herdendorf and Braidech (1972, p. 84-89) have intensely
studied the currents of the island area and arrived at a bot-

tom~current mean of 0.25 feet per second. This mean current
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velocity is not sufficient to limit the deposition of clay-
sized particles within the reef area {Postma, 1967, D. 158),
The greatest bottom velocities are found in the restricted
areas within the island area, such as inter-island channels,
bay mouths, and reef areas., Because the western basin is a
high turbidity area (Hartley et al., 1966, p. 305), much
sediment is subsequently being dispersed and deposited.
During storms, the current velocities are undoubtably much
greater, and the bottom currents are then capable of set-
ting larger particles in motion and carrying them farther.
Herdendorf and Braidech (1972) also constructed various maps
showing bottom current responses to various wind directions,
having measured surface, middle, and bottom-cufrent velo-
cities and directions at numerous points throughout the
inter-island area, This study is very important due to the
complex water and sediment movements in the island area.
Like surface currents, bottom flows can also be changed
by prevailing winds, although 1t probably takes much strong-
er winds to do so (Federal Water Pollution Control Adminis-
tration, 1968, p. 60), The most striking feature of this
~effect is that very strong winds from any directibn normal-
ly drive surface currents downwind, whereas subsurface cur-
rents usually flow in the opposite direction as compensating
return flow. This means, for example, that a very strong
westerly wind will cause bottom currents to flow towards

. the west, whereas surface currents move easfward. The
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western basin water will normally exhibit these responses
year-round during the ice-free perlods. As previously
gstated, however, the reverse response of the bottom waters
apparently lessens in the fall and winter due to water
cooling and ice cover.

N Current-meter'data from Tive stations in western Lake
Erie were reported by Herdendorf (1970a), The vector
graphe illustrate the relationship of surface-to-bottom
currents as well as the dominant wind direction at the
time that the data was collected. Figure 10 shows these
vector graphs, which were chosen because of their importance
in describing water flow at various eritical positions with-
in the study area.

Station P-3-5 (Figure 10a) illustrates fhe effect of
the Detroit River on lake currents. Flow from surface-to-
1ottom moves south-southwest in direct opposition to wind
direction. Surface currents have the highest velocities
and subsurface currents show a slight deflection to the
right, Station P-4-2 (Figure 10b), near Monroe, illustrates
the r"l:ypica.l”c:urrents of the western basin., Surface flow
ig forced north-northeast by south=southwest winds, while
Vsubsurface currents indicate return flow to the gsouthwest,
The greatest current velocity is located at the lake bot-
tom (28 feet),which seems to indicate that this is where
most of the return flow is moving.

Station P-5-1 (Figure 10c), near Colchéster, Ontario,

shows a surface flow moving toward Pelee Passage under the




52

‘g 9ANITJ UT UMOUS SUOTIBO0T UOT1EIS { (BOLET ‘IIODUSPIDH)
uTseq UJIs3ssm aysj UT SqUSIIND W0J70(Q-03-20BFINS TBOTLTJIOD Jo SUdeJdd J0308) ‘(T 8an3tTdg

.0z

32VY4ENS

.51

WOlLl0d N
.S¢

MOT41N0
1DYSSYd

N

13134

L-9-dNOILVLS

MO14INO IDVYSSVYd HINOS

WOLlCH
.S

N

8-6-d.NOI1VILS

0}
0z
WOL108
BT
N
DVAASE—"
2 1-6-d INOILYLS
WOL108
.8z
(,S¥) 1STMHLNOS WO¥d SANIM 11V
008/°14 T°0
——
MOTiNI 31YDS
.02 CETL
Loy113d
.ol I1ov4uNS
wolL104
.0t
.0T
.01
N
N
1D¥4UNS
d t-v-d:Nouvis| 'y S-€-dINOILYIS




53

influence of the prevailing winds. Subsurface currents op-
pose the surface flow, indicating an influx of water from
the east. The surface currents are shifted 250 clockwise
+o the direction of the wind and this rightéshift increases
with depth in the subsurface currents. Station P-5-8 (Fig-
ure 10d), north of Catawba Island, illustrates wind-driven
currents flowing about 3?0 clockwise to wind direction.
Subsurface flow moves in opposition to wind direction, with
progressive clockwise deflection with increasing depth. The
bottom currents are the most rapid (1.1 feet per second) in
the area, which probably indicates a large volume of water
moving into the-Western basin through the South Passage.

One additional station, P-6-7 (Figure 10e), is included
to illustrate the water flow in the area south of Point Pelee.
According to Herdendorf (1970a, p. 35) both surface and sub-
surface currents above the thermocline flow out of the west-
ern basin toward the east-southeast at right angles to wind
direction. Reverse, northward flow occurs Below the ther-
mocline as a possible result of thermocline tilting.

Because of the effect upon shore erosion, littoral drift
studies are very important in the understanding of water and
sediment circulation within the western basin (Figure 11).
From the Detroit River eastward along the Ontario shore,
the littoral drift system is fairly simple. A northwest-
flowing eddy dominates the shore from the Detroit River to
a point jusf west of Colchester, Ontario, East of this point,

1ittoral drift moves eastward and follows the shoreline
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configuration all the way to Point Pelee (Coakley and Cho,
1972, p. 357).

The Michigan shoreline has a more complex littoral drift
syétem due to a combination of wind and currgnt effects. Ed-
dies between the shore and the Detroit River inflow wvary con-
stantly depending on changes in wind direction. Because of
the eddy effect, littoral drift is in a back-and-forth motion,
and shore-derived material is probably contained in this eddy-
controlled "beltn along the Michigan shoreline. The eddying
combines with the underlying bedrock to form the scoop-shaped
Shoreline present in the area, which includes La Plaisance
and Brest Bays. Despite this eddy effect, however, there is
an overall southwestward littoral drift, which is indicated
by the presence of several shoreline features between Monroe
and the Michigan-0Ohio border.

In the Maumee Bay area, littoral drift swings to the
south-southeast along Woodtick Peninsula and North Cape. The
drift is then completely obliterated by the inflow from the
Maumee River. East of Maumee Bay, a strong north-northwest
drift is evident, as illustrated by the presence of Little
Cedar Point. The twenty-five kilometer stretch of shoreline
from Little Cedar Point southeast to Locust Point is sub-
jected to a much weaker northwéstward drift. From Locust
Point, which is a nodal zone of diverging currents, to Port
Clinton, the littoral drift is to the southeast and is also

moderately weak (Herdendorf and Braidech, 1972, p. 24).
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A convergence point, is located near Port Clinton, and
littoral drift changes from the southeast to the southwest
between Scott Point and the Portage Rivers Currents at this
location are very weak and sand is practically absent in
the littoral zone due to the presence of dolostone-bedrock
bluffs along this stretch of shoreline., Southeast of Scott
Point, barrier features are present due to the convergence
of opposing 1ittoral drifts originating at Scott Point and
the northeast tip of Marblehead Peninsula (Herdendorf and
Braidech, 1972, D. 24). |

A weak southeast drift carries some sand from Marble-
head to Bay Point, whereas a much stronger current flows
northwest along Cedar Point. The converging currents
subsequently meet at Sandusky Bay. Surface currents in the
area average 0,68 feet per second, and bottom currents up to
0,79 feet per second have been reported by Herdendorf and
Braidech (1972, p. 24),

Tn summery, although the currents and water circulation
of the western basin are extemely complex and variable, cer-
tain dominant patterns can be developed. Through the use of
grain-size analyses and the determination of the locations
and extents of the Maumee‘and Detroit River sediment plumes,
a more accurate and acceptable paftern_for the bottom current

circulation in the western basin may be developed.
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Sediment Sources in the Western Basin Aresa

The bottom deposits of the western basin and its sur-
rounding drainage area can be subdivided into three basic
types:unconsolidated tills, glacial-lake deposits, and mod.-
ern Lake Erie sediments. In addition to‘these deposits, lag
gsands and gravels formed by the winnowing of pre-existing
sediments are algo present at varioﬁs locations within the .
basin. Using.mineralogical analyses, Benson (1971) has re-
ported that tﬁe tills, glaciolacustrine gsediments, and mod-
"ern lake deposits are.very'éimilar, which seems to indicate
that each succéeding series of sediments was derived from
pre-existing material within tﬁe basin.

The sources of the modern Lake Erie sediments in the
western basin have been investigéted by numerous researchers,
Hartley (1961, p. 1) suggested three possible sources of
sediment for the area: the lake bottom itself, the shoreline,
and inland areas. With the formation of modern Lake Erie,
pre-existing. tills and glacial-lake sédiments became an im-
portant sOurde of sediment within the basin.  This is due to
the relative shallowness (24 feet average) of the western
basin, which allows for the reworking of these older deposits,
especially in the nearshore zones. Although bluff erosion
along the shoreline of the western basin contributes signi-
ficant amounts of sediment to the lake, this input represents
only nine ﬁer cent of the total fine-grained sediment accumu-

lation in the study area (Kemp, 1975, p. 372). Kemp (1975)
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proposed a fine-grained sediment budget for Lake Erie, which
shows that the majority of the sediment being input to the

western basin originates from the Maumee and Detroit Rivers.

SAMPLING LOCATIONS AND TECHNIQUES

Sediment samples from the western basin, as well as the
Detroit and Maumee Rivers, were selected for the purpose of
obtaining the overall sediment-size distribution in the study
area. These samples have been collected over the past six
years in conjunction with the studies of Kovacik (1972b),
Wolery (1973), Walters et al. (1972, 1974), and Walters (19777
and are listed'in Table IX. The study area for this research
was restricted to the area of Lake Erie west of a line ex-
tending from Point Pelee (latitude 41° 54" N., longitude 82°
307 W;) south to Cedar Point (latitude 416 30° N,, longitude
82° 41’ W.) Core and.grab samples from 138 locations were
selected from materials collected on five separate research
- eruises., These samples were selected so as to concentrate on
the western half of the study area, where the Detroit and Mau-
mee sediment plumes are most critical in the distribution of
bottom sediments. The locations of these samples are listed
in Table X and shown in Figure 12.

Sediment cores used in this study were collected with
gravity—coring devices with 1.5 to 2-inch diameter cellulose
acetate butyrate (CAB) plastic core-tube liners. Grab samples

were taken with a Petersen sampler in areas where cores could
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Table X.

Sampling locations in western Lake Erie,

Cruise 1
Location 1 Latitude Longitude

4 42°00.,00'N 82°5.00'W

5 42°00,00'N 82°40,00°W

6 42°00.00'N 82°35.00'W

8 41°55,00'N 82°35.00'W

9 51°55,00'N .82°40,00'W
10 41°55,50' N 82°45.40 W
11 41°55,00'N  82°50,00°W
12 41%5,00'N 82°55.00°W
13 41%55,00'N -83°00,00°W
14 41°55,00'N 83°05,00'W
15 41%55,00'N 83°10,00'W
16 41°55,00'N 83°15.00'W
17 GS 41°55,30'F 83°18.90'W
18 41°%50.00'N 83°20,00' W
19 GS 41°50.00'N 83°15.00W
20 @S 41°50,20'N 83°10.10'W
22 41°50,00'N 83°00.00'W
23 31°50,00'N 82°55,00° W
24 41°50,00°'N 82°50.00°W
25 31°50,30'N 82°45,00'W
26. 41°50,00°'N 82°40,00°W
27 41°50,00°'N 82°35,00'W
28 41°50,00'N 82°30.00'W
29 41%5,00'N 82°30.00°W
30 L1°45,00'N 82°35,00 W
31 41%5,00°'N 82%5,00 W
32 41%s5,00'N 82°50,70'W
33 31°45,00'N 82°%55.00°W
34 41%%s5,00'N 83°00,00'W
35 41°%5,00'N 83°05,00'W
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Table X, Continued.
Location Latitude Longitude
36 41°45,00'N 83°10,00 W
. 37 B1°%5,00'N 83°13.60'W
Lo 41°40,00'N 83°15.00°W
41 ¢S 41°%0.30'n 83°10.00W
42 es  41°%0.50'N 83°05.00°W
43 41°40.60'N 83°00,00° W
by $1°40,00'N 82°55.00'W
bg 41°20,00'N '82°50.00'W
46 41°%40,00°'N 82°%45,00'W
Ly 41°40,00'N 82°40.00°W
48 41°40,00’'N 82°35,00'W
52 41°34,50'N . 82°40.,00'W
53 51°34.90'N 82°45.00'W
55 51°35.30'N 82°55.00' W
56 41°35.30'N  83°00,20 W
Cruise 2
| 5 51957.50'N 82°952,50 W
6 41°52,00'N 83°00.00 W
v 41°50,00'N 83°05.00 W
9 41°%42,.00’'N 83°00.00'W
10 31°40.30°'N 82°51,00' W
11 41°41,00'N 82°45.00'W
12 41°38.50'N 82°42,00°W
37 51%57,50'N 82%42.50 W
Cruise 4
2 42°03.00'N 83°07.24 W
3 12°03.00’N 83°08,00 W
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Table X. Continued.,
Location Latitude Longitude

5 42°03,00'N 83°10.00'W
11 42°09.00’N 83°10.25'W
15 42°09.00°N 83%7.17' W
17 42°01.00'N 83°10,00'W
18 42°%01,00'N 83°08.00'W
19 12%31.00'N 83°6.00'W
21 a8 42°1.00’'N 83%2.00'W
23 41°59,00'N 83°00,00°W
2l 41°59,00'N 83°02.00'W
25 41°59,00'N 83°04,00°W
26 41°59.00’'N 83°06,00'W
27 41%59,00'N 83°08.00"wW
28 41°59,00°N 83°10.00°W
29 41°59,00°'N 83°12.00'W
30 41°59.00°N 83°14.00°W
31 41°7.00°N 83°14.00'W
33 ¥1%7,00'N 83°10,00'W
34 41°57,00'N 83°08.00'W
35 41°%57,00'N 83°%06.00'W
36 41°%57,00' N 83°04,00'W
37 41°57,00'N 83°02.00°W
38 41°57, 00N 83°00.,00'W
39 41°55,00'N 83°02.00°W
40 41°55,00'N 83°u4.00'W
b1 41%°55,00°'N 83%06.00°W
42 41°55,00’'N 83%08.00'W
43 51°53,00'N 83%08,00'W
bl 41°43,00'N 83°22.00°W
L5 41°%2.00'N 83%22.00'W
46 41°42.00°'N 83%°24,00°W
L7 51°43,00'N 83%°24,00°W
48 41°43,00'N 83°20,00 W
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Table X. Continued.:

Location Latitude Longitude
49 41%5,00'N 83°20.00°W
50 GS 41%5,00'N 83°22.00'W
51 41%s5,00’N 83°2L,00'W
52 u1%44,00'N 83°25.00°W
55 51°40,50'N 83°29.80°W
56 41°37,50'N 83°32.50°W
57 41%45,00'N 83°18,00'W
58 41%7,70'N 83°18.00'W
59 41°%47,00'N 83°16.00'W
60 41°49,00'N 83°16.00'W
61 41°9,00'N 83°14,00'W
63 41°51,00'N 83%12.00°W
3 11°53,00'N 83%12.00'W
65 541°55,00'N 83°12.00'W
66 41%55,70'N 83°14,00'W
67 41955, 00'N 83°16,00' W
68 41°55,00'N 83°18.00'W
69 41°53,00'N 83°18.00'W
71 41°53,00'N 83°16,00 W
72 41°53,00'N 83°14,00°W
73 GS 11%51,00°N 83%4,.00'W
7l 41%51,00'N 83°16,00'W
75 41°51.00'N 83°18.00'W
76 GS 41°51,00'N 83°20.00'W
78 41°49,00'N 83°24,00°W
79 41%7,00’'N 83°26.00°W
80 41°%47,00'N 83%24,00'W
82 31°49,00'N 83°22.00 W
83 41°49.00°N B83°20,00°W
8L 41°49,00'N 83°18.00 W
85 41°%47.00'N 83920,00°W
86 11°43,00'N 83°26,00 W
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not be obtained due to the composition and depth of the bot-

tom sediments,
Walters and Herdendorf (1975} used four cross sections
(AA° to DD’ shown in Figure 12) to illustrate various changes

in mercury concentrations both laterally across the basin and

. vertically within the core., In +his thesis, ‘the same four

cross sections will be used to show the variations of sedi-

ment size and character in the western basin.

PROCEDURES

Core Sectloning

The core-tube liners and cores were cut with a hacksaw
in the following manner: from 0 to 16 centimeters (cm), sec-
tioned every 2 cm; 16 to 40 cm, every L cm; everything over
40 em was sectioned every 10 cm, Care was taken to prevent
ahy tubing material from contaminating the sample by removing
any plastic slivers present with a small brush and/or forceps.
These 2, &, and 10 centimeter sections were gtored in poly-
ethylene containers and frozen. The grab samples were also
transferred from their collection bages to polyethylene con-

tainers and frozen.

Disaggregation

Prior to size analysis, the samples had to be properly

disaggregated in order to obtain accurate size distributions.
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This was especially important due to the flocculation of

clay particles into silt-sized aggregates, as well as the
massive amounts of silt and clay—compbsed fecal pellets in

the western basin. Freezing helped in the disaggregation
process because the expansion of the ice broke up many of the
aggregates. For complete disaggregation, however, the samples
were.thawed, then 5 to 15 grams were removed and placed in
larger polyethylene bottles. These bottles were then filled
with a dispersant (peptizer) made up of 0.005 M sodium car-
bonate (Na2003) and 0,005 M sodium oxalate (Ngzczou). and
shaken vigorously for about 90 seconds. The bottles (up

to six at one time) were then placed in a Sonogen-Z Ultra-
sonic Transducer for a period of 10 to 15 minutes., This final
step insured the complete disaggregation of any clay-silt
aggregates in the sediment sample, This fact was verified

by the presence of Brownian movement in the clay particles

of the disaggregated sample.

Dispersant Selection

The selection of the sodium carbonate-sodium oxalate
mixture as a dispersant for this research was based upon two
factprs. The primary reason concerned the apparent density
changes of various chemical dispersants with time. According
to Walters (personal communication, 1977), this was definitely
the case with Calgon (sodium hexametaphosphate), which is

probably the most popular dispersant used today. In order to
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determine the most stable dispersing agent for use in this
research, four different dispersing agehts were tested with
a hydrometer for density changes over a two-week period.

The peptizers tested included 0.1 M "01d4" Calgon (non-
chlorinated), 0.1 M “new' Calgon (chlorinated), 0.005 M
codium oxalate, and the sodium carbonate-sodium oxalate mix-~
ture, as well as a control sample of distilled water. After
336 hours, density changes for the four dispersants were
25%, 27, 50%, and 9%, respectively. These density variations
were measured at the same temperature in order to eliminate
any temperature-related changes. Because of the relatively
low (9%) density changes of the 0,005 M sodium carbonate-
sodium oxalate mixture, that dispersant was used in this re-
search. According to Griffiths (1967, Pp. 50), a combination
~of a strong base (NaZCOB) and a weak acid (Nazczon) makes
the best peptizer., This worker tested the effectiveness of
this solution with modern clay samples. (Clays in this dis-
persant showed definite Brownian movement, indicating com-
plete de-flocculation. This dispersing agent consisted of a
mixture of 10,6 grams of sodium carbonate and 13.4 grams of

sodium oxalate, which was added to 20 liters of distilled

water,

Settling-Tube Calibration

A settling tube was used in the sand-analysis portion

of the total grain-size distribution analyses. The settling
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tube (Figure 13) was patferned after one désigned by Emery
(1938) as described by Poole (1957), with a sample-introduction -
mechanism modelled after that described by the U..S. Inter-
agency Committee of Water Resources Subcommittee on Sedimen-
tatlon (1957, p. 87). The bottom of the tube was calibrated
in 2 millimeter increments up to 8,2 centimeters for the pur-
pose of measuring the amount of sand accumulating at the bot-
tom of the tube at any one time during settling.

The settling tube ﬁas calibrated using three modern sedi-
ment samples from the western basin of Lake Erie. Each was
dlsaggregaf =d and dlspersed in the manner described previous-
1y, then wet-sieved through a 4 phi- (0,063 mm) U. S. Standard
Sieve. The (4 phi (silt and clay) fraction was stored in
beékers for later study. The) 4 phi (sand) fraction was
checked for ¢leanliness (lack of mud) and disaggregation with
a binocular scope, and was then dried overnight‘at 920 Centi-
grade. The dried fraction was then re-disaggregated by hand
(finger-rolling) and visually re-insﬁected with a binocular
scope; The sand was then sieved into Z ﬁhi-unit intervals
using calibrated U. S. Standard Sieves. Each fraction was
weighed and stored in dispersant in order to acclimate the
sand to moisture. |

The actual settling-tube calibration procedure began
with the splitting of each Z phi fraction doWn to about 5
grams. This was done so that the sand accumulating at the

bottom of the tube did not eiceed the calibrated 8.2 centimeter
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Figure 13. Diagram of the settling tube at Bowling Green
State University (after Cunningham, 1974, p. 12) that

was used in this study.
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height. The tube was then f£i1led to the pinch rollers with
0,005 M sodium oxalate-sodium carbonate dispersant, and the
temperature of the solution was measured to the nearest 1°
Cenﬁigrade. It ﬁas observed that no temperature change in
the solution occurred during the length of time required for
one sample to be settled, a maximum of about ten minutes.

The gquarter phi-unit sand fractions, which had been
stored in dispersant for at least ol hours, were loaded into
the sample-introduction mechanism, which was closed with the
pinech rollers shut., The sand was washed into the mechanism
with dispersing solution and the funnel walls were thorough-
1y washed down to insure that all the sand‘was in poéition
just abowe the rollers.

