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ABSTRACT

\

- the northern Chesapeake Bay from 21 March 1966 through 31 March

An intensive study was made of the suspended sediment of

1967. Samples were collected routinely at 16 stations for
determinations of both the concentrations of total suspended
solids and the concentrations of combustible organic matter.
At selected stations samples were ccllected for mineral identi-
fication by X-ray diffraction and for size analysis both » a
photomicrographic technique and by sedimentation. L
The concentrations of suspended sediment ix;/ the Bay
proper Were greater than 5 mg/l throughout the year with
maximum values greater than 110 mg/l occurring in March during
the period of peak river flow. The concentrations of combuetible
organic matter were highest in the spring and summer months
averaging nearly 5 mg/l and lowest during the winter months when
they averaged about 3 mg/l. The concentrations of suspended
sediment in the mouth of the Susquehanna River, the principal
source of fluvial sediment to the study arec, exceeded 140 mg/l
during the period of maximm river flow. Except for the period
of peak river discharge, the concentrations of suspended sedi-
ment were higher in the Bay than in the Susquehanna River.
The mean projected diameter of the suspended particles
had a limited range. In nearly 80 percent of the samples analyzed

it was between 1.4t and 2.0 ; and all samples were included
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between 1.1 and 2.8 p. The mean Stokes diameter ranged from
2.3 to 12.2 p, and in nearly 7O percent of the samples it was
between 3 and 6 u. At nearly all of the stations, both the
mean projected diameter and the mean Stokes diameter increased
near the bottom.

The minerals of the suspended sediment consisted of the
illite, chlorite, and kaolinite clay mineral "groups and of
quartz and feldspar. Illite appears to be the most abundant
mineral. The seasonal and geographic variations of the rela-~
tive abundances of the clay minerals were small.

During the year 1 April 1966 through 31 March 1967 the

Susquehanna River discharged 0.6 X 10°

metric tons of suspended
sediment into the Bay at Havre de Grace. Nearly 7O percent of
the 0.6 X 10% metric tons was discharged during peak runoff

in late February end March and cf this TO percent about 80
percent wes deposited within the study area. Approximately

0.1 X 1()5 metric tons of silt and clay are iuntroduced into the
study area from coastal erosion.

During the period of peak runoff the upper Bay's sus-
pended sediment population was closely linked to its major
source of new sediment--the Susquehanna River. At all other
times of the year however, the concentrations of suspended sedi-

ment, were higher within the Bay than in the mouth of the Susque-

harna River despite the dilution of tle Susquehanna dischsrge
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and the settling out which occur within the Bay. Excluding the
reriod of maximum runoff, the concentrations of suspended sedi-
ment in the Bay were determined largely by local resuspension,
and by the upstream transport of sediment in the lower layer.
It is rot possible to assess the relative contributions by
these two mechanisms with the data we now have. It was possible
however, to calculate the net flux density of sediment through
the surface ceparating the upper and lower lsyers.

Although we do not have sufficient information to write
& sediment budget for this segment of the Chesapeake Bay,
there can be 1little doubt that this is an area of net deposition.
The data indicate an average sedimentation rate of from 2 to
3 mm per year.

The pattern of sedimentation then, is one of fluvial
domination during the period of thaw and high runoff, and

cannibalism (resedimentation) during the remainder of the year.
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INTROIUCTION

The study of sediments is almost as o011 as the science
of geology itself. Sediment consists of solid material which
is being transported or has been deposited at or near the
Earth's surface. Transportation, although it may be no more
than the detachment of particles from the parent rock, is a
necessary criterion.

The kind of sediment which accumulates in an environment
depends on the nature of the sources, the transport mechanisms
both into and internal to the region, and the conditions pre-
vailing within the area during and after deposition--physical,
chemical, and biological. A sedimentary deposit consists of
both mineral and organic matter. The mineral faction is made
up of two kinds of material, the exogenetic {clastic) and the
endogenetic (precipitated) parts (Grabau, 1904). Igneous
rocks are the ultimate sources of all mineral grains. The
ultimate sources are, however, often remote in space and time
and sediments in a region may have gone through geveral cycles.
Since the paths connecting a sediment and its sources are
often difficult and sometimes impossible to tracz, a study
of sediments approached through their ultimate sources is
seldom instructive. It is generally more meaningful to look