A Panasonic Model RQ-40GS “Harlan tape recorder was used
to record each sample run in the settling tube. Realistic
Cc-60 low-noise, high-frequency tapes were ugsed in the record-
er. Tests using a Leonidas stop watch with 0.l-second divi-
sions indicated that this recording system possessed a maximum
variation of only £0,5 seconds over a ten-minute span (<0, 01%
error). Prior to the beginning of each sample run, the re-
corder was activated and the éample number, time, and tempera-
ture were récorded on tape and noted in wrif;ng.

Next, the sample-intfoduction mechaniém was activated
to release the sand sample. Simultaneously, the operator
gave an oral cue which was recorded on tape, and then guickly

moved to the floor in order to watch the sand accumulate at
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the bottom of the tube. As the largest particle arrived at
the bottom of the tube, representing the onset of accumulation
(zero per cent), an oral cue was given. As fhe sand column
reached each 2 millimeter gradation, the operator called

out the value of that increment. This process continued until
211l the sand grains from that quarter phi-unit interval had
gsettled. If the total accumulation during a sample run ex-
ceeded the measured 8.2 centimeters at the bottom of the

tube, a smaller split of that sample was made and run again.
Each quarter phi-unit calibration sample was run through the
settling tube twice to insure the accuracy of the results.
Following this analysis, the sand fractions were stored for
later reference.

After each sand fraction was analyzed, the tape was re-
wound and the settling times for each 2 millimeter division
were determined using a Leonidas stop watch with 0.1-second
divisions. The times for the two runs were averaged and re-
corded for future use.

After all the quarter phi-unit calibration samples had
been run, the data, consisting of the settling times, fall
distances, and temperatures, were entered into‘a computer
program written by C. P. Cunningham (1974), and revised by
L. J. Walters, Jr. (personal communication, 1977). This pro-
gram was designed to convert data from the B. G. S. U. sett-
ling tube into a size distribution using a calibration func-
tion based on NBS standard glass beads and Stokes Law

(Cunningham, 1974, p. 17). Using the method of moments, the
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program also calculated the mean size and standard deviation,
both in millimeters and phi units, of each quarter phi-unit
sand fraction. according to the equations proposed by McBride

(1971, p. 117). The formulae used are:
mean X. £fm

ctandard deviation S. D.o/f(m=¥)%
n

where
f = volume per cent frequency in each grain—sizé grade
present :
m = midpoint (mean) of each grain-size grade in phi units
A - total number in the sample, which is 100 when ¥ is

in per cent

Because the accuracy of the settling tube is not precisely
known, more sensituve statistics such as skewness and kurtosis
were not included in this program (Cunningham, 1974, p. 24},

The problems involved with the use of the method of mo-
ments for grain-size analysis have been documented by many
workers (Friedman, 1967, p. 327-354; Griffiths, 1967, p. 27-
92; Folk, 1974, p. 49-50; McBride, 1971, p. 118; and Krumbein
and Pettijohn, 1938, p. 239-254), Because of the potential
statistics derived from the method of moments and the increased
availability of computers to do the calculations, the method
of moments has become an extremely favorable statistical
technique used in sediment analyses,

As previously stated, this program calculated the mean

size of each gquarter phi-unit calibration sample in both
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millimeters and phi units. By plotting the average of these
observed means (midpoints) versus the midpoints of the cali-
brated sieves (data in Table XI), a calibration curve specific
for sands from the western basin of TLake Erie was constructed
(Figure 14).

Tdeally, this should be a straight line graph, but two_
prominent deviations are noticeable., One variance shows thg
expected tail-off of grains greater than 0.00 phi units in
dismeter, due to the interaction of the sand grains with the
sides of the settling tube, the actual diameter of the tube,
and other physical design features. The second deviation, or
bulge, located between 2,00 and 3,50 phi units, is caused by
the increased concentrations and occurences of heavy minerals
iy this size interval, which causes these grains to behave
similar to larger, less dense, sand particles. Therefore,
this curve is a unique calibration graph for the sand samples
in the western basin of Lake Erie. |

The calibration curve shown in Figure 14 was entered
into the program of Cunningham (1974) for use with later sand
analyses, A ninth -order polynomial function representing
the curve in Figure 14 was calculated using a least-sguares
polynomial-regression program. The resulting function, which
is shown below, was inserted into the settling-tube pfogram
of Cunningham (1974) by Walters (personal communication, 19??).

The function is:

8

v = 0.,0027389450 x° - 0.04654022 x° + 0.3148399 x! -

e —



Table XI.

Data for Calibration Curve
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Phi Interval

Observed Midpoint 1 pctual

Sieve Midpoint

-1.25
~1.00
-0.75
-0.50
-0.25
0,00
0.25
0.50
0,75
1.00
1.25
1.50
1.75
2,00
2.25
2.50
2,75
3.00
3.25
3.50
3.75

to
to
to
to
to
70
to
to
to
to
to
to
to
to
to
to
to
to
to
to

to

-1.00
~0.75
-0.,50
-0,25
0.00
0.25
0.50
0.75
1,00
1.25
1,50
1.75
2,00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4. 00

NR
-0.1425
-0, 1048

0, 0650
0.1700
0.2750
0.4510
0.7230
0.9800
1.1970
1.4060
1.5945
1.8165
1.9380
2. 0840
2.2585

2.5545

2.9240
3.2370
3. 7140
3.8700

~-1.1720
-0.9010
-0,6455
-0.4085
-0.1745
0,0860
0.3380
0.5840
0.83540
1.0985
1.3110
1.,5650
1.8485
2,0810
2.3155
2.5870
2.8250
3.0800
3.3550
3.6300
4,0230

1 observed midpoints obta
calivration sands from

ined from the average of the three
the program of Cunningham (1974).

2 petual sieve midpoints obtained from calibrated sieve pro-

gram CALSIV (Cunningham, 1974).
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Figure 14, Calibration curve for settling-tube analysis of
western Lake Erie sediments. '
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1,0696963 x6+ 1.9051163 XS - 1,8210476 x44- 1.4316176 x3 -

1.6023699 x2+ 2.223855 x - 0.4693892

vwhere y= the midpoint of the calibrated sieves, and X =

the midpoint of the observed calibration samples, in phi units.
The revised settling-tube-analysis computer program is listed
in Appendix I.

Using the observed midpoints for each sand fraction, the
settling time and velocity oflthe midpoint of each quarter
phi-unit interval can be calculated. The times for all three
calibration samples, as well as the mean gettling times, are
given in Table XII.

In the 3.75 to 4,00 phi-unit interval, the average ob-
served midpoint for the three calibration samples is 4.023
phi units, or 0,062 millimeters in diameter. The correspon-
ding settling time for this mean value ig 276 seconds. It
can be therefore assumed that after 276 seconds (4 minutes
and 36 seconds), all sediment particles greater than or equal
to 4.0 phi units (0.0625 millimeters) in diameter have set-
tled to the bottom of the settling tube, Because mixed sand-
silt-clay samples are to be run in the settling tube, this is
o vital and necessary assumption.

The average settling velocities calbulated for these
calibration samples are compared with those proposed by other
researchers in Téble XTIII. The values obtained in this re-
search most closely correspond with the values proposed by

Wwatson (1969), using the modified Rubey Formula, and the




Table XI1.

Settling Times for Calibration Sands

1
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Phi Interval Sample I  Sample IT Sample III Average
~1.00 to -0.75 11.9 12,749 MR 12,325
~0.75 to -0,50 12.6 12.9 NR 12.750
~0.50 to -0.25 NR 14,066 NR 14,066
-0.25 to 0.00 16.0 14.905 NR 15.453
0.00 to 0.25 NR 17.120 14.7 15,910
0.25 to 0.50 18.5 17.791 18.7 18.330
0.50 to 0.75 20.85 20,418 20,1 20,456
0.75 to 1.00 27.80 23.857 25.85 25.836
1.00 to 1.25 31.95 25.071 28.6 28, 540
1.25 to 1.50  32.549 31.685 34.25 32.828
1.50 to 1.75 41,025 35.393 38.45 38.289
2.00 to 2.25 48.219 45,803 47.15 47,057
2,25 to 2.50 70,160 63.964 72,50 68.875
2.50 to 2.75 89.486 79.234 89, 50 86.073
2.75 to 3,00 120.445 105,032 105, 00 110.159
3.00 to 3.25 155,195 140,894 135,50 - 143.863
3.25 to 3.50 181.143 177.771 176,00 178.305
3.50 to 3.75 227.156 227,946 247,032 234,045
3,75 to 4.00 268.747 283,777 277.743 276,756
1

all times

in seconds
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Woods Hole Oceanography Institute (Schlee, 1966).

One important fact concerning the calibration of the
settling tube must be made. Opinions vary concerning the
necessity and feasibility of the using natural sand grains in
the calibration of settling tubes. Cunningham (1974, p. 27)
proposed that the behavior of sand grains is accurately -
approximated by the behavior of glass beads in the settling
tybe. The U.S. Interagency Committee on Water Resources
Subcommittee on Sedimentation (1957, p. Liy, 92) favors
an extremely complicated and time-consuming calibration
method involving the settling of individual sand grains.
Although the U.S. Interagency Committee on Water Resources
Subcommittee on Sedimentation (1957, P. 44) states that the
use of glass beads is inadequate and inaccurate, no estimate
of the actual error resulting from the use of glass beads
to directly calibrate a settling tube was proposed. Therefore,
in order to accurately calibrate the settling tube, natural
sands from the western Lake Erie basin were used. Assuming
that these sands are typical of the sands in the western basin,
it is the opinion of this worker that these sands will imprint
the settling tube calibration with any specific characteristics
possessed by the sands. This includes the various proportions
of heavy minerals indigent to the sands of the western basin.

Cne further‘note must be made concerning the actual sett-
ling of sand grains in the settling tube. It was assumed that
percentages of sand based on volume do not|differ gignificantly

from percentages based on weight, as in sieve analyses. This
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assumption is supported by the U.S. Interagency Committee on
Water Resources Subcommittee on Sedimentation (1957, p. 37)»

and is accepted as valid in this thesis.

Sand Analysis Using the Settling Tube

" 7he procedure used for sand analysis of western basin
samples was identical to that used in calibration, with two
exceptions:

1) Prior to analysis, each prepared sample was run
through a -1 phi (2 mm) sieve to remove all gravel-sized
material. Also, most of the shells and shell fragments
 were removed by hand from the sample,

2) After 276 seconds (the theoretical time when all
4 phi and coarser particles have settled)}, the'sand ac-
cumulated at the bottom of the tube was drawn off by way
of the stop cock at the base of the settling tube. This
sand was then washed with distilled water to remove the
dispersant as well as much of the organic material. The
sand is then dried at 920 Centigrade, weighed, and stored
for later analysis.

The remaining sample in the settling tube (silt and
clay) was drained into a one 1iter beaker for later pipette
analysis. :rMaterial in the tube was rinsed into the beaker
with dispersant to insure that all the sample was removed
and collected.

The time-distance of fall data obtained from each sam-

ple run was analyzed using the computer program listed in
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Appendix I in order to calculate the size distribution.
This procedure was limited due to the fact that only sand
fractions which have a mass of greater than 0.1 gram or a
volume of greater than 2 millimeters in the settling tube
could be analyzed in this manner, Using the data provided
by this program, a size classification was attached to

each analyzed sand fraction. The Udden-Wentworth sediment-
grade scale (Folk, 1974, p. 25), shown in Table XIV, was
used for this and all other references to grain size in

this thesis.

Mud Analyses

The mud left in the settling tube after the sands
were removed was analyzed in two different manners, depend-
ing on the presence of mud in the sample. Extremely loﬁ;
percentage mud samples (very high sand concentrations) were
settled, decanted, and transferred to pre-weighed poly-
ethylene containers. These containers were placed in an
International Centrifuge for ten minutes at about 2,000 %o
2,500 revolutions per minute. Following this centrifugal
separation, the fluid was decanted and the'sample and con-
tainer dried overnight at 92° Centigrade.  After the con-
tainer cooled to room temperature, the weight of the silt-
clay portion of the sample was gravimetrically calculated.
After weighing, the sample was discarded. The qgntrifugal
mud analysis was performed on only 37 of the 45% western

Lake Erie sediment samples.
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Table XIV. The Udden-Wentworth sediment grade scale.*

Grade Limits

mm microns phi-units o Wentworth Size Class
256 - _8 Boulder
64 - -6 Cobble
) _ o Pebble
2 - -1 Granule F
1 - 0 Ve?y.Coarse Sand
0.5 500 1 Coarse Sand
0,25 250 . Medium" Sand
0.125 125 3 Fine Sand |
0.063 63 " Very Fine Sahd
0.031 31 5 Coarse Silt
0,016 16 6 Medium Silt
0,008 8 - Fine Silt
0.004 L 5 Very Fine Silt
0.002 | 2 9 Clay

and finer

* Modified from Folk (1974, p. 25)

3
phi-unit = -log, diameter in mm

1.00 mm
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locations within the basin., The vertical analysis was con-
ducted on 37 separate cores from a like number of locations.

In addition to core samples, several grab samples were
also analyzed. The sediment incorporated in each grab sample
was successively split until a small enough portion was ob-
tained, The grain-size distribution of this portion was
then determined using the same analytical techniques that
were employed with the core samples. The results of these
sediment-size-distribution analyses for the western basin are
given in Table XVI. This table lists the calculated percen-
tages of the gravel, sand, silt, and clay for each of the
459 gsediment intervals that were analyzed.

A detailed size analysis was performed oh fhe sand frac-
tions of some of the sediment intervals. Because of mass and
volume limitations, only 203 sediment intervals were exanined
using this method. The results of this computer-calculated
size analysis, in terms of mean diameter of the sand fraction
in millimeters, are also listed in Table XVI.

Due to the greater number -and closer spacings of sedi-
ment samples in the western half of the western basin, a more
detailed description of the bottom sediments in that area can
be presented., Because the influence of the Detroit and Maumee
sediment plumes is greatest in the area west of longitude
82° 55’ west, dense sampling is necessary in order to deline-
ate the locations and extents of these features. East of lon-

gitude g2° 55’ west, however, the Detroit and Maumee Rivers
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Table XVI. GOrain-size distribution of western ILake Erie.1
2 CRUISE 1
Depth
Sample Interval Percent Mean Sand
Station (em) Gravel Sand Silt Clay Size {(mm)
L 0-2 - 9,85 64,77 25,38 0.092
5 0-2 - 3,32 74,79 21.89 -
6 0-2 - 26.67 61.31 12,02 0.114
8 0-2 - 11.72 66.37 21.91 0,098
9 0-2 - 2,14 61.03 36.83 -
10 0-2 - 2,20 60,00 37.80 -
11 0-2 - 1.66 72,47 25.87 -
12 0-2 - 0,64 77.66 21.70 -
2-5 - 2.63 91.93  5.44 -
10-11 - 0.49 75.37 24,14 -
19-20 - 1,70 85.85 12.45 -
59-60 - 0.60 86.92 12.48° -
13 0-2 - 3,64 76,75 19.61 -
5-6 - .42 52,72 39.86 -
6-9 - 7,06 81,22 11.72 -
9-10 - 7,78 85.65 6.57 -
14 0-2 - 2,60 87.95 9.45 -
b-6 - 14,72 78.49  6.79 -
8-10 - 20,31 69,24 10.45 -
12-14 0.51 11,79 81,08 6.62 -
16-19 0.32 17.19 73.68 8.8l -
15 0-2 - 2,19 52.87 44,94 -
b-5 - 1.30 51.71 46.99 -
10-11 - 16.67 L7.93 35.40 -
2L-26 1.1h 46,69 43.03 9.14 -
16 0-2 - 4,02 74,40 21.58 -
4-9 - 17,39 64,70 17.91 -
10-15 - 18.29 72.03 9.68 -
16-22 - 9,15 77.98 12.87 -
27-28.4 - 13.16 71.68 15.16 -
17 GS 41.3% 11.09 30.66 16.91 0.263
18 0-2 - 21.31 56.08 22.61 0.166
19 GS 0.89 76.55 13.87 8. 69 0.206
20 Gs 3,28 55.25 31.23 10. 24 0.193
0-1 - 37.16 57.63 5.21 0.280
1-2 19.48 27.60 46.83 6.09 0.137
2-3 = 33.57 53.43 13.00 0,095
3-4.5 - 11,37 L7.20 11.43 0.095
22 0-2 - 0.26 75.73 24.01 -
2-5 - 0.59 57.13 42.28 -
5-6 - 0.34 63.71 35.95 -
6-9 - 0.48 63.97 35.55 -
9-10 - 0.39 62,99 36.62 -
.23 0-2 - 5,89 72.18 21.93 0,116
2-4 - 3,09 77.23 19.68 -
L-6 - 6,77 72.02 0.126

21.21
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Table XVI. Continued.
Depth
Sample Interval Percent Mean Sand
Station (cm) Gravel Sand Silt Clay Size (mm)
23 6-8 - 4,34 70.86 24,80 -
8-10 - 3.62 68.51 27.87
10-12 - 7.26 70,28 22.46 0.106
12-14 - 8,31 76,11 15.58 0,105
14-16 - 12.25 76.90 10.85 0,101
16-20 - 28,7 60.58 10.71 0,121
20-24 - 40.69 50,56 8.75 0,147
2428 1.31 35.58 56,65 6.46 0.132
28-33 - 35.96 62,52 1.52 0.115
24 0-2 - 5,08 59.79 35.13 0.165
2-4 - 1,45 70,94 27,61 -
L-6 -~ 0.92 66,23 32.85
6-8 - 2.58 61.93 35.49 -
8~10 - 1.80 72,13 26.07 -
10-12 - 1.82 67.21 30.97 -
‘ 12-14 - 1.76 75.57 22. 67 -
14-16 - 1.23 72.84 25.93 -
16-20 7,04 43,45 37.18 12.33 0,142
20"’2“’ - 1 59 590 79 38 ] 62 -
24-27 1.75 43.23 2,86 12.16 0.146
27-30.5 0.31 39.91 47,36 12,42 0.140
25 0-2 - ,36 56.16 39.48 0.099
2-4 - 1.0 65.33 33.27
Lh-6 - 1.56 53.11 45.33 -
6-8 - 0,53 54.53 Ll ol -
8-10 - 1,77 76.77 21.46 -
10-12 - 1.51 53.82° Ly, 67 -
12-14 - 1.40 72,32 26.28 -
14-16 - 8.4y 53,21 38.35 0.111
16-20 - 26,18 51.99 21.83 0.135
20-24 15.70 39.13 31,90 13.27 0,182
24.-28 - 14,28 54,23 31,49 0.170
28-32 - L,25 72.32 23. L3 -
32-36 - 8.50 L45.84 45, 66 -
36-40 - 27.93 55.86 16.21 0,156
: Lo-4h - 66,18 27.83 5.99 0.186
26 0-2 . - 6,09 70.11 23.80 0.134
2-4 - 6.33 59.93 33.74 0.157
-6 - 15.52 54,59 29.89 0.196
6-8 0.56 10.73 52.59 36.12 0.184
8-10 - 8.21 57.49 34.30 -
10-12 - 6.05 59.75 34.20 0,152
12-14 - 5,03 61,16 33.81 -
14-16 - 13.61 53.00 33.39 0.224.
16-20 - 6,82 56,33 36.85 0.211
20-24 - 0.39 60,41 39.20 -
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Table XVI. Continued.
Depth Percent :
Sample Interval Mean Sand
Station (cm) Gravel Sand Silt Clay  Size (mm)
26 24 -28 - 1.52 54,43 44,05 -
28-32 - 0.94 62.65 36.41 -
32-36 - 1.29 61.13 37.58 -
36-4.0 - 2.12 48,22 Lo,66 -
40-50 21.24 14.26 43.29 21,21 0.260
50-55 21.37 55.64 12.86 10,13 0. 324
27 0-2 - 5,34 85.42 9,24 0,111
2-44 - 16,21 67.81 15.98 0. 096
L-6 - 3.85 70,40 25.75 0,113
6-8 - 5.07 63, 44 31.49 0,110
8-10 - 6.53 45,17 48.30 0.117
10-12 - 2,12 70,06 27.82 -
12-14 - 1.54 72,93 25.53 -
14-16 - 1,78 68.13 30.09 -
16-20 13,58 5,55 52,59 28.28 0.122
20-24 - 5.53 56.52 37.95 -~
24 -28 - L,77 65,31 29.92 -
28-32 - 27,03 55.68 17.29 0,179
32-36 0,77 72.25 15,46 11.52 0,261
36-40 1h,24 69.90 14,07 1.79 0.258
Lo-42.5 33.61 50.39 11.42 4,58 0.259
28 D-2 8.60 74,90 16,50 0.182
2-4.58 63.50 33.10 3.40 0.20%
29 0-1.5 69,10 19.10 11.80 0.268
1.5-3 67,40 16,60 16,00 0.332
30 0-2 sh,80 40,10 5.10 0.209
2-4 hg,10 47.90 3,00 0,252
31 0-2 1.32 64,50 17,16 17.02 0,196
32 0-2 - 7,08 55.48 37.44 0,105
33 0-2 - 1.18 52.23 46.59 -
34 G - 1.15 57.89 40,96 -
' 0-2 - 2.79 55,81 L1,40 -
z2-5 - 8,09 70.97 20.94 -
5-6 - 0.05 55.89 44,06 -
17-18.5 - 0.11 72.31 27.58 -
29-30 - 0.04 85.32 14,64 -
37-38.5 - 0,03 68.69 31.28 -
35 0-2 - 3,60 69.19 27.21 -
5-6 - 0.73 56.35 #42.92 -
6-10 - 2,10 55,06 L2,84 -
10-11 - 0.31 71.05 28,64 -
19-20 - L,59 71,08 24,33 -
52-53 - 0.66 B80.28 19.06 0.820
36 0-1 3,03 64,22 32.75 0,160
1-2 - 88.35 11.65 0.198
2-5 - 6.2 66,36 27.40 0,075
5-6 L,99 60.74 34,27 0.189




G2

Table XVI, Continued
Depth Percent
Sample Interval Mean Sand
Station (cm) Gravel oSand Silt Clay Size (mm)
36 6-9 2,51 87.07 1l.41 6,01 0.126
9-10 - 7, 07 25.93 0.129
10-12 - 38.32 38,67 23.01 0.130
12-13 - 3,80 57.92 38,28 -
37 0-2 - 0,11 51.52 48.37 -
2-5 - 0.03 52.57 47,60 -
5-6 - 0.26 44,66 55,08 -
6-15 - 0.12 54.85 45,03 -
15-16 - 1,05 50,54  48.41 -
28-29 - 12,45 51.41 36,14 0.157
52-53. - 0.27 33.02 66,71 -
40 0-2 - 11.90 60.23 27.87 0.228
L1 GS 31.51 63. 34 3.35 1.80 0. 349
L2 GS 7.57 90,95 0,38 1.10 -
43 0-2 - 0.54 45,82 53, 64 -
Ll 0-2 - 0.27 43.78  55.95 -
Ls 0-2 - 53,19 26.82 19.99 0.194
L6 0-2 - 67,42 19,19 13,39 0,154
Ly 0-2 - 41,51 38,21 20,28
48 0-2 - 15,37 66.69 17.94 -
52 0-2 - L,28 57.75 37.97 -
53 0-2 - 82.56 6,88 10.56 -
55 0-2 - 1.hk5 43.37 55.18 -
56 0-2 - 32.70 sk, 61 12.69 -
CRUISE 2

5 0-2 - Ll 59,090  36.47 -

6 0-2 - 0.65 56.13 43,22 -

7 0-2 - 0.35 60.73 38,92 -

2-4 - 0.35 60,17 39,48 -
L-6 - 0.19 58.71 41,10 -
6-8 - 0.18 58.76 41,06 -
8-10 - 0,15 57.27 42.58 -
10-12 - 0,02 52.82 L7.16 -
12-14 " - 0.04 58.23 41,73 -
14-16 - 0.46 56,40 43,14 -
16-20 - 0.42 61.55 38.03 -
20-24 - 0.29 53.90 45,81 -
24-27 - 0.84 64.59 34,57 -

9 0-2 - 2,04 73.62 24.34 -
10 0-2 - 8.96 43,20 7,84 -
11 0-2 - 30,94 35.46  33.60 -
12 0-2 - 6,09 54,39 39,52 -
37 0-2 - 3,68 67.3% 2B8.98 -
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Table XVI. Continued.

CRUISE 4 .
Depth Percent
Sample Interval Mean Sand
Station {cm) Gravel Sand Silt Clay Size (mm)
2 0-2 - oL, 72 1.82 3,46 -
3 0-2 - 39,08 4h.44 16,48 0.309
5 0-2 - 51,10 40.61 3.29 0.100
11 0-2 - 88.84 6.83 4.33 0.181
15 0-2 - 90, 44 8.31 1.25 0.214
17 0-2 - L7.60 46,37 6.03 0.082
18 0-2 - 72,11 15.35 12.54 0.215
19 0-2 - 3,93 63.53 32.54 0.102
21 0-2 - 98,40 1.60 0.294
2-4 - 97.40 2.60 0.291
-6 - 97.80 2.20 0,289
6-8 - 98.40 1.60 0.292
8-10 - 97.30 2.70. 0.280
10-12 - 98.00 2.00 0.295
23 0-2 - 5,89 72.18 21.93 0.116
2-4 - 3.09 77.23 19.68 -
-6 - 6.77 72.02 21l.21 0.126
6-8 - %.34 70.86 24.80 -
8-10 - 3,61 68.52 27.87 -
10-12 - 7,26 70.28 22,46 0.106
12-14. - 8,31 76,11 15.58 0.105
14-16 - 12.25 76,90 10.85 0.101
16-20 - 28,71 60.58 10.71 0.121
20-24 - 40,69 50.56 8.75 0.147
24 -28 1.31 35.58 56,65 6.46 0.132
28-33 - 35.96 62,52 1.52 0.115
24 0-2 - 5,08 59.79 35.13 0.165
2=l - 1.45 70.94 27,61 - .
L-6 - 0.94 66,26 32.70 -
6-8 - 2.58 61.93 35.49 -
8-10 - 1.80 72,13 26,07 -
10-12 - 1.82 .67.21 30.97 -
12-14 - 1.76 75.57 22.67 -
14-16 - 1.23 72,84 25.93 -
16-20 7,04 43,45 37.18 12.33 0.142
20-24 - 1.59 59.79 38.62 -
24-27 1.75 43.23 U42.86 12,16 0.146
27-30.5 0.31 39.91 47.36 12,42 0.140
25 0-2 - ,36 56.16 39.48 0,099
21 - 1.k0 65.33 33.27 -
-6 - 1.56 53,11 45.33 -
6-8 - 0.53 54.53 44,94 -
8-10 - 1.77 76.77 21.46 -
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Tgble XVI. Continued.
Depth Percent
Sample Interval Mean Sand
Station (cm) Gravel Sand Silt Clay .Size (mm)
25 10-12 - 1.51 53,82 44.67 -
12-14 - 1.40 72.32 26.28 -
14-16 -~ 8,44 53.21 38.35 0.111
16-20 - 26,18 51,99 21.83 0,135
o0-24  15.70 39,13 31.90 13.27 0,182
24-28 - 14,28 54.23 31.49 0.170
28-32 - L,24 72.33 23.43 -
32-36 - 8.50 45,84 45,66 -
- 36-40 - 27.93 55.86 16.21 0.156
L4o-lly - 66,18 27.83 5,99 0.186
26 0-2 - 6,09 70.11 23.80 0.134
2-4 - 6.33 59.93 33.74 0.157
L6 - 15.53 54.59 29.88 0,196
6-8 0.56 10.73 52.59 36.12 0.184
8-10 - 8.21 57.49 34,30 -
10-12 - 6.05 59.75 34.20 0.152
12-14 - 5,03 61.16 33.81 -
14-16 - 13.61 53.00 33.39 0.224
16-20 - 6.82 56.33 36.85 0.211
20-24 - 0.39 60.41 39.20 -
24-28 - 1.52 54,43 44,05 -
28-32 - 0.94 62.64 36,42 -
32-36 - 1.29 61.13 37.58 -
36-40 - 2,12 48,22 49,66 -
Lo-50 21.24% 14,26 43.29 21.21 0.260
50-55 21,37 55.64 12.86 10.13 0.324
27 0~2 - 5,34 85,42 9,24 0.111
2-4 - 16.21 67.81 15,98 0.096
L-6 - 3,85 70,40 25.75 0.113
6-8 - 5,07 63.44 31,49 0,110
8-10 - 6,53 45,17 48.30 0,117
10-12 - 2.12 70,06 27.82 -
12-14 - 1.54 72.93 25.53 -
14-16 - 1,78 68.13 30,09 -
16-20 13.58 5.55 52,59 28,28 0,122
20-24 - 5.53 56.52 37.95 -
2“"‘28 - Ll’c?? 65- 31 29'92 -
28-32 - 27.03 55.68 17.29 0.179
32-36 0.77 72.25 15,46 11.52 0.261
6-Lo 14,24  69.90 14,07 1.79 0.258
Lo-42.5 33.61 50,39 11l.42 4.58 0.259
28 0-2 8.60 74,90 16,50 0,182
2-4,5 63.50 33,10 3.40 0,207
29 0-1.5 69,10 19.10 11.80 0,268
1.5-3 67,40 16,60 16, 00 0.332
30 0=-2 54,80 40,10 5,10 0,209
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* Table XVI, Continued.
Depth Percent
Sample Interval ; Mean Sand
Station (em) Gravel Sand Silt Clay Size (mm)
30 2~ b9,10 7,90 3.00 0.252
31 0_2 . - ?'88 69.90 22322 -
33 0-2 = 9. L"B 68055 210 9? -
34 0-2 - 46 67.66 27,88 -
35 0-2 - 3.58 69-90 26052 -
3% 0-2 - 3012 56.46 40,42 -
3% 0-2 - 1,24 63,92 34.84 -
38 0-2 - 1,30 79.19 19.51 -
39 0-2 - L,64 83.65 11.71 0.111
4“6 - 2028 58-33 39039 -
8-10 1,08 4,99 78,23 15,70 -
12-14 - 4,01 8l.62 14.37 -
16-20 - 3,80 79.33 16.87 -
24 -28 - L.ob 66,43 29.53 -
40 0—2 - 2n41 ?9n13 18046 -
4“6 - 2905 64.16 33079 -
8-10 - 1.26 59.53 39.41 -
12-14 - 0,56 50,20 L9, 24 -
16-20 - 6,55 77.62 15.83 -
24—28 - l|32 69.97 28-?17 -
40—50 - 1.25 76.32 22-43 -
41 0=-2 - 5583 86.?8 7-39 -
2_}4‘ - 1098 92.26 50 ?6 Oo OBLI’
4_6 - 8-33 88.01' 3n66 000?8
6“8 1097 7!35 86.84 3.84 0908?
8-10  31.74 3.65 62,70 1.91 0,145
10-12 25,06 7,90 63,94 3,10 0,109
bz 0-2 - 5.77 -58.73 35.50 -
4—6 1.2@ @7.27 31.47 20002 -
8_10 - 6038 76'2? 17135 -
12-14 - 5.09 76.07 18.84 -
16“20 - 3065 ?6;26 20009 -
24-28 - 1.72 61.23 37.05 -
28-32 - 30,05 57,09 12,86 -
43 0-2 - 74,31 16,42 9.27 0.213
Ly 0-2 - 14,10 74,80 11,10 -
L5 0-2 - 55,26 24,95 19.79 -
1'!’6 0"2 27- 61 22¢ Ll"5 Ll‘l‘l“l 89 5| 05 -
47 0-2 - 20,91 48,16 30,93 0,132
L8 0-2 - 56.99 35,95 7.06 -
49 0-2 - 28.91 57,06 14,03 0,087
2-4 = 24.82 56n99 18nl9 00090
4—6 - 2?045 59968 12.87 05090
6—8 - 31.6? 50.86 1?047 0.090
8-10 - 27,39 60,71 11,90 0,092
10-12 - 25,20 57,78 17.02 0,104




Table XVI. Continued.

Depth Percent
Sample Interval Mean Sand
Station (em) Gravel Sand Silt Clay Size (mm)
Lg 12-14 - 20.23 63,62 16,15 0, 084
14-16 - 8,87 68,12 23,01 0,087
16~20 - 22,43 48,05 2%.52 0,245
20-24 - 23,66 67.55 8,79 0,096
2428 - L,95 86,08 8,97 -
28-32 - 2,33 75.23 22, 44 -
32-36 - 11,22 64,54 24,24 0.083
36-40 - 10,41 70,69 18,90 0,105
40—50 - 2058 75053 21n89 -
50-60 - 8,73 68.99 22,28 0,115
60~65 - 9,60 57.61 32.79 0.129
50 0-2 16,10 82,00 1,90 0,255
24 88,60 10,90 0,50 0,303
L-6 82,80 16,20 1,00 0.255
51 0-2 - 49,70 36.27 14,03 0,081
2"” - 49026 43.63 6n6l 0n088
L6 - 58,44 39,63 1,93 0,087
6_8 - 290?6 60.85 9039 00120
8—10 53-4” 30.60 12.22 3{74 O|43l
10-12 39.43 26,22 29.95 L, 140 0, 447
12-14 - 17.36 75.92 6,72 0.113
14-16 - 21.62 72,30 6.08 0,116
16~21 - Ll,39 54,98 0,63 0,115
52 0-2 - 30,22 62. 67 7.11 -
54 0—2 - 71.86 21-85 6029 -
56 0—2 1136 3996 53.63 41-05 -
5? 0_2 - ll?l 77009 21n20 -
2“” - 2u68 580?7 38955 00073
4—6 - 4.2? 64u2u 310“9 00086
6—8 - 4958 5?902 38140 O|090
8-10 - 3,82 57,18 39.00 0,098
10~12 1.51 9,17 56.28 33. 04 0.164
12-14 - 1,58 59,25 39.17 -
l”“lé - 1046 59»80 38n74 -—
16“20 - 0928 53046 @6.26 -
20-24 - 0.26 51,65 48,09 -
24-28 - 0.33 419,95 49.72 -
28-32 - 0,18 60,68 39.14 -
32~36 - O, 42 54,48 45,10 -
36—40 - 0. 35 5“‘0 95 Ll’L]’o 70 -
40—50 = O|99 @9.61 49040 -
0-58 - 1.23 69,59 29,18 -

' 58—66 - 12085 56056 30059 -
58 0“2 - 3065 40592 55o43 -
59 0-2 - 1,24 49,59 49.17 -
60 0"2 b 6n42 50090 42068 -
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Table XVI. Continued.

e

Depth Percent
Sample Interval — Mean Sand
Station (cm) cravel Sand Silt Clay Size {mm)

60 L-6 - 5,25 79,91 14.84 -
6-8 - 12.42 43,94 U43.64 -
8-10 - 4,38 52,06 43.56 -
10~-12 - 41,58 32.21 21.21 -
12-14 - 49,48 34.97 15.55 -
1416 - 61,52 15.71 12.77 -~
16-20 - 8,90 57.08 34.02 -
20-24 - - 3,85 64.24 31.91 -
2L 28 - 30,67 39.20 30.13 -
28-32 - 55,56 28,72 15.72 -
61 0-2 - 91.70 8.30 0.188
2-4 4,50 83,00 12,50 0.215
-6 - 9L, 40 5,60 0,200
6-8 - 9L, 30 5.70 0,199
8-10 - 57.80 42,20 0.204
10-12 - 37,78 51,32 10.90 0,163
12-14 - 50,42 L0.98  8.60 0.175
14-17 - 29,84 56,07 14,09 0,167
63 0-2 6.93 64,92 15.56 12.59 0.159
64 0-2 - 12.16 75.99 11.85 -
65 0-2 - 2,80 72.16 25.04 -
L-6 - 3.79 41.38 54.83 -
8-10 - 2.85 62.57 34.58 -
12-14 - 1,42 53,72 L4,.86 -
16-20 - 3,15 55,39 U41.46 -
24 -28 - 30.19 56.36 13.45 -
28-32 - ol 62 65,29 10.09 -
66 0-2 - 20,75 66,63 12.62 0,121
67 0-2 - 2,15 64,42 33.43 -
-6 - 12,40 60,21 27.35 -
8-10 - 10.76 69.16 20.08 -
12-14 - 12,78 61,02 26.20 -
16-20 - 10,39 66.66 22.95 -
2L-27 - 41,29 50, 92 7.79 -
68 3-7.5 59.80 38.30 1.90 0,374
69 0-2 95,78  1.45 2.77 -
71 0-2 - L,07 51.85 44,08 -
72 0-2 22,02 54.86 23.12 0.113
73 0-2 19.62  74.84 2.26  3.28 0.248
74 0-2 - 83,99 8.07 7.9%4 0.148
75 0-2 35.69  33.73 24.56 6.02 0.161
76 0-2 - g2.73 6.32  0.95 -
78 0-2 50,89 12,52 30.67  5.92 0,094
2 -4 13.51 24,41 49.32 12. 76 0,124
-6 - 25,25 66,88  7.87 0.161
6-8 11.57 82.06  6.37 0,143
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Tgble XVI. Continued.
Depth Percent
Sample Interval Mean Sand
Station {(cm) Gravel Sand Silt Clay 3ize (mm)
78 g§-10 - 8.63 85,20 6.17 0.092
10-12 - 6£.00 86.98 7.02 0,086
12-14 - 6.47 86,77 6.76 0.095
14-16 - 6.09 89,44 L, 47 0.097
16-20 - h,75 88.98 6.27 0,084
20-24 - 1.69 88.38 9.93 0.115
24-27 - 2.29 85.36 1l2.35 -
79 0- 8,26 60.13 25.02 6.59 -
80 0-2 - 3,59 63.54 32.87 -
82 0-2 - 5,78 71.59 22,63 -
2-4 - 80,05 10,56 9,39 0,163
83 0-2 - 64,73 16.85 18.42 0,181
2-4 - 68,81 23.70 7.49 -
L-6 - 79,67 14,59 5,74 -
6-8 - 59,57 31,41 9.02 -
8-10 - 76,99 14,15 8.86 -
10-12 - 71,44 20,74 7.82 -
12-14 - 63,61 24.63 11.76 -
14-16 - 65,92 25.39 8.69 -
16-20 - 86.79 7,04 6.17 -
84 0-2 - 8.22 50.29 L1,49 0,154
2-4 - 43,74 31.63 24,63 -
-6 - 53,99 33.26 12.75 -
6-8 - 70,29 26.29 3.42 -
8"10 - 70.57 23. 22 6. 21 -
10“12 - 58.14 30053 lln 33 -
12-14 - 60.59 25.95 13.46 -
14-16 - 69,94 19.26 10.80 -
16-20 - 74,43 19,75 5.82 - -
20-24 - oh,14 58.58 17.28 -
85 0-2 - 3,10 57.64 39,26 -
86 0-2 - 47,48 32.29 20.23 0.124
CRUISE
50 GS 9.15 87.08 2.37 1.40
5l GS - .ok 74,53 21.43 -
55 GS 57.63 39.21 3,16 0.563
56 GS - 0.33 65.41 34,26
57 GsS - 3.53 96,47 -
58 GS - 0.36 40,93 58.71 -
59 GS - 3,04 57.70 39.26 0.089
60" GS - 0.93 60.08 38.99 . -
61 GS - 8-82 91. 18 -
65 GS - 28,18 42.77 29.05 0,261
66 GS - 8.09 91.91 -
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Table ¥XVI. Continued.
Depth ‘
Sample Interval Percent Mean Sand
Station (cm) cravel Sand Silt Clay Size (mm)
67 GS - 9,13 72.24 18.63 -
68 GS - 6,49 76.68 16.83 0.077
70 GS - 5.12 9L, 88 -
74 GS - 3,32 69.40° 27.28 -
75 GS - 72,60 14,59 12.81 -
76 GS 17.27 80.29 2.44 0,345
1 A1l samples are cores with the exception of intervals la-
beled GS, which indicates a grab sample was analyzed.

2 p11 depths are measured from the sediment

~-water interface.
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have a minor effect on the bottom sediments, Therefore,
more widely spaced samples were analyzed.

 The inter-island-area bottom sediments have been intense-
1y studied by many workers, ineluding Hartley (1961), Benson
(1971), and Herdendorf and Braidech (1972), Therefore, only
a few samples were analyzed in order to correlate and com-
pare the results of this study with those of other researh-
ers, For the most part, the data of Herdendorf and Braidech
(1972) and Benson (1971) will be used in describing thé sedi~
ments of the island area, and the western half of the basin
will be described using data contained in Table XVI,

Two different bottom-sediment studies were performed.
One study dealt with all the surficial sediments (0-2 cm or
grab samples) from the study area (138 locations). This
study was used to horizontally delineate the various sedi-
ment zones in the western bagin. Maps showing sand, silt,
and clay concentrations, as well as sand/mud ratics, sediment
textures, and mean-sand gize have been construcfed using the
grain-size distribution data derived from the surficial sedi-
ments. These figures will be discussed in detail later.

The second type of sediment study dealt with the cross
sections used by Walters and Herdendorf (1975), which were
desceribed earlier in this thesis. Various intervals down
the cores were analyzed in order to determine any vertical
variations in sediment composition during the depositional

history at any one location along the cross section. These
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cross sectioﬁs‘are situated so as to transect the locations
of the sediment plumés proposed by Walters and Herdendorf
(1975) in order to further jescribe the locations of these
fluvial channels. The vertical sediment distributions, tex-
tures, and sand sizes for cross sections A—A', B—B’, C-C’,
and D-D’ are presented, as well as any variations within the
cores. Additional discussion concerning these cross .sections

will be presented later in this thesis.

Description of Modern Lake Erie Sediments

.Modern Lake Erie deposits are either directly derived
from the reworking and entrainment of glacial tills and gla-
ciolacustrine sediments or indirectly from the erosion and
subsequent transportation of these older deposits by the many
rivers and streams in the drainage basin. Since the forma-
tion of modern Lake Erie, up to 12 feet of watery, poorly
consolidated, silty mud has been deposited in the western ba-
sin (Benson, 1971, P. o4), These modern sediments conforma-
bly overlay glaciolacustrine clays in the deeper areas of the
basin whereas they transgress older till deposits along the
margins of the lake. This modern sequence is directly re-
lated to basin infilling under conditions of rising water lev-
els in Lake Erie (Sly and Thomas, 1974, p. 820).

Several attempts to approximate modern sedimentation
rates in the western basin have been made. Sly (1976, p. 361)

calculated the average maximum rate of mud accumulation since
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+he onset of lacustrine enviroments, and arrived at a figure
of 0.3 millimeters per year. However, the time span of
12,000 years includes several periods of non-deposition and
subaerial erosion. Wolery and Walters (1974) used mercury
concentrations to calculate sedimentation rates of 0.6 to
15,1 millimeters per year in the western basin, with an
average rate of L, 4 millimeters per year. This study dealt
only with modern Lake Erie sediments deposited within the past
50 years. A map of sedimentation rates (Walters and Herden-
dorf, 1975) based on these mercury concentrations is given
in Figure 7. Kemp et al. (1974, p. 216) have also calculated
a maximum modern sedimentation rate for the western basin,
using pollen analyses and arriving at a figure of 7,6 milli-
meters per year.