at the proximate sources and the transporting media of sediments.
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Modern marine and estuarine sediments are best understood when
L. source and transport are taken togelher instead of being con-
sidered separately. We can consider the proximate sources of °
an estuarine sediment to bhe the atmosphere, the land and its
surface dreinage system, the estuary, the estuarine floor, and
the sea.
Students of modern sed:ments have concentrated their
attention on deposits and sources and have almost entirely
neglected the transportation of sediment into and within the
deposit area. Transportation, when it is treated at all, is

commonly inferred from an examination of the textures and

| structures of the deposits themselves; properties such as i
. sorting and rounding on the one hand, and ripple marks and
laminations on the other. There are two primary reasons for
this approach. First, the techniques for measuring sediments
in transport are often lacking and second, modern sediments
have frequently been studied primarily for guidance in the
recognition of ancient environments and the interpretation of
their deposits. (See for example Shepard, 1964.) Since
sedimentary textures and structures reflect average or maximm
current velocities they are also usef .. in studies of modern
sediments. Such features, however, tell us very little about
the mechanics of sedimentation, about the rates involved, or

about the paths of movement. Without a knowledge of these
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factors our understanding of sediments must remain severly
limited.

Sediments are carried in suspension and by bottom
traction by the three principal agents of transportation~-
air, water, and ice. Sediment forming material is also
c~rried in solution. The mode of movement of clastic materials
by water or by air depends on the Reynolds number’ of the flow
and on the sizes, shapes, and specific gravities of the trans~
ported particles. Coarse sediments are generally transported
as bed load, and fine sediments as suspended load. Bagnold
(1966) defines the suspended load as that part of total load
which is supported by a fluid-transmitted stress, and the

bottom load as that part which is supported wholly by & soii.-

- transmitted stress. The saltation of particles is a transitional

stage between the bottom and suspended loads.

! mhe Reynolds number, UZ/v, dependz on the velocity of the

flow U, on the kinematic viscosity of the fluid v, and on some
characteristic dimension of the container £. ILow Reynolds num-
vers correspond to laminar flows, high Reynolds numbers to turbu-
lent flows. Turbulent flows are much more powerful transporting
agencies than are laminar flows. Turbulent flows with very high
Reynolds numbers are difficult to create in the laboratory but

they are the most commonly occurring flows under ratural conditions.

§

»
i
3
]
;ﬁ
::\

i e i K B M B A B AT era e T £ 5ol et e D¢

s A MNHABIN, e € rrot Y

Ry

AT <ol

T SRR RSB R




Suspension is the primary mode of transportation in i\he
Chesapeake Bay. The lower reaches of the tributaries have
very low gradients as a result of the drowning caused by the
rost glacial rise in sea level. The low gradients have de-
creased the competency of the rivers to the extent that very
little gravel and coarse sand reach the main body of the
estuary. 1In addition, the reservoirs of the Sus ;uehanna have
almost eliminated the introduction of any sand into the
upper Chesar=ake Bay.

Suspended marine and estuarine sediments have been
studied by methods based or optics, on centrifuging and on
filtering. The majority of these investigations have used
optical methods. Measurements of optical turbidity are
relatively easy to make and may be done quickly. The evalu-
ation of the results, however, is difficult because the
optical measurements vary not only with. the concentration of
suspended matter, but also with the size distribution, with
the indices of refraction of the particles, and with other
properties. Most of the centrifuge studies have been made
by the Russians. The main advantage of the centrifuge tech-
nigque is that large water samples can be analyzed. Iisitsin
(1961) reports that water samples of 100-200 tons have been
processed in their studies of oceanic suspended matter. In

regions where the concentration cf suspended matter is low
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and where the suspended matter is inhomogeneously distributed,
large samples are needed to determine average conditions. The

. centrifuge method has a number of disadvantages. Centrifuge
enalyses are time consuming and require apparatus too bulky
to he easily accomodated aboard the small vessels usually
available for oceanography. In addition, the method has
limited success in removing particles with specific gravities
close to one, and when small amounts of recovered sediment
are under study losses in the transfers required by the
technique can become critical.

Filtration studies require very little equipment, and

. analyses of water samples of two liters, or less, are relatively
quick and easy to make. In well-mixed, turbid areas where the
suspended solids of small volumes of water are representative
of those of much larger volumes of water, filtration of a
large number of small water samples provides more information
than can be obtained from the few large samples which can be
centrifuged in a comparable time. It was for this reason that
most of the samples for this study were collected by filtration.
Two kinds of filters were used, metal membrane filters and cel-
lulose membrane filters, the first to collect material for mass
determinations, and the second to collect material for micro-
scopic examineétion. The metal membrane filters were chosen in

preference to cellulose membrane filters for mass determirations
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because they require no pretreatment, and are not hygroscopic.
) Samples collected in this way are not amenable to microscopic
examination. Smaller auxiliary samples were collected on
cellulose filters. These fiiters can be made transparent by
the application of liquid whose index of refraction approxi-
mates that of the filter.