Modern sedimentation in the inter-island area varies
widely due to current velocities and directions. Hartley.
(1961, p. 8) has proposed an average sedimentation rate of
9 millimeters per year in the island area., Work by Herdendorf
(1968, p. 188), however, shows variability of sediment accu-
mulation with both location and season. Average sedimenta-
tion rates up to one millimeter per day persist in the reef
area, and higher rates are present in deeper, inter-reef
waters (Herdendorf, 1968, Dp. 200). Sedimentation also tends
to be greater in the spring than in the summer months. These
figures are much higher than those proposed by Hartley (1961,

p. 8), but this is due to the fact that sedimentation in the
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igland area is not generally permanent (Herdendorf, 1968,

p, 198), Much of the material deposited in the area is even-
tually eroded, transported, and redeposited elsewhere in the
basin, thus explaining the variations between the data of
Hartley (1961) and Herdendorf (1968).

Most of the modern Lake Erie sediments are unconsoli-
dated and watery in nature, Kemp et al. (1976, p. LL2) re-
port that at the sediment-water interface, a reddish-brown
floc, which extends from zero to a few millimeters below the
surface, is present at some places in tﬁe Lake Erie basin.
This floc overlies a light-to-dark gray ooze, which is high-
ly viscous to a depth of 10 to 15 centimeters, This worker
discovered that this floc normally occurs at locations with
extremely low sand concentrations in the deeper, more central
portions of the wesfern basin,

Water-content values up to 90% by weight are common in
surface samples, This produces a highly viscous mud which
predominates in the center of the western basgin. Values usu-
ally decrease to 50-60% at depths of about one meTer. Varia-
tions in water content in each core parallel the sediment-
particle-size distribution with coarser gsediment possessing
lower water contents (Kemp et al., 1976, p. 442-444). The
decrease in wnter content reflects the increasing compaction
of the sediments with depth of burial.

Sedimenlt pH is variable., Kemp et al. (1976, »p. L2y re~

port that pli normally decreases from values between 7.0 to 7.5
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at the sediment-water interface o constant values between
6,7 and 7.0 af depths of one meter, The decrease in pH is
probably due to the decomposition of sediment-organic matter
and the subsequent release of CO, and NH,; into the intersti-
tial water (Kemp et al., 1972,P» 277) .

Mineralogical analyses of modern Lake Erie sediments
chow them to have a composition similar to the +ill and gla-
cial~lake deposits. The only variations are a decreased per-
centage of chlorite and illite and an increase of mixed-
layer clays (Benson, 1971, D. 23), Besides these detrital
particles, this worker has also discovered the presence of
other. materials., Numerous bivalve and gastropod shells oc-
cur in zones within the top few centimeters of sediment.
Plant detritus and wood fragments are also present in varying
proportions. In addition, fly ash is normally prevalent in
the surface sediments., This ash is derived from local indus-
trial sources and the widespread shipping traffic within the
western basin. |

In the study area, organic matter ig decomposed prior
to accumulating in the Dbottom sediments (Xemp, 1971, p. 543).
This is the primary reason for the low concentrations of or-
ganic carbon in Lake Erie sediments (Kemp and Dell, 1976, p.
1070), Kemp (1971, p. 542) reports that the presence of or-
ganic carbon increases with clay occurence in Lake Erie, with i
values of 0.46% for sand, 1.38% for silt, and 2.47% for clay.

Sediment-mixing is prevalent from the sediment-water in-

terface to belween 3 to 20 centimeters in depth (Kemp et 21l.,
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1976, p. 460; and Thomas et al., 1976, p. 400), The mixing
may be due to bioturbation by bottom-dwelling organisms and/
or gas movement from underlying sediments. Methane-gas re-
lease is greatest in the western basin of Lake Erie (Mallard
and Frea, 1972, p. 87), while Tubificid populations are ex--
tremely high in the basin, especially near the mouth of the

Detroit River (Brinkhurst et al., 1968, p. 45).

Sediment Dynamics in the Western Basin

" Before analyzing the results of the surficial sediment
distribution within the study area, 1t is necessary to dis-
cﬁss the dynamics of sediment input and circulation within the
western basin., Because of its shallow, enclosed nature, sedi-
ment deposited in the basin is constantly subject to resus-
pension and redeposition at other locations either within or
outside of the basin. This causes the western basin to be
an open system where both gsediment and water are constantly
cireulating due to the overly abundant enviromental energy
present in the area, In addition to the internal circula-
tion, water and sediment are also being brought into the
system from numerous sourcés, as well as leaving the basin
by way of two primary exits (the Pelee Passage and South Pas-
sage) (Thomas et al., 1976; Herdendorf and Braidech, 1972;
and the Federal Water Pollution Control Administration, 1968),
Because of this circulation, a graded grain-size gradient away

from the shoreline is commonly invalid for thé western basin,




106

Therefore, the surficial sediment distribution in western
Lake Erie presents a complex, atypical pattern which is
directly related to four major factors: the enviromental
energy within the basin, the shallowness within the basin,
the varied inputs of water and sediment from numerous
sources, and the irregular bedrock topography within the
basin, especially in the vicinity of the inter-island
area.

Due to the enclosed nature of the basin, as well as the
relatively narrow and restricted nature of the passages out
of the basin, the export of sediment from western Lake Erie
is minor with respéct to the total input of material from
sources arﬁund the study area. The fact that sediment is
actually being expelled from the basin has been debated by
sbme workers, but it is in the opinion of this worker that
such sediment fransfer does exist. Turbidity values, which
_are éxtremely high in the western basin, are probably the
most significant means of affirming the presence of this
sediment outflow from the study area.

These high turbidity values are indicative of massive
resuspension of bottom sediments (Powers et al., 1960, p. 64;
" and the International Joint Commission, 1969, Dp. 101). The
turbidity of the lake water is caused primarily by phyto-
plankton, organic detritus, and suspended inorganic material,
"The material consists of clays, either resuspended from the

lake bottom or brought in by rivers and nearshore erosion.
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A series of turbidity measurements for the western bhasin is
presented by Burns (1976b).

Turbidity values are greatest in the spring and late .
fall, indicating that most subagueous reworking of pre-existing
depositg, as well as suspenéion of incoming sediment material,
occurs during these months {Burns, 1976b, D. 490—#91). NASA
ERTS photographs support this hypothesis, as shown by photos
taken on April 14, 1973; April 27, 1974; April 4, 1975; April
7, 19763 and September 7, 1976, Low turbidity is seen in ERTS
photographs taken on June 20, 1974; July 15, 1976; and Au-
gust 18, 1973. The values for these high turbidity periods
range up to 20 Jackson furbidity Units (J. T. U.), and aver-
age about 8,4 J. T. U. for the basin (Burns, 1976b, p. 492).
Using the values from the highly turbid periods in coordina-
+tion with water-flow data, Burns (1976b, p. 492) has esti-
mated that approximately 3.4 x 108 kilograms of fine-grained
sediment are transported from the western basin every year.
This proposed outflow is only 6% of the annual sedimentation
in the western basin of Lake Frie of about 5,9 X lO9 kilo-
grams (Kemp et al., 1976, P. 457), Therefore, this estima-
tion confirms previous workers' theories that‘although out-
flow does indeed occur, comparatively little sediment actual-
1y leaves the basin,

Lewis et al. (1966, p. 180) also discovered the presence
of scour channels between +the western and central basins,
which suggests that some sediment is being transported between

the basins. It can be assumed that any sediment deposited
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west of the inter-island area in the deeper parts of the basin
is probably relatively stable and remains within the hasin.
However, sediment within the inter-island area and along the
basinal margins is more apt to be transported into the cen-
tral basin because of the more powerful currents and the shal-
lowness of these areas.

Thomas et al. (1972) have proposed a zonal classifica-
+ion of TLake Ontario which relates akewness and kurtosis to
variable sediment distribution within the lake. Using this
classification, Thomas et al, (1976) have discovered several
interesting features in the western basin of Lake Erie. As
expected, high energy sand-gravel zones with positive skew-
ness and leptokurtic distribution occur in the shallow near-
shore areas around the basin, as well as in the vicinity of
Point Pelee. However, the majoritj of the western basin is
characterized by mixed sand-clay sediment zones, which are
platykurtic and either positively of negatively skewed, de-
pending on the sand/clay ratio. 9ilt concentrations are re-
latively uniform in this area. Although a few small nega-
tively skewed, leptokurtic clay zones are also present in the
western basin, they are minor and anomalous with respect to
the dominant sediment distribution in western Lake Erie.

The high concentrations of fine-grained sediment in the
western basin seem 1o be out-of-place with respect to the
shallow nature of the area, However, because of the large
smbalance in the sediment import/export budget (Burns, 1976b,

p. 477; and Kemp, 1975, P. 373), as well as the deficiency of
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coarse-grained material iﬁput by the Maumee and Detroit Rivers
(0. S. Geological Survey, 1968, 1971b, l9?@, 1975¢, and 1976),
5t can be assumed that the sediment in the western basin repre-
sents a re-distribution of much of The fine-grained material
input from the suspended loads of these two rivers (Thomas

et al., 1976, p. 400). .The excess energy in the basin is
therefore used to resuspend and "mix" the sediments in the
gtudy area, as well as cause large-scale subagueous erosion
and reworking of the older deposits (tills and glaciolacus-
trine deposits) in the western basin., The net accretion of
fine-grained sediment in a high-energy depositional basin
caused Thomas et al. (1976, p. 402) to describe the western
basin as being in textural dis—equilibrium.. This is the

only portion of Lake Erie to be classified in this manner,

due to the relative equilibrium between enviromental energy
and sediment distribution in the gandusky, central, and east-
ern basins.

Kemp (1975) has accumulated much of the data concerning
the amount of fine-grained sediment entering Lake Erie from
various sources, At present, there is not enough data to
caleulate the input of sand and gravel-sized materials to
the lake. Although this is the first such attempt to con-
struct a sediment budget for Lake Erie, it is A surprising
that such close agreement is found between the inputs and
the outputs ”(Kemp et al., 1976, p. 455).

The sediment budget (Figure 15) has been arranged so

that the three major basins in Lake Erie can be properly
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examined. Net loading of fine-grained sediment in the west-
ern basin totals 5.9 x 109 kilograms per year. Of this, 3.2
x 107 kilograms (54,2%) per year are derived from inputs of
the Maumee and Detroit Rivers, whose values are 1.8 and 1.4
X 109 kilograms, respectively.

Shoreline erosion contributes only 5.3 X 108 kilograms
(9%) of the annual fine-grained sediment accumulation in
western Lake Erie. The nearshore-sediment input‘is divided
into three sections. Intermittent bluffs between the Detroit

8

River and Point Pelee contribute about 4.0 x 10 kilograms of

gilt and clay-sized material per year to the lake, Although
erogion rates are very high (up to 8 meters per year) between
the Maumee River and Sandusky, the low relief and minor ex-
posures yield an average of only 0.3 x 108 kilograms of fine-
grained sediment per year, It is assumed by Kemp (1975) that
less than 1.0 x 108 kilograms of sediment are‘contributed
from the nearshore zone between the Maumee River and the De-
troit River along the Michigan shoreline because it is highly
similar to the Ohio shoreline.

‘The remaining 2.17 x 10° kilograms (36.8%) of sediment
js divided among four different sources: airborne particles,
subaqueous erosion, autochthonous organic matter, and dredged
spoils., Although no accurate data is available for the con-
tributions of these four sources to the western basin, some
estimationg can be made. Airborne particulate matter contri-

butes between 0.2 and 3.3 X 109 kilograms of material to the

entire lake basin every year (Whelpdale, 1974, p. 295). It
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can be assumed that a large portion of this material is de-
posited in the western basin, due to the area's proximity to
major industrial centers and the shipping lénes on the lake,
Autochthonous organic matter is responsible for about 1.0 x
109 kilograms of material being input to Lake Erie every
year. Western basin samples contain less organic matter than
the other three basins (Kemp et al., 1976, p. 442-44k4), and
the abundance of autochthonous organic material entering

the western basin can be assumed to be much less than one-
third of the total input for the lake.

The International Working Group (1974, p. 117) reports
that about 1.4 x 109 kilograms of dredged spoils are deposited
in Lake Erie every year. Extensive dredging in the shallow
western basin is probably responsible for much of this sedi-
| ment. To support this proposal, the International Joint
Commission (1969, p., 209) reports that Toledo and Monroe
contributed about one million cubic meters of dredged spoils
to the western basin in 1968. Assuming water content of Va3
by weight and a silt-clay content of 50% of all solids (Xemp
et al,, 1976, p. 455), these two dredged sources alone con-
tribute about 1.0 x lO9 kilograms of fine-grained sediment to
+the western basin. The remaining percentage of fine-grained
sediment input to the basin is derived from subagueous ero-
sion in the nearshore areas (Lewis, 1966, p., 125; Rukavina
and St, Jacques, 1971, p. 387; and Thomas ¢t al., 1976, p.
402), This figure is probably relatively high for the western

basin, due to the shallowness, water circulation, and
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turbidness within the basin.

In an attempt to further differentiate the sediment
zones in Lake Erie, Herdendorf (1970a, p. 4l) constructed
a sedimentation map of the lake which differentiates between
zones of mud deposition and non-deposition and/or subaqueous
erosion (Figure 16), Data shows that 56% of the lake bottom
in the western basin is within the area of mud deposition
proposed by Herdendorf (1970a, p. 37).

Carter (1977) has presented a detailed study of the
amount .of coarse and fine-grained sediment that is derived
from both subaerial and subagueous erosion of tills and gla-
ciolacustrine clays along the U. S. shoreline of Lake Erie.
The study is based on recession rates along the lake, which
were measured Trom the 1870’s to the 1970's. According to
Carter (1977, p» 7), 1.37 x 100 kilograms of fine-grained
sediment and 0.46 x 108 kilograms of sand and gravel are de-
rived every year from the erosion of shoreline areas in Ot-
tawa and Lucas Counties in northwestern Ohio, Recessional‘
rates in this area are normally slow, ranging from 0 to 3
feet per year along the till bluffs that are present along
the shoreline,

In the Maumee Bay area, where glaciolacustrine silts and
clays are subjected to erosion, recessional rates range from
0 to 5 feet per year, However, recession in the Maumee River
area ranges up to 15 feet per year. Using these recessional

8

rates, Carter (1977, D. 7) has reported that 1.21 x 10° kilo-

grams of silt and clay are deposited every year in the western
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basin from this area. Along the Michigan shoreline in Mon-

8 kilograms of silt and clay

roe and Wayne Counties, 5.2 x 10
plus 1.29 x lO8 kilograms of sand and gravel are input every
year to Lake Erie by way of nearshore erosion, Recession
along the shoreline in Michigan ranges from 0 to 5 feet per
year, depending on location (Carter, 1977, p. 24).

8 kilograms of fine~-grained

Combined with the 1.82 x 10
sediment derived from erosion of the bluffs in southwestern
Ontario between the Detroit River and Point Pelee, Carter

8

(1977) has proposed that a total of over 9,6 x 10~ kilograms

of silt and clay and 1.75 X 108 kilograms of sand and gravel
are input to the western basin every year due to subaerial
and subagueous erosion of nearshore +ills and glaclolacus-
trine clays. Upon comparison with Kemp's (1975) data for
sediment derived from nearshore erosion, it can be seen that
Carter's {1977) data is over two times greater. The increase
in the input of sediment from these shoreline sources around
the western basin would seriously affect Kemp's (1975) sedi-
ment budget, which was discussed earlier in this section.
However, Kemp's (1975) sediment budget basically outlines the
various sources of material in the western basin area, and
plays an important part in the understanding of sediment
loading in this portion of Lake Erie, Eventually, Carter’s

(1977) data will be used to up-date the sediment budget of

the study area.




116

Surficial Sediment Distribution

Figure 17 shows the distribution of the sand observed
in the surficial sediments of the western basin., High-sand
concentrations (?50%) are present at various locations
within the basin. The high-sand zones are further illustrated
by Figure 18, which shows the sand-to-mud ratio of the sur-
ficial sediments, This map was constructed by plotting the
various sand to silt-and-clay proportions at the gsample lo-
cations in the study area, Using the ratio map in correla-
+ion with the sand concehtration map, the.various areas ©f
sand (>0.063 mm) occurence can be differentiated.

The areas at the mouths of the Detroit and Maumee Rivers
offer very significant results. The lower Detroit River
contains high-sand concentrations in the east (94.72%) and
west (51.1%) channels, and the middle of the river contains
somewhat less (39.07%) sand. Using ERTS photography (taken
on April 27, 1974), it can be seen that a highly turbid area
is present along the southern shore of Lake St., Clair. This
zone can be followed as it enters the Detroit River, where
it remains in the eastern channel. As the river enters Lake
Erie, the turbid plume extends southward into the basin until
it disappears. Outflow from the Detroit River's east chan-
nel also swings to the east along the Ontario shoreline,
forming a very high~sand (95%) zone, This zone, which ex-
tends from the Detroit River along the coast for about 10

kilometers (to Comet, Ontario), is also due to the northwest
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flowing littoral drift in the area. The Dbackflow eddy
erodes the till bluffs along the Ontario shore (Coakley and
Cho, 1972, p. 356), and retains the sediment within the eddy,
Tn addition to bluff erosion, the offshore zone in this area
is also subjected to subaqueous erosion, as reported by |
Walters (1974).

The west channel of the lower Detroit River contains
about 40% less éand than the east channel., As this section
of the river enters Lake Erie, grain size decreases consider-
ably. The low-sand channel in the middle of the river can be
attributed to the presence of Grosse Ile, which is directly
north of this zone. Grosse Ile is the largest of a series of
islands which physically bisects the lower section of the De-
troit River. The island barrier creafes the presence of a
lower energy‘ﬂvoid”-zone, thus forming a low-sand area within
the river. “

Between the outflow of the Detroit River and the Michi-
gan shoreline (from the Huron River to Stony Point), a lag-
deposit zone is present. The nearshore area contains aver-
age current velocities in excess of 0,75 feet per second
(Herdendrof, 1970a, p.35), and the bottom sediments are sub-
sequently subjected to winnowing and subagueous erosion
(Walters, 1974). The inflow from the Detroit River combines
with the local currents and relative shallowness (1 to 3
feet) of the area to remove most of the finer material and

form the lag deposits that are present.
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One additional feature in the Detroit Rivér'area is the
presence of an isolated, high-sand (72%) zone just south of
the river's mouth. This area of coarser sediment, which has
also been reported by Lewis (1966) and Verber (1957), can be
attributed to a combination of three possible factors: im-
mediate deposition from the Detroit River, reworking of bot-
+om sediments, and the dumping of dredged spoils in the area
(Natlonal Oceanic and Atmospheric Administration, 1972).

The mouth of the Maumee River is also interesting due to
the apparent lack of sand in the immediate area of Maumee Bay.
Although high-sand (71.86%) concentrations are present in
the lower portions of the river (Herdendorf, 1970b), the on-
ly areas outside the river with greater than 50% sand are lo-
cated along the eastern shore to Tittle Cedar Point. The
remainder of Maumee Bay is mostly muddy, with sand values of
less than 50%. This fact has also been documented by the
U.S. Army Corps of Engineers (1970). An isolated sand high
(88.1%) occurs just north of Maumee Bay near Turtle Island.
This area may be the result of 1ittoral drift (and be an ex-
tension of Little Cedar Point) or the reworking of bottom
sediments by current action. However, one musf also consider
the possibility that the dumping of dredged spoils may have
contributed some of the sand and gravel to the area because
of its proximity to the highly dredged approaches to the Port
of Toledo. A further explanation of this area with respect

to the Maumee sediment plume will be presented later.
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Most nearshore deposits are very sandy (»50%), ‘The
Michigan shoreline-area sediments are consistently sandy,
with the highest values occuring off Monroe (95.75%) and
the Swan Creek area (94,9%). Subaqueous erosion is very pro-
minent in the area east and northeast of Monroe (Walters,
1974), Another feature of the nearshore Michigan zone is the
apparent lower sedimentation rates in the immediate offshore
areas, especially at locations 30, 78, and 79 from cruise 4
(Walters, 1974), This seems to indicate that material is
being redistributed from the nearshore zones to deeper por-
tions of the basin in the east.

The extreme southwest Lake Erie shore, juSt north of the
Michigan-Ohio state line, possesses very low-sand concentra-
tions., Although sand is relatively abundant both east and
south of North Cape, the area of the Ottawa River estuary
and Indian Island is extremely muddy (Graves, 1977). This
is in part due to the protected nature of the area,

A narrow (about two kilometers wide) sandy strip is
present along the southwest Ontarioc shore from Comet, Ontar-
io, to Point Pelee (Coakley, 1972, p. 334). The size of this
nearshore zohe is due to a combination of features., The
lake-bottom gradient in this area is much steeper than along
the other shores of the western basin, which results in a
much more rapid drop-off into deeper water, In addition,
the poor drainage of the St., Clair Clay Plains in southwest-
ern Ontario contributes very little coarse-grained sediment

to the lake (Ongley, 1976, p. 471)., Therefore, almost all
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the sand along this stretch of shore must be derived from

the erosion and subsequent transport of material from the
intermittent bluffs along the coastline. This is accomplished
by the eastward-flowing littoral drift. The presence of the
narrow sandy strip along the Ontério shore is confirmed by
the relatively low-sand values (3.32 and 9.85%) in samples

4 and 5 from cruise 1, which are located from three-to-five
kilometers offshore in Pigeon Bay. The only variations in
thig narrow nearshore zone occur off Littles Point, where
bedrock outcrops at Grecian Shoals, and near Pelee Point,
where the sand zone spreads out areally and contains abundant
gravel deposits (Coakley, 1972, Dp. 334), Kindle (1933),
Coakley (1972), and Coakley and Cho (1972) have studied the
Pelee area in detail, and should be refgrenced for any addi-
tional information concerning the sediment distribution in
the area.

The Ohio shore is very sandy from the Maumee River to
Little Cedar Point, as previously:explained. The sand zone
continues southeast along the coast for about six kilometers
to the vieinity of Reno Beach, In this zone, northwest-
flowing liftoral drift predominates, as proven by the forma-
tion of Little Cedar Point. The sand along this stretch of
shore is probably derived from the nearshore erogion of
till material,

Very low-sand concentrations are located from Reno

Beach to Metzger Marsh, although some gravel is also present.
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From Metzger Marsh %o Locust Point, however, a very high
sand-gravel zone (94.98%) predominates. This lag-deposit
area, which extends lakeward into the bagin for about ten
kilometers, is probably due to the predominant southwest-
flowing bottom currents of the area, which range from 0,50
to 0,75 feet per second in velocity (Herdendorf, 1970a;
and Herdendorf and Braidech, 1972), as well as the bottom
topography of the basin, which is dotted with numerous Si-
lurian reefs (Benson, 1971)., The currents in this area of
the western basin constantly rework the bottom sediments of
t+his shallow, reef-dotted zone. Erosion of till material
probably supplies a large portion of the coarse sediment
to the area. A muddy channel separates this area from a
small sand (67%) zone located near West Sister Island.
Further discussion of this zone with respect to the clock-
wise currents of the area will be presented later in this
section. .

The remainder of the Ohio shoreline in the western ba-
sin consists of a relatively narrow sand—gravel'nearshore
zone, which grades into muddier sediments along the west
side of Catawba Tsland (Benson, 1971). An additional fea-
ture of the Ohio shoreline concerns the immediate beach-
offshore area. Although sandy beaches predominate along the
shoreline, the offshore zone (about two kilometers wide) is
mostly composed of clayey material (Verbver, 1957). This
clayey zone probably represents either glacial $ill and/or

glaciolacustrine deposits, which are in the process of being
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reworked by wave and current action.

One final important sand concentration is present in
the western half of the basin. This zone, which is located
immediately offshore from Monroe and the Raisin River, ex-
tends into the lake for about fifteen kilometers. This
sand rfplume” then splits into two diverging branches, which
‘die out within three to four kilometers. The larger, south-
ern branch may extend to the high-sand area near West Sister
Island, as proposed by Verber (1957). ©Sand concentrations
in the sediments of this zone range from 67 té 95%, with
variable gravel occurences. A detailed explanation of the
origin of this bottom sediment feature will be dealt with at
the end of this section.

Sand concentrations in the island area vary with loca-
tion. High sand concentrations (3 504) are present north and
west of Pelee Island, between Marblehead Peninsula and Kelleys
Island, and both east and west of South Bass Island. Else~
where among the islands, sand values range from L0 per cent
to almost nothing due to the complex currents and rugged
bedrock topography. These results, although obtalned using
widely spaced samples, compére very favorably with those of
Herdendorf and Braidech (1972), Benson (1971), and Hartley
(1961), who have analyzed the sediment distribﬁtion of the

igland area using many more samples. The same basic sedi-

ment zones, as well as the various gravel-sand-silt-clay
percentages, presented by these workers have also been veri-

fied by the results obtained in +his research, as shown in
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(1957), and Benson (1971) all make note of sandy areas along
the Ohio shore, in the island area, and lakeward from Mon-
roe, However, a few discrepancies are present. Thomas

et al. (1976) makes no mention of the sand zones near the
Detroit River, and Verber (1957) reports the presence of less
sandy areas along parts 6f the Michigan shoreline.

As previously stated, the sand/mud ratio map (Figure 18)
can also be used to delineate the high-sand zones in the
surficial sediments of the western basin. Large, high-
ratio (?2) areas are present along the Ohio shoreline (18.4
to 66,6), east of Monroe (2.3 to 46.4), from the eastern
channel of the Detroit River (17.9) to Comet, Ontario (61.5),
and east of the Swan Creek area (5.1 to 18.6). Two smaller
high-ratio zones are located near West Sister Island (2.1)
and just north of North Cape (2.2). Much of the Michigan
shoreline has lower ratios (1.7 to 1.1) than the areas located
to the east in the lake. This seems to indicate that although
large quantities of sand are present in the nearshore area, silt
and clay also occur in the 30 to 40 per cent range. The
lower sand/mud ratios seem to represent lower energies in
the nearshore zone along parts of the Michigan shoreline.

Most of these zones are located in the vicinlty of Brest and
La Pla}sance Bays. |

Silt distribution in the surficial sediment of the west-
ern basin ig shown in Figure 19. As expected, very low (<20%)
values are present in the areas of high sand concentration.

However, this map depicts the Detroit River as a bimodal
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stream with respect to silt occurence. Extremely low (1.8%)
values are present in the sandy eastern chamnel, and fair-~

ly constant silt concentrations (40.6 to Wi, 4%) occur in

the central and western sections of the river. It can be
assumed that any coarse materials exiting the Detroit River
as bedload are primarily derived from the eastern channel,
snd silts and clays are present in the bedload of the central
and western channels.

A high-silt zone (2 60%), which appears to originate
from the Detroit River, extends southward about 25 kilometers,
and then bifurcates into two separate branches. One extends
southwest towards Monroe, where it eventually dies out as
it collides with the Monroe-Raisin sand zone. The other
branch trends due east for about 15 kilometers, until another
bifurcation occurs. From this point, one branch extends
east towards the Pelee Passage, and eventually disappesrs in
the coarser deposits located south of Point Pelee. The
other branch trends towards the Bass Islands, where it.fades
out and disappears.

The other-high silt zone is located just north of Mau-
mee Bay. This semi-circular feature surrounds Turtle Island,
and then stretches eastward towards West Sister Island. The
zone then veers northeast until it connects with the “De-
troit River & silt plume. A small sub-branch seems to main-
tain an eastward bearing towards the South Passage, but this
feature dies out within too short a distance to be interpreted

in any detail.
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High-silt concentrations are normally absent in the
island area, with the exception of an anomalous zone located
west of South Bass Island. Silt concentrations increase to
the east of the islands, and high values (?60%) are again
found in the Sandusky basin.

One other zone on the silt distribution map should be
discussed. Between the Bass Islands and the high sand zone
north of Locust Point, relatively high (40-60%) silt con-
centrations are present. The sediment in this area contains
extremely low (<2%) sand concentrations and very high (~1)
silt/clay ratios. This seems to indicate that this area is
an extremely quiescent basinal zone which is in textural
equilibrium with the corresponding sediments. This muddy
area was also recognized by Benson (1971}, Herdendorf and
Braidech (1972), Verber (1957), Herdendorf (1968), and Thomas
et al. (1976).

The silt distribution proposed by Thomas et al. (1976,
p. 397) most closely resembles that in Figure 19. The only
significant difference between the two deals with the actual
percentages of silt in certain areas. This diécrepancy may
be due to various factors, ﬁost notably the grain-size deter—
mination techniques. The work of Verber (1957) fails to
differentiate silt from clay within the basin, but the muddy
zones in his report correlate very well with the high silt-
clay areas documented in this thesis. A few western basin
samples analyzed by Kemp et al. (1976) also.compare favora-

bly with this study. Only Herdendorf and Braldech (1972)




130

and Benson (1971) propose data which varies significantly
from the particle-size distribution presented here, and the
explanation for this discrepancy will be discussed later.

For the most part, the elay-distribution map (Fi-
gure 20) corresponds very well with the silt-occurence map
(Figure 19) in that the same basic features are outlined.

The highest clay values are present west of the Bass Islands
(53-58%) and north-northeast of Maumee Bay (55.4%). Probably
the most signhificant feature of this map is the more detailed
delineation of the sediment ”plume” exiting the Detroit Riv-
er., Using this figure, the plume can be ssen to leave the
river trending southeast, and eventually split into three
different branches. One extends towards Monroe, one con-
tinues southeast towards the Bass Islands, and the third
parallels the Ontario shore as it stretches towards the Pe-
lee Passage.

The deposition of silt and clay-sized sediment in the
western basin merits additional explanation, because two non-
related features seem to be prevalent in the muddy sediments.
Both these features cause some sort of aggregation of fine-
grained particles. The resultant aggregates, most of which
are sand to silt-sized, behave similar to coarser sediments
in agueous enviroments because of their increzsed mass and
larger hydraulic diameters. The two aggregafion processes
are probably the cause of several anomalously high areas of
clay concentrations where current velocities are too high to

permit settling of individual clay-sized particles directly
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from the water polumn, although silt and sand-sized material
can be deposited.

Whitehouse and Jeffrey (1954) and Sherman (1953) have
shown that clay materials are not deposited as individual
particles, but rather as aggregates or floccules. Pfister
et al. (1968, p. 113) have stated that floc-forming bacteria
and algae may attach themselves to clay-sized particles while
in suspension. This clay-organic combination forms a silt-
sized aggregate which settles to the lake bottom and becomes
incorporéted in the sediment under low turbidity conditions.
These workers have also determined that these floccules con-
tain certain biological mutrients and chlorinated pesticides.

Tn addition to this flocculation process, bottom-dwelling
macroinvertebrates also have a profound effect on silt and
clay~-sized particles in the basin. These organisms, listed
in order of decreasing abundance, are oligochaete worms,
dipteran larvae, Chironomidae midges, leeches, flatworms,
roundworms, clams, and snails (Herdendorf and Braidech, 1972,
p. 13). Most of these bottom dwellers produce voluminous
amounts of fecal pellets, which are composed of aggregates
of clay and silt-sized particles that have been ingested by
the organisms and excreted. The pellets behave much like sand
in aqueous énviroments, settling at much greater velocities
+han individual silt and clay particles {Oertel, 1973, D.

33)., Frey (1975), Rhoades (1963), Haven and Morales-Alamo
(1966), Harrison and Wass (1965), and Barrison (1972), to

name a few, have done large-scale research on various
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filter-feeding organisms and their respectiﬁe types of silt
and clay-composed fecal material. Under microscopic exa-
mination, the excretory pellets can be seen to be definitely
composed of mostly silt-sized material, although some clay
is obviously present. The pellets are all sand-sized, with
most of the aggregates occurring in the medium to very fine-
sand range (0.25 to 0,063 mm). The fecal pellets are well-
rounded to botryoidal, with'some minor cavity-like features,
as well as possessing an overall frosted appearance.

Because of these features in the sediments, especially
those with high silt-clay contents, special procedures had
to be undertaken in order to insure complete disaggregation
of the samples. Complete destruction of the aggregates 1is
necessary because a settling tube was used in the analyses of
sand-sized material in the western basin, If these floccules
or pellets were included in the analyses, the results would
be seriously affected due to the behavior of the silt and/or
clay-composed aggregates in an aquebus medium., For example,
although sand-sized fecal pellets may possess the actual
diameters of medium sand, the pellets would behave similar to
particles possessing smaller diameters because of the varia-
tions of mass and hydraulic eguivalence within the various
fecal aggregates. Therefore, the grain-size distributions
presented in this thesis illustrate the actual percentages of
sand-silt-clay~sized material without the effect of floccu-

lation and fecal aggregation,
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The problems of aggregation of fine-grained sediments
have been documented by several workers. Both Herdendorf
and Braidech (1972) and Benson (1971) have reported that
very small concentrations of clay-sized material were pres-
ent in their sediment analyses of the western basin. How-
ever, both reports went further to explain that large amounts
of clay are indicated to be present by means of x-ray 4if-
fraction (Benson, 1971, p. 15) and source-area studies
(Herdendorf and Braidech, 1972, p. 31). These workers have
attributed this discrepancy between the proposed and actual
presence of clay material to the flocculation of clay into
silt and sand-sized aggregates, as well as insufficient
disaggregation procedures. It should also be added that fe-~
cal pellet formation is also responsible for this phenomena.

As previously mentioned, great care was taken to insure
complete disaggregation of the pellets and floccules in order
to obtain ”accurate” grain-size distributions for the modern
cediments of the western basin., This procedure was apparent-
. 1y successful, as shown by the high silt and clay values ob-
tained in this study. The flocculation of clay minerals is
probably the cause of several anomalously high clay concen-
trations at various locations in the basin. Three of the
most obvious anomalies are located just southeast of the
Detroit River, southeast of Stony Point, and north-northeast
of Maumee Bay (Figure 20).

It is questionable whether a sediment-size distribu-

tion based on complete disaggregation of fecal pellets and
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clay floccules presents a proper perspective of the sedimen-
tation processes that oegcur in the western basin. With the
disaggregation procedure used in this research, Harrison
(1972, p. 107) reports that the fecal pellets, as well as
the clay floccules, are totally -destroyed, and the resultant
sediment is described as being r%ine—grained:’ However, a
“hatural” analysis (in which no effort is made to break up
any silt and/or clay-composed aggregates) would indicate a
high percentage of sand-sized sediment (Harrison, 1972, p.
107)., Such an analysis would seem to be a better indicator
of the hydraulics 6f sediment deposition in the study area.
In fact, these sand-sized aggregates, which can be trans-
ported intact from site of production to a different loca-
tion of deposition by suspension or tractioh transport
(Kerhin, 1977, p. 15), may represent a portion.of the actual
. depositional processes that oceur in the western basin. As
previously stated, Thomas et al. (1976, p. 385) have deter-
mined western Lake Erie to be in hydraulic disequilibrium,
but this proposal was based on the presence of large propor-
tions of fine—grgined:sediment in the basin. However, if
the sand-sized pellets and floccules, which are abundant in
the study area, are considered as being indicative of the
sediment in portions of the western basin, western Lake
Erie may be re-classified as being more in equilibrium with
the enviromental energy present in the area.

Although one can debate the uses of complete disaggre-

gation and “natural’’ analyses, each method has its own
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definite advantages and disadvantages. An answer to the
problem may be to analyze modern sediments according to both
procedures, and compare the results in én effort to correlate
aggregation processes with natural deposition.

Two fihal diagrams dealing with the surficial sedi-
ments of the basin are presented. Figure 21 deals with the
textural classification of the surficial sediments in the
basin., The classgification and corresponding nomenclature 1is
based on Shepard’s (1954) triangﬁlar diagram (Figure 22).
Using this diagram, the various bottom-sediment zones within
the basin can be differentiated. The Ohio, Ontario, and
northern Michigan shorelines are all sandy (@) in nature,
whereas the remaining Michigan shoreline 1is coﬁposed of
silty sand (F). The sand zone east of Monroe is composed of
5 combination of sand (G), sand-silt-clay (J), and clayey
sand (H). The area south of the Detroit River is a compesite
of gilt (C) and clayey silt (D), whereas the high-clay areas.
are silty clays (B).

The finai diagram concerns the mean-sand diameters of
certain surficial sands {Figure 23). Medium sands dominate
the nearshore areas, with the exception of Maumee Bay and
the extreme southern Michigan coast. The Maumee Bay sedi-
ment is composed of very fine sand, as is the Detroit River
area. Fine sands occur in the southern.Michigan nearshore
zone, as well as in the sand area east and séutheast of Mon-

roe.
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One consistent feature manifests itself in the sand-
'ﬂsize analysis. Along the Michigan shore, the sands present
in the immediate nearshore waters grade into coarser sand
'particles as one moves lakeward. This is also the case with
the sands located north of Reno Beach in northwestern Ohio.
The lakeward coarsening seems to support the theory that the
shoreline zones at certain areas df the western basin pos-

- sess lower-energy enviroments than those located farther
offshorelin the lake. _

Using the data supplied by the analyses of the sur-
ficial bottom sediments, the locations and extents of the
Maumee and Detroit sediment plumes can be discussed. In
addition, the presence of the Monroe-Raisin plume will be
incorporated into the discussion of the bottom-sediment

zones within the western basin.

' Characteristics of the Detroit, Maumee, and Raisin Rivers

Prior to discussion of the occurence of the various
bottom-sediment featurés within the basin, the sources of
these fluvial channels should be discussed and compared in
terms of morphelogy, hydrology, and sediment load.

The Maumee River drains a flat, gently rising ti11
plain which is covered by a thin veneer of glaciolacustrine
silts and. clays, as well as gome small sand ridges; The
drainage basin is heavily populated (1.1 million people)
over its entire length from Fort Wayne to Toledo. Although

the Maumee River supplies much less water to the western
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* basin than does the Detroit River (only one-eighteenth of
the total water inf;ow), if gtill ranks as the second-
most prolific polluter of the area (Limnos, 1972b, p. 22).

River-deposited alluvium, which is derived from the
older glacial sediments, ranges from olive-gray muds to
yellow-brown pebble and cobble zones. Herdendorf (1970b, -
p. 3) reports that surface samples contain average grain-
size distributions of 25% gravel, 54% sand, and 21% mud
(silt and clay). Surface éands are medium to well-sorted,
with a median diameter of 0.7 millimeters. Gravel layers
also occur at the bottom of two-thirds of the test-bore
hbles (Herdendorf, 1970b, p. 7). |

According to Kemp (1975, p». 372), 1.8 x 107 kilograms
of fine-grained sediment are deposited in the western
basin by the Maumee River every year. The drainage and
sediment loading has increased drastically since the 1880's
due to the excavation of drainage ditches in northwestern
Ohio (Sly, 19?6, p. 361). The silt contained in the out-
flow from the Maumee River makes up. about 25% of the total
silt-loading to Lake Erie {(Limnos, 1972b, p. 22).

Because thé Maumee River has a very gentle stream
- gradient of only 1.3 Tcet per mile over its entire length
(Herdendorf and Coopeor, 1975, p. 12), currents sometimes
vary depending on wind direction and velocity. Normally, ;
surface and bottom currents move downstream in a northwestern
direction with averafo velocities of 0.33 and 0,28 feet per

second, respectively (Herdendorf, 1970b, p. 7). However,
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winds from the north-northeast with velocities greater
than 15 miles per hour are adequate to stop downstream
flow and cause both top and bottom Eurreﬁts to move up-
stream with an average velocity of 0.23 feet per second
(Herdendorf, 1970b, p., 7). The current velocities in
the Maumee River are insufficient to'erode sand, but are
adequate to transport particles as large as coarse-grained
~sand once the particle igs in motion (Postma, 1967, p. 158).
The Maumee River is typical of all the streams and
creeks along the western and southern shores of the west-
ern basih in that the river and creek mouths are in é
state of submergence (Herdendorf, 1970Db, p. 7; and Liu,
1970, p. 360). This causes the actual mouth of the Maumee
River to be located just upstream from the Maumee—?errysburg
Bridge. The submergence is due to the slow upward tilting.
of the lake on the Canadian side which has depressed the
lower Maumee River to a point where Lake Erie has encroached
on the valley, forming the estuary that is present today
(Brant and Herdendorf, 1972, p. 713). This tilting is the
result of isostatic rebound due to the removal of glacial
ice. Moore (1948, p. 697), has calculated that the Toledo
area 1s heing depressed at a rate of 0.72 feet per century
due to isostatic rebound on the north side of Lake Erie.
This drowning of the Maumec River therefore plays a sig-
nificant factor in the extent and size of thé_Maumee sedi-
ment plume.

The Detroit River supplies over eighteen times more
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water to the western basin than the Maumee River, but these
waters contain less sediment than do the waters of the Maumee,
Over 1.4 x 107 kilograms of fine-grained sediment enter the
' westerﬁ basin every year from the Detroit River (Kemp, 1975,.
P. 372). MWMost of the sediment is derived directly from Lake
St. Clair, and indireétly from southern Lake Huron. Because
of this factor, much of the sediment contained in the outflow
from the Detroit River contains the same sedimentological
characteristics as does tﬂe St. Clair River (Duane, 1967,

p. 115), Although the water entering Lake S+. Clair is
relatively unpolluted, the Detroit River is considered to

be the major polluter of Lake Erie (Limnos, 1972b, p. 23).
This is due to the heavily populated (4.7 million) and

highly industrialized region which surrounds the drainage
area of the river,

The northern section of the Detroit Riverlis island-
free except for two small islets near Lake St. Clair, This
part of the river has an average width of 2,400 feet with a
mean depth of 25 feet. The stream bottom at this point is
composed mostly of clayey material (U.S.. Department of Health,
Education, and Welfare, 1965, p. 152). The river currents
average 1.80 feet per second, with an average direction of
202° (Herdendorf, 1970b, p. 7).

The lower portion of the Detroit River is much wider and
shallower than the upper section, and is separated into two
channels by .several islands. The channel bottoms are composed

of material ranging from medium and fine-grained sands %o
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silts, although some anomalous gravel zones occur along the
river banks and in the vicinity of the inter-river islands.
Despite its gentle stream gradient df 0.09 feet per mile

(U.S.Department of Health, Education, and Welfare, 1965,

p. 151), the average velocity of the surface flow of the
Detroit River is about 1.5 feet per second (0'Leary, 1966,
p. 343). Bottom currents are somewhat more gentle. The
high current velocities allow the river to pick up and
transport a vast range of material. Subseguently, the large
water influx (193,000 cfs) of the Detroit River combines with
the one mile per hour current to dominate both water and
sediment circulation in the western half of the basin.

The discharge of water from the Detroit River has not
been constant over the past 190 years, Eighty years ago,
. engineers began dredging the river to improve navigation in
the area. These channel changes have succeeded in effective-
ly lowering the levels of Lakes Huron and Michigan by at
least two feet (Hough, 1963, p. 107). The lowering has re-
sulted in an éverége Water—discharge increase in the Detroit
River outflow of at least 1,000 cfs over the past eighty
years (Brunk, 1968, p. 1345), as well as a corresponding in-
crease of sediment discharge. 7

The average-socdiment discharge of the Detroit and Mau-~
mee Rivers is highly variable due to a variety of interre-
lated factors, Becnuse of these variable effects, much
discrepancy exists between the several .proposed sediment-

load values for tho two rivers, Because it is virtually.
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impossible to measure actual bedload flow into the western
basin, all sediment-load figures deal with the suspended load
of the rivers. Methods of calculating the sediment load
vary from direct measurements to theoretical estimations
based on such constants as delivery ratios and basin size.

| Probably the most widely accepted data for sediment loads
in the Lake Erie basin is proposed by'the International Joint
Commission (1969). Kemp (1975) used this data to construct
a sediment budget for Lake Erie. According to these figures,
the fine-grained sediment influx of the Maumee and Detroit
Rivers is 1.8 and 1.4 x lO9 kilograms per year, respectively.
However, the IJC describes this input as the tributary waste
discharge to Lake Erie in 1966-67, and calls the inputs'éuspended
solids " (International Joint Commission, 1969, p. 201): Sus-
pended solids consist of all suspended sedimént‘plus ”..._small
particles of go0lid pollutant that resist separation by con-
ventional meaﬁs ”(Izaak Walton League of America, 1973, p. 89).
These sﬁspended solids also include municipal and industrial
wastes, as well as agricultural runoff (International Joint
Commission, 1969, p. 201). |

The U.S. Geological Survey published a series of articles

in which estimates of the average annual sediment deposition
of several Mibhigan and Ohio rivers was reported. The dafa
reported consisted of estimntions of the inputs of erosion
sources to various rivers in the Lake Erie basin. However,
sediment-load figures were based on theoretical calculations,

not direct measurements. The sediment load for the Maumee
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River was calculated to be 1.1 x 107 kilograms per year
(Federal Water Quality Administration, 1970, p. 315). This

8 kilograms per year less than the

figure is over 7.0 x 10
loading proposed by the IJC (1969, p. 202).

The U.S. Department of the Interior has published
water-quality reports every year in cooperation with the
states of Ohio and Michigan. 1In these publications, values
for the suspended sediment of the Maumee, Detrbit,and Raisin
Rivers are réported. The figures are based on direct mea-
surements at water gquality stations along these rivers. Sus-
rended sediment iﬁ the Maumee River was measured at Water-
ville, Ohio, which is only a few kilometers upstream from
the ﬁctual mouth of the river. The data is therefore fairly
indicative of the suspended sediment load in the lower portion
of the Maumee River due to the rather constant current veloc-
ities in this section of the river. The average suspended-
sediment load for 1967, 1969, 1973, and 1974 was 1.5 x 107
kilograms per year (U.S.Geological Survey, 1968, 1971b, 1974,
and 1975c). Sediment loads ranged from 1.1 x 107 kilograms
per year in 1969 to 2.1 x 10° kilograms per year in 1974,

Suspended-sediment load in the Detroit River has been
recorded only once by the U.S., Deparitment of the Interior,
and it was calculated that 2,15 x 107 kilograms of suspended
sediment entered Lake Erie during the 1l2-month period of
measurement. Measurements were made at the Defroit'Municipal
water intake, which is about 20 miles upstream from the mouth

of the river, and currents in this area are somewhat more
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powerful than'those in the lower stretches of the Detroit
River, These.higher currents may be responsible for the:
rather high figure for the suspended-sediment load from the
Detroit River.

A five—year average for suspended sediment in the
. Raisin River is also‘present (U.S.Geological Survey, 1970,
197la, 1973, and 1975a). The sediment load, measured at
Monroe, has decreased from 1.3 x 108 kilograms per year in
1968 to 0.4 x 108 kilograms per year in 1973. The average

8 kilograms per year,

over this five-year span is 0.7 x 10
but present-day sediment load is probably much more equiva-
lent to the load capacities measured in 1973 because of

the damming of the lower stretches of the Raisin River.

One additional reference to suspended sediment load will
be presented here. Walters and Herdendorf (1975) presented
data for the sediment load in the Maumee River from 1949 to
1968, Values ranged from 0,27 x 109 kilograms per year in
1964 to 2.1 x 109 kilograms_per year in 1952, The average
over this nineteen-year period is 1.0% x 107 kilograms of
suspended sediment per year,

As one can see, the sediment influx from the Maumee and
Detroit Rivers, as well as the other minor streams in the
western basin area, is highly variable and open to debate.
This is due to stream flow, precipitation, runeff, and cur-
rent patterns, which tend to vary from time to time. In addi-

tion,many other intangible physical characterictics also tend

to affect sediment load. When one combines all the variables
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with the various methods of measurements that are used to
calculate sediment loads, numerous discrepancies can be
expected: The differences between various reportiﬁg agen-
cies is illustrated in Table XVII, which lists several sus-
pended-sediment load values for the rivers of the western
basin.

In addition to suspended-sediment loads, the U.S.G.S.
also calculated the particle-size distribution of the sus-
pended sediment at various times of the year. In 1974-75,
the entire suspended load of the Detroit River at Detroit
was found to be finer than 0,062 millimeters in diameter,
with the exception of October, 1974, when only 87% of the
suspeﬁded load was finer than 0.062 millimeters in diameter
(U.S. Geological Survey, 1975b, and 1976)}. These figures
definitely support the theory that the Detroit River is
a silt-carrying stream. Suspended sediment load in the
Maumee and Raisin Rivers wés analyzed for particle-size dis-
tribution by the U.S. Geological Survey (1968, 1970, 1971b,
1972, 1973, 1974, and 1975¢), and the results are presented

in Table XVIIT.

The Location and Extent of the Sediment Plumes
in the Western Basin

Figure 24 illustrates the approximate locations and
“extents of the Maumee and Detroit River sediment plumes, as
well as a semi-circular, sand-gravel zone which this worker

has termed the Monroe-Raisin plume.
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Table XVII. ‘Various sediment loads for the rivers in the

western basin area.1

River 3% B 2 c ¥ p 2 g ©

Detroit 16,0 - 23.7 - -

Raisin 0.04 1.2 0.7 - -

Huron 0.02 0.65 - - -

Sandusky- - 2.26 - - 2.7
Toussaint

1 8

2

all figures are in 10

kilograms per year

Tnternational Joint Commission (1969)

3 pederal Water Quality Administration (1970)

% 4. s. Geological Survey (1968, 1970, 1971a, 1971b, 1972,
1974, 19752, 1975b, 1975c, and 1976)

5 Walters and Herdendorf (1975)

6

Qhio Division of Water (1953)
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The Detroit River plume has already been partially
described in the discussions of the silf and élay distribu-
tions in the western basin (Pigures 19 and 20). This plume
is relatively easy to delineate because of the large size
of the Detroit River water mass, which controls a majority
of the flow patterns in the western basin. The plume, which
is extremely muddy, moves south-southeast from the mouth of
the Detroit River. One small branch bréaks off towards the
Michigan shoreline and disappears near Stony Point. The main
body of the plume moves southeast en masse, and a bifurca-
tTion occurs in the vicinity of longitude 83° 00’ to 830 05'
west and latitude 41° 55’ north. The main branch of the
sediment plume then extends eastward towards the Pelee Passage
and the central basin by following a route that parallels the
Ontario shoreline, The much weaker, secondafy branch main-
tains a southeast bearing towards the Bass Islands and the
‘South Passage. The location and extent of this Detroit River
plume agrees very well with the Detroit River plume proposed
by Walters and Herdendorf (1975) in Figure 7, which was based
on mercury concentrations and sedimentation fates.

The initial location and extent of the Detroit River
plume can be verificd with the aid of NASA ERTS photographs.
Photos taken during the summer months, when low turbibity
conditions predominnte (Burns, 1976b, p. 488), best illustrate
the presence of thiu {luvial feature. The ERTS_photos,‘which
were taken on Auguni 18, 1973, June 20, 1974, and July 15, 1976,

clearly depict a plume-like fenture emerging from the Detroit
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River. The plume ig seen to extend into the basin for about
25 kilometers in a south-southeasterly direction. Although
ERTS photographs taken during the high turbidity seasons
(spring and fall) do not depict the Detroit plume as clearly
as do the summer pictures, the plume can still be identified
in photographs taken on September 7, 1976, April 27, 1974,
April 7, 1976, and April 4, 1975, |

In comparison, the sediment plume of the Maumee River is
much more complex and difficult to explain., This is due to
the relative size of the Maumee River water flow, which is
only one-eighteenth that of the Detroit River (Federal Water
Pollution Control Administration, 1968, p. 34). Because of
this factor, the actual Maumee plume is broken up and dispersed
by other hydrologic features in the basin, and most of the
sediment ih the plume is removed from suspension in a rela-
tively small area.

As previously stated, the Maumee River contains very
little sand in its bedload, as proven by the ﬁinor occurences
of sand in the Maumee Bay area and the suspended-load anal-
ysis conducted at Waterville, Ohio (U.S. Geological Survey,
1968, 1971b, 1974 and 1975¢). Because the suspended load
of the Maumee River contains significant percehtages of silt-
sized particles, it can logically be assumed that any resultant
sediment plume would be extremcly muddy in natufe- The initial
Maumee plume confirms +this asuumption. The fluvial channel
exits the river and passes through the eastern half of Maumee

Bay as it heads.northeast inte Lhe lake basin., This movement
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is illustrated by ERTS photographs taken on June 20, 1974
and August 18, 1973, A minor portion of the plume veers
to the east and follows the Ohio éhoreline. as documented
by Hartley (1961), and dissipates after a few kilometers.
At this point, the Maumee sediment plume achieves its max-
imum width, and extends from latitude 31° 45’north, 830 201
west to latitude 41° 45 north, longitude 83° 13.6 " west,
a distance of about l5_kilometers. The Maumee sediment
plume then turns northward and continues as a single unit
for about 12 kilometers. Eventually, the plume intersects
a sand-gravel zone (the Monroe-Raisin plume) at a point
southeast of Monroe. Prom this location (latitude 41° 50
north, longitude 83° 15° west), a small,vminor plume veers
due west for about 8 kilometers, until it disappears off
the Michigan coast. |

In the area north of the intersection of the Maumee
sediment plume and the Monroe-Raisin plume, grain-size dis-
tribution seem to indicate that a portion of the silty'
Maumee plume "bisects" the coarse-grained Monroe-Raisin
plume and extends ndrthward to the area Jjust soﬁth of Stony
Point (Figure 24). This apparent “channel)1 which is also
éhown on the sand, silt, and clay distribution maps (Fig-
ures 17, 19, and 20), is very narrow, with a maximum width
of only 4 kilometers. This northward extension of the Maumee
plume has also been reported by Walters and Herdendorf (1975)
and is shown in Figure 7. Hydrologically, it is physically

improbable for the Maumee sediment plume to bisect an active
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Monroe-Raisin plume, which is an area of coarse sediment
created by subagueous erosion of bottom materisl, -

This apparent extension of the Maumee plume through
the Monroe-Raisin plume may be attributed to a combination
of two possible hydrologic causes. The Federal Water Pol-
lution Control Administration (1968) has reported that
the nearshore area between Stony Point and Toledo contains
a series of swirling current features. 0'Leary (1966) has
also reported that the southeast Michigan shoreline is
characterized by several eddy-like features in the nearshore
areas. It is possible that these swirling currents may be
partially responsible for the silty northward extension of
the Maumee plume by ”pulling"sediment northward from the
main body of the Maumee plume. In addition to the swirling
currents in the area, variations in water and sediment
output from the Raisin River may have played a significant
role in the formation of this northward extension of the
Maumee plume during the most recent sedimentation history of
the western basin. Upon remembering that this extension of
the Maumee plﬁme is based on analysis of surficial (0-2 em)
sediment, it may be possible that the damming of the lower
portions of the Raisgin River may have significantly affected
water and sediment movements in the offshore area, These
physical variations may have resulted in a '}e—routing" of
a portion of the Maumee sedimeht plume through an inactive
zone of the Monroe-Raisin plume. In addition to these two

possibilities, silt in suspension from the Maumee plume may
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of '

completely overshoot‘ the Monroce-Raisin plume, and eventually
be deposited north of the coarse-grained bottom-sediment fea-
ture. |

The origin of the Monroe-Raisin sediment‘plume is com-
plex and difficult to explain., Apparently, a combination of
features create a massive reworking of the bottom sediments
in the area which form the coarse nature of the sediment zone,
This subaqueous erosion has been reported by Walters (1974)
to be occurring both north and east of the offshore Monroe
area. The reworking can be tfabed to many influential fac-
tors. The Raisin River enters the lake at Monroe, and con-
tributes an average of 714 cubic feet of water per second to
the basin (Federal Water Pollution Control Administration,
1968, p. 34), In addition to the water input, over 0.7 x
108 kilograms of sediment per year (U.S. Geological survey,
1970, 1971a, 1972, 1973 and 1975a) are also cqntributed to
the western basin from this river. Although these figures are
small when compared to the input data of the Detroit and
Maumee Rivers, it probably is sufficieﬂt to significantly
affect the enviroment of the lake bottom in this area. In
addition, the lake bottom in the vicinity of the Monroe-
Raigin plume is glightly shallower than the surrounding area,
due_to the underlying Silurian bedrock, and this factor may
also contribute significantly to the reworking of the bottom
sediments in the Monroe-Raisin plume.

More important than all these features, however, are the

current-flow patterns of the area. Southward-flowing waters
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from the Detroit River move along the Michigan coast and
collide with the eastward-flowing Raisin River water mass
and the northward-flowing Maumee River water mass to create
the complex currents.whichlcontrol the subagueous reworking
of the bottom sediments in this area. This results in the
formation of an eastward-trending feature which appears to
emanate from the Raisin River. On the west side of the
Maumee plume extension, the Monroe-Raisin plume is only
about eight kilometers wide, and the eastern portion is
much larger, extending from about fifteen kilometers off-
shore to the vicinity of West Sigter Island. The shape of
this feature is directly related to the southward-flowing
water mass of the Detroit River, which deflects the eastward-
trending sand body to the south in a cifcular, clockwise

" pattern towards West Sister Island and the Ohic coast. The
sand body located near West Sister Island may be directly
related to this feature, as proposed by Verber (1957). This
clockwise-swirling feature is also the primary cause of the
northwest-flowing littoral drift along the Ohio shoreline
from Reno Beach to Little Cedar Point, and the resultant
high-sand zone along this section of the Ohio coast. The
longshore current is eventually superseded by'the outflow
from the Maumee River. Aside from this southern branch, a
minor, northeast-trending body alsoc extends from the main
portion of the Monroe-Raisin plume. The clockwise flow of
this southwestern Lake Hrie sediment feature has been doc-

umented by numerous workers, including Hough (1958), the



Page 158 is blank



159

Federal Water Pollution Control Administration (1968), and
Simons (1976).

One additional bottom-sediment feature in the western
basin should be dispussed in further detail. This feature
ig the extremely high-sand zone which is located just north
of Maumee Bay near Turtle Island, as shown in Figure 17.
Both Hartley (1960) and Verber (1954) attribute this sandy
zone to the northwest littoral drift that is predominant
along the northwest Ohio shore, According to these two
" workers, the longshore current carries sand along the Ohio
shoreline, as well as depositing sand across the mouth of
the Maumee Bay from Little Cedar Point to Turtle Island.
None of the sand originates from the Maumee River due to
the sluggishness in the lower reaches of the river (Her-
.dendorf and Cooper, 1975, p. 16). This fact is supported
by the presence of muds in the lower reaches of the Maumee
River, as well as in most of Maumee Bay. According to
Hartley (1960, p. 72), almost all of the sand located in
Maumee Bay 1s derived from either sources in the lake it-

- self or from the proposed sand bar that stretches across the
mouth‘of the bay. Finer sand in the underwafer sand bar is
rehsuspended by wave action from the open lake, and the
suspended material is transported into Maumee Bay. This re-
sults in the occurence of medium to fine sands in the bay,
whereas the lower reaches of the Maumee River contain much
more silt and clay (Herdendorf and Cooper, 1975, p. 129-131).

A more detailed description of the sediment sources and energy
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zones in Maumee Bay have been documented by McBride (1975).
The proposed extension of an underwater bar across the
mouth of the Maumee River is valid except for one important
question: how does the longshore current cut across the
water mass of the Maumee River as it exits Maumee Bay and
enters the western basin? Hydrologiéally, it is possible
for some material to be transported to the vicinity of
Turtle Island by longshore currents, but it is the opinion
of this worker that other factors play a significant part
in the formation of this extremely coarse-grained bottom-
sediment feature. Southerly-flowing longshore currents
along the Michigan shoreline carry large amounts of sediment
in suspension, as shown by the formation df Woodtick Penin-
sula and North Cape., As this flow nears Maumee Bay, however,
it is possible that it collides with the outflow from the
Maumee River, and subsequently dumps most of its sediment
(both bedload and suspended material) in the Turtle Island
area, In addition to this collision of currents, the dump-
ing of dredged spoils in the area may also contribute signi-
ficant amounts of coarse-grained material to this area,

as reported by the U.S. Army Corps of Engineers (1974, p. 1-85).

Sediment Cross Section Analyses

The cross sections used by Walters and Herdendorf (1975)
roughly transect the proposed sediment plumes in the west-
ern basin (Figure 12). Analysis of the cores along these

cross sections should clarify the presence of the fluvial



161

channels of the Maumee and Detroit Rivers, as well as the
extent of the Monroe-Raisin plume. Any variations in the
depositional history at any one sample location will also
become evident. These variations should reveal any changes
in the location and extent of the sediment plumes which

may have been caused by lake level changes and/or fluctu-
ations of sediment and water input.

The results of each core analysis have been calcu-
lated and transferred to cross sections. The appropriate
sand and silt concentrations, as well as the sand/mud
ratio, mean-sand size, and textural classification for each
core interval are recorded on these cross sections, which
have an average vertical exaggeration of 27,000 times.

Cne additional analysis wés also conducted. Walters
and Herdendorf (1975) calculated the depth of the original
mercury increase in the cores they analyzed, which occurred
in 1939 (Walters and Herdendorf, 1975). Using this data,
the total amount of sediment deposited since that time
can be calculatéd. The resultant sedimentation rates
obtained from this research were used to construct the map
in Figﬁre 7, and these same rates of deposition will be
used to additionally delineate the locations of the Detroit
and Maumee sediment plumes, as well as the other deposition-
al areas in the western basin. Table XIX lists the sedi-

mentation rates for the sample locations used in this study.
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Table XIX. Sedimentation rates for some of the samples
used in this study.
: Sedimentation Sedimentation
- Location rate (em/yr) Location rate (cm/yr)
2 0.19 48 0.31
3 0.50 i} 1.88
5 6.31 50 NR
11 0.63 5] 0.25
15 0.27 52 0.19
17 0.97 55 1.19
i8 1.77 56 0.88
19 2.22 57 1.81
21 erosion 58 - 1.13
23 0. 56 59 1.13
24 0.84 60 1.00
25 1.25 61 0.31
26 1.56 63 " NR
27 1.13 6 0.50
28 NR 65 0.88
29 erosion 66 1.14
30 0.06 67 0.75
31 0.50 68 erosion
33 0.4k 69 erosion
34 1.25 71 1.13
35 2.19 72 0.19
36 0.19 73 NR
37 0.75 74 0.44
38 . 1.00 75 1.59
39 0.31 76 NR
Lo 1.25 78 0.19
41 erosion 79 0.25
L2 0.88 80 1.75
43 0,97 82 0.25
hh 1.13 83 0.63
45 0.38 84 0.63
46 0,38 85 0.88
L7 1,00 86 1.13

1 from Walters (1974)
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sand intervals in each core, which range from 20 to 50
centimeters in depth, were all deposited about 1940, where-
as the upper sand lenses in cores 24 and 25 were deposited
about 1953. The similar ages of these sand features seem
to indicate that they are related to some physidal changes
in the enviroment of the entire western basin, instead of
being related to a random variation in sedimentation. This
is definitely the case with the deepest sand lenses, which
were deposited during a period of low lake levels and min-
imum water input from the Maumee and Detroit Rivers (Walters
and Herdendorf, 1975).

The grain size of the sand fractions within the core
intervals of this cross section parallel sand concentra-
tions (Figure 27). Medium to fine gands (0,15 to 0.332 mm)
are present in the nearshore zone (cores 28, 29, and 30),
as well as in the sand lenses located in the Detroit sedi-
ment plume. However, the majority of the sands in the De-
troit plume are very fine to fine (0.09 to 0.15 mm) in na-
ture, although over half of the intervals in this section
of the profile (cores 23 to 27) contain insufficient sand
to analyze. This is an additional indicator of the fine-
ness of the sediments within the Detroit River plume.

Silt concentrations in this cross section range from
2 to 85% (Figure 28)., The sandy nearshore gsamples contain
expectedly small amounts of silt (<15%), as do the sand
lenses in cores 26 and 27. The remaining sand lenses in

the Detroit plume contain higher silt concentrations of up
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E .
to 50%. Apart from these sand zones, 8ilt concentrations

are fairly consistent in that almost all of the intervals
within‘the plumé contain_greater than 50% silt. The only
- noticeable frend within +the silt occurences in Figure 28
is thé»apparent'increase in silt concentrations from west
to. east achss_the Detroif River sedimenﬁ plume, which is
over 21 kilometers-wiQe in cross section A-a",

Texturallj; the sediment within the plume is mostly
composed of clayey silt and silt, as shown in Pigure 29.
The sand lenses 1oéafed in the deeper portions of cores
23, 24, and 25 are marginal sand-silts, depending on the
concentrations of fine-grained sediment. The sand zbdnes
in cores 26 and 27;'as well as the nearshore-zand zone,
are all sandy according to Shepard's (1954) textural
classification,

Figure 30 illustrates the varilous accumulations of
sand (and gravel), silt, and clay in cross gsection A-A7
since 1939. In the nearshore zone, only core 30 presents
any detectable depositidnal history, and this is relatively
minor, as indicated by the small sedimentation rate (0.06
cm/year) calculated by Walters (1974). The other two
cores in the nearshore zone (28 and 29} show no sediment
accumulation since 1939 because of subaqueous erosion in
this shallow (1 to 3 foot) area.

The Detroit sediment plume, on the other hand, 1il-
lustrates a significant depositional history. Up to 52

centimeters of sediment have been deposited since 1939,
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with silt being most abundant. Maximum gsedimentation has
occurred at core 26 (52,0 cm), which seems to indicate that
this location (latitude 41° 597 and longitude 83° 06  west)
ig pear the main channel of the Detr01t plume, Sediment
deposition at the surrounding core locations indicate that
the plume east of the main channel is over three times wider
than the plume on the western side of the channel (Figure
30), The lateral extent of the plume corresponds with the
proposed castward extension of the Detroit sediment plume

as it moves deeper into the western basin of Lake Erie.

Cross Section B-B’

Cross section B-B’ crosses parts of five depositional
zones as it tfansects the western basin along latitude 41°
55" north. From west to east, these features are the Michi-
gan-nearshore zone at core 68 (longitude 83° 18" west); the
northward exten31on of the Maumee plume at cores 67 and 16
(longitude 83° 16 west to 83° 1% west); the western branch
of ‘the Detroit plume at cores 65 and 15 (longitude 83° 12”°
west to 83° 10 west):; the northeast extension of the Monroe-
Raisin plume 4t cores 14, 41, and 42 (longitude 83° 10 west
to 83° 06 west), and the main body of the Detroit plume at
cores 139, 40, and 13 (10ng1tude 83°% 06 " west to 83° 01  west).
These depositional zones can be partially differentiated
using the sediment-analyses results obtained from the cere )

intervals along this cross section.
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The sand concentrations along this cross section are
presehtgd in Figure 31. In the west, the nearshore zone off
Michigan is characterized by high sand-gravel occurences up
to 88 per cent. The northern extension of the Maumee plume,
which is only -about 4 kilometers wide, contains rather low
(<4%) sand values which gradually increase to 10-20% with
depth. The coarsening down the core may be related to fluc-.
tuations in sedimentation in the area. As previously ex-
plained, the damming of the Raisiﬁ River has significantly
affected both water and sediment input to the western basin
from that river. The low sand concentrations in the top %
centimeters of cores 67 and 16 (Figure 31) may be the result
of the increase in silt concentrations northward from the main
body of the Maumee sediment plume. The higher sand values
present below_the L centimeter depth may be indicative of
a smaller influx of silt prior to the damming of the Raisin
River. This factor may have combined with other hydrologic
conditions to form the coarser gsediments that are present in
the middle porfions of cores 67 and 16.

Moving eastward into the western branch of the Detroit
plume (cores é5 and 15), which is only about ? kilometers
wide at this point, sand values in the surficial sediments
maintain rather low (<5%) concentrations. This is especially
+he case in core 65, where the low sand zone extends to a
depth of about 20 centimeters. Below 20 centimeters; however,
gand values increase to over 24%, as shown in Figure 31.

Using Walters (1974) sedimentation-rate data, these sandier
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zones can be dated as having been deposited during the pericd
from 1940 to 1942, As previously explained, low lake levels,
ngs well as below average water inputs from the Detroit and
Mzumee Rivers, must have resulted in the fofmation of a
higher energy enviroment in this aection of the lake basin.
This factor also explains the presence of the sandy (41%)
interval in core 67, which has also been dated as having been
deposited in the early 1940's.

Cores 41, 42, and 14 illustrate +he influence of the
northeast branch of the gandy Monroe-Raisin plume by the pre-
gsence of consistently higher sand concentrations than are
located in the surrounding cores (Figure 31). From 0 to
16 centimeters, sand values from 5 to U48% are present in the
core intervals. The variability of sand occurence throughout
+hese three cores is probably related to lake;level fluctua-
tions during past sediment deposition. |

In the main body of the Detroit sediment plume, sand
values in the 0.9 to 7.8% range are present (Figure 31).

Most of the core intervals conftain very low (<5%) sand con-
centrations, with the exception of a sandier lens which is
present throughout the three cores (13, 39, and Lo), This
coarser lens is dated to have been deposited dﬁring the early
1940's during low lake levels. The glight increase of sand
within the lens can be attributed to deviations in the de-
positional history of the Detroit sediment plume caused by
the variations in lake level. The additional sand was

probably derived from the Monroce-Raisin plume to the west,
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which was also much sandier”during the low-lake period from
1940 to 1944, |

Sand/mud ratios basically parallel the previous dis-
cussion of sand concentrations along this cross section
(Figure 32). Very high_ratios () 2) only occur in the ex-
tremely coarse-grained nearshore z0one (core 68)., Much of the
remaining cross secfion is characterized by ratios between
0.1 to 1.0, especially in the western and main branches of
the Detroit sediment plume. Relatively high'(l—z) values are
present in the coarser Monroe-Ralisin plume, as well as in the
northward extension of the Méumee plume. |

$i1t concentrations in cross section B-B  are also very
good indicators of the different depositional zones in this
section of western Lake Frie, as shown in Figure 33, As ex-
pected, the nearshore zone contains very little silt (1.5%).
The northern extension of the Maumee plume contains high |
values (® 60%) which are relatively constant throughbut these
two cores (67 and 16). This fairly constant silt occcurence
gseems to indicate that any‘changes in fhe enviromental energy
within this portion of the basin affect sand and clay %o a
much greater extent than silt, which seems to remain con-
stant. The Wesfern branch of the Detroit plume contains high
(> 60%) silt values in cores 65 and 42, whereas lower values
(¢ 60%) are present between these two cores at station 15;
as shown in Figure 33. This parallels the sand concentrations
of the plume which indicate that core 15 is consistently

gandier than the eastern and western sides of the Detroit
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plume.

Tn the Monroe-Raisin plume, it is'injereSting to note
that although this is a supposedly sandier féature, as shown
in Figure 31, high (60 to 93%) silt concentrations are usu-
ally present. This fact seems to demonstrate_that'the
northeast branch of the Monroe-Raisin plume is primarily
n silt-depositing feature with very little clay included in
the sediments. Both east and west of this zone, however,
claj concentrations are normally much higher due to the gif-
ferent currents within the Detroit plume at both these loca-
tions (cores 65 15, 40, 39, and 13).

The main body of the Detroit plume contains relatively
high (60-85%) silt concentrations, except in a slightly
coarser lens whieh runs through the three cores that are
present in the plume (cores 13, 39, and Lo). Combined
with the low sand occurences in the plume (Figﬁre 31), *this
seems to verify that clay values are fairly consistent
throughout the area of the Detroit sediment plume.

Texturally, much of profile B-B’ can be classified
as either a silt or silty clay, with a few exceptions, as
shown in Figure 34.; The nearshore zone 1s sandy in ngture,
while a few sandy silt, silty elay, and silt& sand intervals
are present in cores 14, 15, 16, 41, and 65. Of the five
depositional zones encountered in this profile, only the
cores in the main body of the Detroit plume éontains rela-
tively consistent grain-size distributions. |

Figure 35 illustrates the total sediment accumulation
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in the corés gince 1939 in this cross gection. In the
nearshore zone {(core 68) and the northward extension of

the Maumee plume (cores 16 and 67), no depositional history
exists due to subaqueous erosion (Walters, 1974) caused by
the complex currents located in this section of the western
basin (0'Leary, 1966). In the western branch of the Detroit
plume, only core 65 contains any appreciable sediment ac-
cumulation since 1939, Over 28 centimeters of material
have been deﬁosited at this location, with siit making up
almost 56% of the sediment. According to Walters (1974),
subagueous ercsion has destroyed any evidence of deposition
since 1939 in core 15, In +he Monroe-Raisin plume, sedi-
mentation has occurred in cores 42 (29 cm) and 14 (19 cm),
while no information is present for core 41, In this fea-
ture, silt also predominates, making up an average of over
71% of the deposited material.

The main body of the Detroit plume possesses an inter-
esting sedimentation history since 1939, as shown in Figure
35. Over 41 centimeters of asediment have been'depositéd
2t the location of core 40, on the western side of the
plume, with silt composing almost two-thirds of the material.
Moving eastward to cores 39 and 13, however, sedimentation
gince 1939 dfastically decreases to only 10 and 7 centimeters,
respectively. In these two cores, gilt makes up between 74
and 8%% of the .deposits. This large discrepancy in sediment
aceumulations within the plume seems to indicate that core

40 is located at or very near the main channel of the Detroit
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sediment plume. Upon connecting the apparent main channels
of the Detroit plume from Cross sections A-A" and B-B', it
can be seen that the main portion of he Detroit plume 1s
extending southeast into the western basin with an azimuth
of about 1300. An important feature shown by this data is
the apparent lack of lateral, westward extension of the main
body of the Detroit plume. This is possibly due to the
position of the Monroe-Raisin plume with respect to the

main portion of the Detroit plume.

Cross Section C—C'

Cross section ¢-¢ " is the most complexiof the four
basinal transects because of its location with respect to
the Maumee sediment plume and the clockwise-swirling, south-
orn branch of the Monroe-Raisin plume. Cores 78 to 60 are
located within the Maumee sediment plume which is about 11
kilometers wide at this point as it extends along latitude
41° 49’ north between longitude 83° 24 and 83° 16 west.
Cores 78 and 82 are located in the minor westward extension
of the maln body of the Maumee plume, which waslpreviously
discussed, Core 6l is located within the actual Monroe-
Raisin plume, although core 20 may also be considered to
pe included in this depositional feature because it is
situated on the extreme eastern edge of the plume. The
Monroe-Raisin plume 1is about 9 kilometers wide as it extends
from latitude 51° 49  north, 83° 14" west to latitude 41°

50.2" north, 83° 10.1° west. Both core 7 and 22 are located
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in the deeper portions of the western basin, and they are
only ﬁildly affected by the numerous sediment features in
ihis section of Lake Erie., In fact, core 22 (latitude 41°
50' north, longitude 83° 00’ west) is probably typical of
the muddy deposits that are formed in the deeper.portions
of the western basin.

The sand concentrations in the core intervals in this
cross sectioﬁ are presented in Figure 36, In the western
extension of the Maumee plume, core 98 contains high sand
values (63%) in the ftop two centimeters, which gradually
decrease to less than 10% at a depth of only 8 centimeters.
Core 82, on the other hand, is the reverse of core 78 with
respect to sand concentrations; that is,-low ((10%) sand
values in the top 2 centimeters of core 78 increase to over
60% at a depth of only 8 centimeters. These radical tran-
aitions may be due to fluctuations in the path and extent
of the western extension of the Maumee plume, &as well as
variations in the current patterns and velocities in the
nearshore area.

In the main body of the Maumee plume, sand values in
the surficial 10 centimeters decrease from #alues of over
60% in core 83 to values of less than 15% in core 60, This
castward fining is probably due to current energy within the
Maumee plume. Higher current velocities in the viecinity of
core 83 produde coarser sediments, and milder currents in
the eastern portion of the plume cause the deposition of

more fine-grained material. Vertically within these three
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+he Maumee plume, consistent silt values in Qore 83 parallel
the congtant sand values that are alsb present at this loca-
tion, indicating sandier deposition in recent years. The
grain-size variations in core B4 and 60 are further illustrated
by the increase of the silt concentrations to the east within
the Maumee plume, as indicated by the depostion of more silt-
sized material in core 60. Cores 61 and 20 in the Monroe-
Raisin plume contain moderate silt occurences (4#0-60%) every-
where except in the upper 8 centimeters of core 61, Cores 7
and 22 seem to maintain their equivalent natures in the deeper
portions of the western basin, as indicated by the high, rela-
tively constant, silt concentrations in the area, as shown in
Figure 38.

The deposits in this cross section posséss a wide varia-
tion of textures because of many grain-size fluctuations, as
chown in Figure 39. Silts dominate the western extension of
the Maumee plume, although clayey sands, sandy silts, silty
sands, clayey silts, and sands are also present in +this vari-
able deposition zone. ‘Moving east across thé main body of
the Maumee plume, sediment textures grade from clayey sands
to silts and clayey silts. The coarser materials within the
plume are sand-silt-clays according to the textural classi-
fication proposed by Shepard (1954). In the Monroe-Raisin
plume, sands are present in the upper 8 centimeters of core
61, whereas sandy silts are present in the femainder of the
plume. The deeper, basinal sediments (cores 7 and‘22) are

almost exclusively clayey silts, with the exception of one
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silt interval at the surface in core 22.

The sediment accumulation in the cores along this cross
section since 1939 is presented in Pigure 40. An average of
8.2 centimeters of sediment has accumulated at cores 78 and
82 in the western branch of the Maumee plume. However, of
this sediment, less silt (34.3%) has been deposited at core
82 +than at core 78 (55.1%). Assuming uniform sedimentation
rates, this variation indicates that the silty Maumee plume
was present in the viecinity of the siltier core 78 for a lon-
ger time than 1t was present at core 82. Sediment accumula-
tion in the main body of the Maumee plume has been relatively
constant since 1939, ranging from 20 to 32 centimeters. How-
ever, of this accumulation, much more sand was deposited in
both core 83 (72.5%) and 8% (55.5%) in the western part of
the plume, whereas only 23.7% of the sediment deposited at
core 60 is sand. The large concentrations of_silt and clay-
sized material at core 60 ( 70%), as well as the fact that
the greatest accumulation of sediment occurred at this core,
seem to indicate that the main channel of the silty Maumee
plume is located near the eastern edge of this depositional
feature.,

Sediment deposition in the Monroe-Raisin plume has Dbeen
relatively minor since 1939, as indicated by the accumula-
tion of 10 and 4.5 centimeters of material at cores 61 and
20, respectively. This is probably due to the enviromental
energy within this sediment plume, which creates a constant

reworking of the bottom sediments and therefore erases much
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of the depositional history of the Monroe-Ralsin plume.
Cores 7 and 22 in the deeper portions of the western basin
offer surprisingly different sediment-accumulation results,
as shown in Pigure 40. Although extremely small (<0.05 cm)
amounts of sand have been deposited in this area, over 24
centimeters of fine-grained material have accumulated at
core 7 since 1939, whereas only 10 centimeters of sediment
nave been deposited since 1939 at core 22, This is probably
due to the position of core 7 with respect to the Monroe-
Raisin plume, The plume, which contains clockwise-swirling
currents, 18 ”throwing"suspended sediment eastward into the
basin. Apparently, much of this fine-grained sediment is
deposited in the vicinity of core 7, and smaller amounts of

suspended material reach the vicinity of core 22.

Cross Section D-D’

Cross section D-D’, located just north of Maumee Bay,
is directly influenced by the Maumee sedimentrplume. The
characteristics of the sedimenf in this cross section ac-
curately illustrate the location and- extent of the Maumee
sediment plume as it enters western TLake Erie from Maumee
Bay. The main body of the plume is located between cores
49 and 37, along latitude 31° 45 north between longitudés
83° 21° and 830 13.6  west, a distance of over 11 kilometers.
West of the plume, two minor features are present at cores
51 and 50. Core 51 (latitude 41° 45’ north, longitude 83°

o’ west) is located within a sandy sediment zone which may
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be the result of littoral drift along the Michigan shore-
line. ©On the other hand, grab sample 50 (latitude 41° 45’
north, longitude 83° 22’ west) is located within ﬁhe isolated,
extrgmely coarse, sand-gravel zone near Turtle Island. East
of the Maumee plume, the southern extension of the Monroe-
Raisin plume is intersected at core 36 near West Sister Is-
land (latitude 41° 45" north, longitude 83° iO' west), Cores
35 and 34, located in the deeper portion of the western basin,
are primarily composed of muddy sediment, which dominates the
area (along latitude 41° 45" north between longitude 83° 00’
and 83° 05 west).

The sand concentrations along cross section D-D / are shown
in Figure 41. Within the main body of the Maumee plume, sand
values in the surficial (0-10 cm) sediments grade from rela-
tively sandy deposits (25-32%) in core 49 to extremely small
(¢1%) occurences in core 37. This eastward fining is simi-
lar +o that found in the Maumee plume in profile C-C’. The
isolated low sand (9%) interval in core 49, and the high sand
intervals (?10%) in cores 57 and 37 illustrate the effect of
changes in sediment input from the Maumee River, as well as
variations in lake levels (Walters and Herdendorf, 1975).

TIn the western section of the cross section, cores 51
and 50 possess vastly different sand concentrations, as shown
in Figure 41. The nearshore zone (dore 51) contains varied
sand occurences (17 to 84%) within the 21 centimeters of the
core., The variation is not surprising upon considering the

position of this core with respect to the Michigan nearshore
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zone which is subject to changes in current direction énd-
velocity with varying lake levels and wind directiops. On
the other hand, station 50, near Turtle Island, contains cdn-
sistently high concentrations of sand and gravel (2 99%),
which is typical of this isolated sand zone.

Core 36, located in the southern extension of the Monroe-
Raisin plume, as shown by Verther (1957), contains varigble
sand concentrations within the core. These values, which
range from 3.8 to 88%, are indicative of the transitory na-
tyre of the Monroe-Raisin plume, which seems to be very sen-
aitive to changes in lake levels and current patterns. 1In
the deeper portions of the western basin, cores 35 and 34
contain consistent sand concentrations of less than 5% through-
out the cores, with the exception of an inexplicable higher
sand (8.1%) interval between 2 to 5 centimeters in core 34,

Sand/mud ratios in this profile also jillustrate the
various sedimeht zones within this section of the western ba-
sin (Figufe 42), The Maumee plume POSSesSses fairly constant
values within the separate cores located in the plume. Core
49 contains ratios of greater than 0.1, which grade into low-
er ratios in cores 57 (¢0.1) and 37 (€<0.01)., The varied na-
ture of both the nearshore zone in core 51 and the Monroe-
Raisin plume extension in core 36 are.further illustrated by
_the wide variation of sand/mud ratios at these two locations,
as shown in Figure A42. Extremely high and cohéistent values
(90 to 199) are present at location 50, near Turtle Island.

Ratios in the deeper portions of the western basin (cores
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35 and 34) seem to decrease with depth, from values of great-
er than 0.01 in the top 6-10 centimeters to extremely small
values (<0,01) below 10 centimeters. The recent coarsening
of the sediment in these basinal locations may indicate that
additional sand has been deposited in this secfion of Lake
Erie during the recent depositional history of the area.

The mean size of the sand fraction in the core intervals
of this cross section is shown in Figure 43. Very fine sands
predominate in cores 49 and 57 of the Maumee plume, although
fwo coarser intervals are present within the cores. The
eastward fining of the plume ig further indicated by the
eastward increase in the ambunt of core intervals that con-
tain insufficient sand to analyze. The nearshore zone (core
51) contains a wide rangé of sand sizeg which vary from very
fine saﬁd in the top 8 centimeters to medium sands from 8 to
12 centimeters to very fine sands below 12 centimeters. Sta-
tion 50 is consistent in that only medium sands are present,
as shown in Pigure 43. The variable sand zone in the Monroe-
Raisin plume near West Sister Island (éore 36} contains fair-
1y consistent aand-size values which basically range around
the very fine to fine-sand poundary. Intervals in cores 35
and 3% in the deeper portion of the basin almost eﬁtirely
contain insufficient sand to analyze, with the exception of
a very Tine-sand interval deep (52 cm) in core‘35.

Silt concentrations along profile D-D’ ére illustrated
in Figure 44, BSilt concentrations within the Maumee plume

have varied through time, as shown by the migration of high
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silt occurences (?60%) from core 49 to 57 in fecent years.
On the other hand, silt occurences in the gastern portion of
the Maumee plume have maintained fairly consistent (44-55%)
values over the same time period. In addition to the highly
variable silt values in cores 51 and 36, cores 35 and 34
possess slight variations, empecially in the upper 10 centi-
meters, where values fluctuate between 55 and 71%.

Texturally, the Maumee plume is composed of silts and
clayey silts in the eastern two-thirds of the plume and sandy
silts in the western section of the plume, as shown in Figure
45, The nearshore zone (core 51) varies between sandy silts
and silty sands, while the sediment in the vicinity of Station
50, is extremely sandy in nature. The southern extension of
the Monroe-Raisin plume contains sands, silty sands, sand-
silt-clays, and clayey silts in the vicinity of core 36.
Cores 35 and 34 are almost entirely composed of silty clays,
with the exception of a silt interval deep in core 35.

The total sediment accumulated in cross section D-D’
since 1939 is presented in Figure 46, In the Maumee plume,
gedimentation varies from over 60 centimeters in core 49 %o
26-29 centimeters in ceres 57 and 37. The large accumula-
tion of sediment in core 49, which consists of 21.3% sand and
67.4% silt, seems to indilcate that this station is located
very near the main channel of the Maumee plume. When com-
bined with the proposed main channel in cross section C—C’,
the main body of the Maumee plume can be seen to enter the

western basin trending northeast with a bearing of about 300.
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West of the Maumee plume, only 8.1 centimeters of ma-
terial have been deposited in the vicinity of core 51. Of
this sediment, only 46.7% is sand-sized. This rather small
accumulation since 1939 is indicative of the nearshore area
along the Michigan shoreline, as previously discussed. No
sediment accumulation data for location 50 can be presented,
because only a grab sample was collected at this location
due to the coarse sand-gravel deposits that are present.
Core 36, in the Monroe-Raisin plume, has had about 13 centi-
meters of deposition since 1939, with sand making up 50.6% of
the material, as shown in Figure 46. In the deeper portion
of the westerﬁ basin (cores 35 and 34), conditious’tend to
parallel those in the same section of cross section C-C 7.
Over three times more material has been deposited at the lo-
cation of core 35 (20 cm) than at the location of core 34
(6 cm) since 1939. As previously explained, this is due to
the clockwise currents within the Monroe-Raisin plume, which
tend to transport suspended sediment eastward from the plume.
The suspended material is eventually deposited in the area
of core 35, and very little sediment is deposited in the

vicinity of core 34.

HEAVY-MINERAL ANALYSES

Heavy-mineral separation and analyses were performed on
23 sand samples from the western basin, as well as Detroit
" and Maumee River sands (Figure 47), The total percentage of

heavy minerals in each sand sample is listed in Table XX.




! B "~ DR 7
83.5 : (Belle Isle)

L 41.8°

MR (Grand Rapids)
Ve .
il | I

Figure 4%7. Sample locations of the sands used in the
mineral anzlyses conducted in this study.

heavy-
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Table XX. Total and magnetic percentages of heavy minerals
in the sand fractions from the study area.

Sample . Heavy Minerals 2 . Magnetic 3
Location - _ ‘ % %
61-k o 4. 4o | 9.98
- 36-1 4,94 2.75
83-4 . 3.82 10.89
76-4 : 4,55 ' 16,67
. B3l ' 4,59 795
55~k . 7.02 - 40,71
MR | 2.15 \ N 15.67
DR 4,29 | 29.21
Lo-4 5.62 i 28.49
L1-4 : 3.4 | 31.90
82-4 4,81 15,39
26-4 5.17 ' 14,58
Lo-4 2.52 4.93
20-1 4,92 . 32.01
14-1 2.68 12.68
y2-1 9.88 3 7. 45
51-4 3.63 25,19
30-4 7.18 28.38
b8 -4 6,45 | 19.05
79-4 5.81 29.92
7 8,50 | 28.57
1

gample locations shown in Figure 47
total heavy-mineral percentages of entire sand fraction

3 total magnetic percentage of the heavy-mineral fraction
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Using this data, a general trend for the western basin can

be postulated, The lowest total heavy-mineral concentrations
are present in the Detroit River (3.72%) and its sediment
plume (3.45%), while greater accumulations occur in the
sediments of the Maumee (4.72%) and Monroe-Raisin (5.74%)
plumes, Sample MR, located in the Maumee River near Grand
Rapids, contains very low values (2.15%) dﬁe to the . extreme
coarseness of sand sample. The most frequent occurence of
heavy minerals is present in the nearshore sands (6.45%).

The gravimetrically calculated mégnetic portion of each
heavy-mineral fraction is also listed in Table XX, Although
values range from 40,71% (sample 55.4) to 2.75% (sample 36-1),
no significant diagnostic trends can be recognized, The Mau-
mee plume and nearshore sands tend to contain slightly moré
magnetic heavy minerals (21.43% and 19.56%) than the Detroit
and Monroe-Raisin plume (17.72% and 17.65%).

Several heavy-mineral studies of +he western Lake Erie
area have been conducted by numerous workers. gettijohn and
Ridge (1933, p. 92) identified a suite of 15 minerals in
their studies of Cedar Point. Hornblende, garnet, hypersthene,
and diopside were the most abundant members of this suite.
Metter (1953, p. 27) and Pincus et al. (195;,p;‘l6—19)
identified the heavy minerals in the nearshofe zone of the
Séndusky Bay area and proposed a suite of hornblende, hyper-
sthene, garnet, magnetite-ilmenite, diopside, augite, and
zircon, Benson (1971, p. 18) analyzed the sahds_of the

island afea and described a similar suite of heavy minerals,
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with the inclusion of rutile and apatite, was proposed by
Herdendorf and Braidech (1972, p. 13) in their study of the
sediments of the inter-island area. Kemp and Dell (1976,
‘p.-202), in an attempt to correlate the bluff and lake sedi-
" ments of the Erie-Ontario area, identified an abundance of
hornblende, pyroxene, dolomite, garnet, magnetite, and pyrite
in the western Lake Erie area. |

A heavy-mineral suite similar to those proposed by pre~
vious workers ﬁas identified in this thesis. Identification
was based on descriptions found in Krumbein and Pettijohn
(1938), Ford (1949), WMilner (1952), and Owen (written com-
munication, 19?5).‘ The results of this study are given in
Table XXI. The most abundant minerals in this suite are
hornblende, garnet, auglte, diopside, tourmal ine, magnetlte-
ilmenite, hematlte, hypersthene, and zircon, Minerals found
in minor amounts 1ncluded sphene,rutlle, dolomlte, apatlte,
epidote, tremolite—actinolite, pyrite, aragonite, leucoxene,
and staurolité, as well as éome rock fragments.

The most significant trend within the heavy—mineral
fractions that were analyzed concerns the ratio of white
(clear) garnet to pink garnet., ¥Even though thé lower sections
of the Maumee River contain low ratios (1.29), the Maumee
sediment plume possesses Very high values (5.3 to 17.0) as it
emerges from Maumee Bay. These values decrease (1.8 to 2.30)
as the plume extends northward into the basiﬁ. The white/pink
garnet ratios in the Monroe-Raisin plume are similar to those

in the Maumee plume (1.50 to 2.60), with one exception,
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sample, 36-1, where the ratio drops to 0.78, This may be
due to the isolated nature of this station and its assocla-
tion with the bedrock high at West Sister Island.

The Detroit sediment plume, on the other hand, shows
very low ({1) garnet ratios within the plume. Studies in
this section of the lake are handicapped by the lack of
sand in the Detroit plume as it extends into the basin.
Nearshore sediments show a significant trend with respect
to the white/pink garnet ratio in that the nearshore sands
located south of profile c-C " (latitude 41° 49 ' north) pos-
sess very low values ({1), while samples north of this line
contain significantly higher values (1.2 to 1.6)., Using a
student t-test, all the plumes were found not to be signi-
ficantly different from each other at the 0.0S% level.. How-
ever, when the white/pink garnet ratios are plotted on the
sample-location map (Figure 47), the ratios within the Mau-
mee plume are generally greater than those within the Detroit
plume.

A1l the other heavy minerals in the study area show
no significant variations or trends with respecf to the
different sediment plumes, with the exception of staurolite,
which is present in very small concentrations (~2%) only in

the Maumee sediment plume.

SUMMARY AND CONCLUSIONS

Using surficial sediment analyses, it is possible to

determine four different depositional zones in the western
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basin of Lake Erie (Figure 48). The muddy (silt and clay)
Detroit sediment plﬁme dominates the distribution.of the
bottom sediments in the study area. The main body of this
plume emerges from the western and central channels of the
Detroit River and moves south-southeast into the basin, and |
a plume from the sandy castern channel hugs the Ontario
shoreline after exiting the river. A few miles into the
lake, a small branch from the plume swings to the southwest
towards the Michigan shoreline, and the main body of the
plume continues en masse until it bifurcates in the vicinity
of the latitude %#1° 55 north and longitude 83° 02’ west.

The main branch then veeré eastward and parallels‘the Ontario
shoreline as it heads towards the Pelee Paséage and the central
basin, and the weaker, secondary branch maintains a southeast
bearing towards the Bass Tglands and the South Passage.

The Maumee sediment plume, which contaihs.a higher
proportion of gand than does the Detroit plume, exits the
Maumee River and remains in the eastern half pf/Maumee Bay
until it enters the western basin. Although a minor branch
turns east along the Ohio shoreline, the main portion of
the plume extends northeast into the basin, where it achieves
its maximum width of about 15 kilometers., About 10 kilo- |
meters into the basin, however, the Maumee plumé intersects
the sand and gravel-composed Monroe-Raisin plume southeast
of Monroe, From this point.'a minor extension of the Maumee
plume veers to the west towards the Michigaﬁ shoreline. A

minor northward extension of the Maumee plume then procedes
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to "pisect  the Monroe-Raisin plume. Although it is hydro-
logically improbable for the Maumee plume to bisect the Monroe-
Raisin plume under its own power, it is possible for a combi-
nation of current flow and variations in the sediment and

water input to “pull " siltier sediment northward from the

" main body of the Maumee gediment plume. This apparent chan-
nel, which has been identified in.the surficial (0-2 cm)

bottom sediments of this gection of the western basin, even-
tually dissipates near Stony Point.

The sand and gravel zone located lakeward from Monroe
and the Raisin River has been termed the Monroe-Raisin plume
by this worker. Converging currents of various velocities,

a slightly elevated 1ake bottom, and both water and sediment
influence from the Raisin River combine to form thié feature,
which extends eastward from Monroe for about 25 kilometers.
This plume, which is apparently split by fhe-northward ex-
tension of the Maumee sediment plume, splits into two sepa-
rate branches as it ~collides” with the southeast-flowing
Detroit River water mass. A minor section of the Monroe-
Raisin plume veers to the northeast, and the main branch is
deflected to the south towards West Sister Island. This
gsoutherly deflection and subsequent clockwise flow form a
semi-circular-shaped sand zone in this portion of the plume.

The other depositional zones indicated by the surficial
sediment analyses are the various nearshore areas around the
basin. The Ontario shoreline is extremely sandy from the

Detroit River to Comet, Ontario, from where a very narrow




217

high-sand, nearshore belt extends eastward fo Point Pelee.
The Michigan shore is characterized by a very high-sand zone
between the Detroit River and Stony Point, which extends into
the basin for‘abbut iO kilometers. The southern Michigan
coast,  on the other hand, is a transition zone characterized
by low sediment -accumulation because of the funneling of sedi-
ment into deeper portidns of the basin. The Ohio shoreline
igs dominated by the presence of a very high gsand-gravel area
which extends lakeward from Locust Point Ffor about 8 kilo-
meters. The shoreline both east and.west of this zone con-
tainé less sandy, narrower, nearshore.deposits.

The analyses of the cores contained within the Tour
cross sections leads to a fﬁrther differentiation of the
overall location and extent of the various sediment zones
in the western basin. Variations in sediment character with-
in various cores can be correlated with changes in the actual
depositional history of the sediment plumes. These changes
can be caused by a variety of factors, including periods of
low or high lake levels and fluctuations in both water and
sediment input from the Maumee, Detroit, and Ralsln Rivers.

The heavy-mineral analyses identified two separate trends
within the sand fractions of the western basin., The lowest
total percentages of heavy minerals were found to occur in
the Detroit sediment plume (3.45%), while increasingly high-
er values are present in the Maumee plume (4.72%), the Monroe-
Raisin plume (5 74%), and all the nearshore areas (6.,45%).

With a few minor exceptions, the heavy minerals recognized
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in this tﬁesis compares favorably with thoée identified by
previous workers. However, only one definite trend is pres-
ent 1n.thls suite that can be used to differentiate the Mau-
mee and ‘Detrolit plume areas. The white/pink garnet ratio
_of the Maumee plume is very high {(up to 17.0) as it initial-
ly enters the lake basin. Although this rétio decreases as
the plume extends into the basin, it remainslbetween 1.1 and
2.6 at a1l locations within the Maumee plume. The garnet
ratlo of the’ MonroeéRalsln plume closely corresponds to those
of the Maumee plume in that its values also range from 1.1
to 2,6. The Detroit plume and its 'associated area, on the
other hand, contain very low white/pink garnef ratios, and
values of less than 1.0 are_cbmmoﬁ. In addition to this ma-
jor trend, one minor trend is apparent in that staurolite is

present in small (~2%) quantltles only within +the Maumee

plunme.
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C PROGRAN CPC 222
C
C HRITTEN BY C.P. CUNNINGHAN  DECEMBER 1973
C - .
c THIS PROGRAM CALCULATFS THE SIZE DISTRIBUTION OF SAND
C SRAINS FROM VISUAL ACCOMULATION TUBE DATA. DATA IS
C INPUTED IN THE FOLLOWING FORM: DISTANCE FALLEN (MM),
C TIME (SEC),AND TEMFERRTURE (DEGREES CENT IGRADE) .
C CARVEP, PROCEDURES IN STDIMENTARY PETROLOGY
C REFERENCES : ~CRC HANLEOOK, WSTH ED. ‘
C ,
C
C
c
C;_nconcouno'. -l.....‘...I....-I‘..I..I."..'.....I..".......
C : o ' :
RELL*8 A, SDIS, TIKE, TEMP, XMO, XDIS, NBS, X, LASDIS
%, RHO,50M, VPERC, RSUH,RHOMM, XBRRNHM, PHINBS, TEMPER, Y
*,F,XBAR,DLOG10,DLCG,DSCRT,B,C
DIMENSION X (45), F(45) ,2(8) ,B{10)
»
DATA &/ 0.8751160855112413D 01,
® G.1054154187747976D €3, D.5485240651830751D 03,
* 0. 1527951842747672D 04, 0.22105930207u8144D O4,
* 05.2160174323706C54D Cb, 0. 10 24143743291469D OU,
* 0, 19952 486939€5413T 03/ :
c
DAT A B/ -0, 4€938916962916480CCCD OC,
* 0.22238550238013740006D 01, -0. 16023692942455452D1
x, . 1431617554634€240000D 01, -0. 1821047604313 958D1
*, G.13051163205359C80000D 01, -0. 1069696295133933D1
*, 5, 31483990573854€1C0CCD 00,
%-0. 46540223 86875681D-1,
* G, 27389 4505155€6419C000D-02/
o
C READ PROBLEM PARAMETFER CARD, 1B= SANPLE NO., N= NO
C CARDS IH SAMPLE o
C
600 REAL (5,1, ENL= 8CC) LB, N, LASDIS
LASDIS = 188.2 - LASDIS/10.DD
C

C***********************************************************

o WRITE THE SAMPLE NUMBER
WEITE (0,4) LB

C WRITE T A2 HEATING
WRITE (6,5)

c
T=1 |

C 3EAD THE INPUT DATR

11C READ (5,2) SDIS, TIME, TEMP

SDIS = (1882-STIS) /1N

C THE FOLLOWING STATEMENT CALCULATES VISCCSITY (FCISES)
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KHU=10. %% ( (1.3272% (2C. ~TENP) =, 0D 1C53% (TEMP-20.) **2) /
* (T EHP+105.) +0.0C08677) #.01

C

c I HE FOLLOWING STATEMEINT CALCULATES STOKES EQUIVALENT

c DIAMETER (MH)

C .
XDIS=DSQRT(SDIS/TIME)/DSQET(1618.96D0/(18.D0*XMD))*10.

c ‘
XDIS = ULO310 (XDIS)

cC

c THE FOLLOWLNG SECTION CALCULATES THE NBS EQUIVALENT

C ‘ DIAKET GE(MM) :

C

NBS= A{Y)
po 117 J=2,8
117 N85 = NBS + A(J)*XLIS**(J-7)

C

NBS = 10.%*NBS
C

VPZRC= { (188.2-STIS) /(188.2-LASDIS) }*100. 0
C

¢ THE FOLLOA ING SECTION CONVERIS SIZE FROM MM TO PHI
PHINBS= (-DLOG (NBS))/ (DLOG({2.T0})
C =B(1)
Do 116 J=2,10
118 C=C+B{J)*PHINBS** (J- 1)

¢ THE FOLLO4ING SECTION CALCULATES PHI MIDPOINT.
IF(I.GI.1) GO TO 15C
X(I) = 0.0
G0 TC 160
150 X(I) = (PHINBS+Y)/2
16G Y = PHINBS

THE FOLLOWING SECTION ACCUMULATES INDIVIDURL PERCENT IN
AN ARRAY -

OO oh

IF (1.5T.1) 60 1C 500
T EMPER=0.0
500 F (1) = VPERC - TEMEER
TENPER = VPERC

no

WRITE DATA IN TRELE

WRITE (6,3) SDIS,EIHE,TFHE,VPERC,F(I),NBS,PHINBS,X(I)
I=I+1

IF (I-N) 110,110,10C _

C* A g ook AR ke e B e X #*###**********#*******‘#* s o ok ofr e o o o e ok ok ook ook sk koK
C

¢ THE FOLLOW ING SECTION CALCULATES ~HE MEAN GRAIN SIZE.

100 SUM=0.0C

Do 300 I=1,X
300 SUA=SUN + F (I)*X(I)
XBAK=SUM/100S
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THE FGLLOWINS SECTION CALCULATES THE STANDARD DEVIATTION.
RSUM=0.0
Do uL0 I=1,K
400 KSUM=RSUN+ { F(T) *{ (X (I) ~XBAR) %% 2} )
410 RHO=DSQRT(RSUM/100.D0}

0

s o]

THE FPOLLOWIN3 SECTICN CCNVERTS THE HWAN AND RHO TO MM
X BARMM= 2, ¥*(-XERR)
RHOM#= 2.%* (-ERHO)

C
C***********************************************************

WRITE(6,6)
C WRITE XBARMM, XBAR, FHCMM, FHO
WRITE (6,7) XBARMM, XBAR, RHOMM, RHC
C
G0 70 60G0

FORMAT (A6, I3, F6.1)
FORMAT (3F8.0)
FPORMAT (4F15.2,1F10.2,2F10.4, 178. )

FORMAT (11H1  SAMELE ,36/7/)
FORMAT (4X,'FALL DISTANCEY,9X, *TIME", BX,'TEHPERBTURE'

%4X, YPER CENT®,2X,'BER CENT',U4X,'MM',7X,'PHI',3K,

%V NIDPOI NT')

6 FORMAT(// 1CX,"®EAK',21X,'STANDARD DEVIRTION'/6X, ‘MY,
*7X, 'PHIY, 16X, 'MN1, 14X, 'PHI"))
7 FORMAT{BFIE.B, F22.3, F13.3)

[, 3 S V38 VR

C
800 STOP
END
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APPENDIX IT.

Listing of Program PIPET




oo

8¢
9cC
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PROGEAK PIPET WRITTEN AND REVISED BY LESTER J. WRLTERS
20 SEPIEMBER 1977

REFERENCES: FOLK(1974) AND ROYSE({1370)

DIMENSION W (6),1(10,6),VIS(10),CH(6)

INT EGER T

REAL*8 XID

BAS B=ALOG (2.0)

BLANK=D,0231 -

DATA CH/20e,10.,10.,10.,5.,5./

DATA VIS/.D105732u7,.c10308778,.010060838,.009812899,
% .009581u887,.0093555881,.0091&07071,.0089313359,

% . 0087329842, ,.008530U6325/

Do 80 I=1,10
VIS (I)=VIS(TI) *1C0.
DO 90 I=1,6
T(I,1)=20
T(1,2)=120
T{1,3)=480
T(1,4)=1919
T{1,5)=3838
T(1,6) =1536C
P(2,2)=117

T (2,3) =468

T (2,4)=1871
T(2,5) =3742
I(2,6)=14940C
T(3,2)=114
I(3,3)=4586
T{3,4)=1826
I {3,5)=3651
T(3,6)=14580
T (4,2)=111
T(4,3) =445

T (4,4)=1781
I{4,5) =3563
T (4,6)=1428C
T{5,2)=109
T(5,3)=435
T(5,4) =1739
T {5,5)=3478
T(5,6)=1392C -
T(6,2)=106
T(6,3) =425

T (H,4)=1698
T(6,5)=339%
T (u,b)=1356C
T(7,2)=104
T(7,3)=415
T{7,4)=105Y
r(7,5)=3318
T{7,0)=1320(
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T(8,2) =101

T (8,3) =405

T (8,4) =1621
T(8,5) =32u2
T (8,6)=1296C
7(9,2) =99

T (3,3) =396
T(9,4) =1585
T (9,5)=3169
T(9,6)=12660
T (10,2) =97
T(10,3) =387
T (10,4) =1549
T(1C,5) =3099
r(1o,n)-12420

WRITE (6,2) . -
2 FORMAT (' INPUT VALUES FOR ID,WEIGHT OF 6 PIPET !,
% *FRACIIONS, TEMPFRATURE,'/' AND WEIGHT SAND')

100 READ (5,%) XID,(W(I),I 1,6),TEKP,SAND-
WRITE (6,1) XID
ITEMP= TEMP +.1-17. '
1 FPORMAT (/// 10X, 'SAMPLE ',18)
CUNF=0
Sp=y
SUMI=0
WF4=52, *(n(1)-ELhNK)
WP=WF4 ‘
ITRS=SAND+WFU
SAND=SAND/TWS*100.
WRITE (6,4) : o -
4 FORMAT (//' ' TIME MAXEHI - MINPHI  DIAMETERP-CM'
* ,* -%SKPL E¥SED ') : :
. DO 130 3=2,6 T~
WF=50.% (W(J)~= BLANK)
IF (4F .LT. C.) GO TO 110
350 T0 120
11C DIFF=J.
DIF T=0.
WNF=dP
30 TO 125 -
120 CONTINUE
DIFF= (WP—HF)/WFH*1OG.
DIFT= (W P-# F) /TWS* 100,
125 ZONTINUE . '
SIZE=S5)RT(CH(J) *VIS (ITENP)*9. /{2. (2. 66-.997) *980, 222*
* I (ITEMP,Jd))) *Z. ,
PHI=-ALOG{SIZE) /BASE
WRITE (9,3)T(ITEMP,J),SP,FHI,SIZE,DIFF,DIFT
WP=WF
3 FORMAT (/I7,2F10.3,F15.4,2F€.2)
5 p= PHI ,
CUAL=DIFT+C UMT
CUMF=DIFF+CUMF
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130 CONTINGE

| DIFF=100.~C UMF
CLAY=DIFF*CUMT/CUMF
SILT=CUNT
DIFP=dF/WP4*100,
DIF T=WF /TH3*%100.
PHI=14.
WRITE (6,3 ) T(ITEME,6),5P,PHI,SIZE,DIFF,DIFT
WRITE (6,6) SANLC ,SILT,CLAY

6 FORMAT (' SAKD = ',F6.2," sILr = ',Fé6.2,
*1 CLAY = ',F6.2///)
50 TO 100 .

END