The upper Chesapeake Bay is a good area for an intensive
study of suspended sediment. The area is small, and has only
one principal fluvial source--the Susquehanna. It is a fluvio-
marine region of fine-grained sedimentation in which suspension
is the primary mode of transportation, and in which the con-
centration of suspended matter is always relatively high.

' . The study of the suspended sediments of natural waters
is important from a number of standpoints. Suspended sediments
are an important proximate source of material for bottom sedi-
ments in rcgions of fine-grained sedimentation, and they are a
key factor in explaining the textural and mineralogical com-
positions of the associated bottom sediments. There is also g
need for more comparisons of bottom sediments with the sedi-
ments of overlying waters in order to establish and evaluate
paleogeographic and paleooceanographic indicators.

Suspended sediments are extremely important geochemically
hoth as a reservoir, and as a site for exchange and sorption

reactions.




In addition they are {mportant hlologically hecause
organisms and their degredation products are an important
constituent and because suspended matter represents an im-
portant storehouse of food for suspensisn feeding organisms.

The Chesapeake Bay proper and its tributaries, Fig. 1,
form one of the largest estuarine systems on Earth. For con-
venience of discussion the term "Bay" will mesn "Bay proper"
unless otherwise qualified. The term estuary has been defined
in various ways. Pritchard's (1952) definition is used in
this paper. Pritchard defines an estuary as a semienclosed
coastal body of water having free connection with the open
sea and measurable dilution of sea water by land drainage.
The Bay is approximately 314 km long, varies in width from

? kmz, and

has a mean low water volume of approximately $.07 X 1010 m’.

5.5 to 56 km, covers an area2 of about 6.02 x 10

Its long axis runs approximately North-South, and its mouth
faces Bast. The Bay and its tributaries3 cover an area of
approximately 11.53 x 103 km2 and has a mean low water volume

of T.46 x 101° m’. The Chesapeake Bay system is located

2 Phis and other statistics in this section have been pro-

vided by Wm. Cronin.

> The upper limits of the estuarine system are defined as the

mean limits of measurable salt water intrusion.
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entirely within the Atlantlec Coastal Plain and is surrounded
by the low, rolling Maryland and Virginia countryside.
- For the geoliogist or physical geographer, the Chesa-

peake Bay is a classic example of a submerged river valley,

ria coast, or coastal plain estuaryu. Shepard (1963) would

term it a primary or youthful coast since its configuration

is due largely to the sea coming to rest against a land form
which has been shaped mainly by terrestrial agencies.

The Chesapeake Bay system, according to Stephenson,
Cooke, and Mansfield (1933), originated during Pliocene time
vhen the regisn was upwarped and the now drovwned valleys of the
Chesapeake Bay and its tributaries were eroded in the uplifted
sediments. They believe that the Atlantic Coastal Plain was
stable during the Pleistocene in the Chesapeake Bay region.
The Chesapeake Bay system, however, was alternately flooded
and exposed due to the large fluctuations of sea level caused
by the alternate advance and retreat of the continental
glaciers. At the end of the Pleistocene the region was
drovned by the rise in sea level due to deglaciation. This

drowning resulted in the dismemberment of the lower part of

4 For the physical oceanographer whose interest is in the move-

ment of the water and what drives it, it is a partially mixed

- - or Type B estuary (Pritchard, 1955). The physical oceanographer's

classification system is based upon the advection-diffusion

equation for salt.
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the former Susquehanna valley system. The rivers previously
tributary to the Susquehanna became tributary to the broegd
Chesapeake Bay estuary. From an examination of Coast and

Geodetic Survey charts and the available geologic date, it

seems likely that the James River reached the sea separately
prior to submergence, but that the York and alli rivers to the
North were tributaries of the Susquehanna.

The Chesapeake Bay system is shallow having a mean
depth of less than 8.5 m for the Bay and less than 6.5 m
for the Bay and its tributaries. The deepest portion of the
Bay, with depths to nearly 50 m, occurs in a long narrow
channel, Fig. 2, which according to Ryar (1953), is the part
of the ancient Susquehanna River valley which has not been
f:1led with post-Pleistocene sediments.

Iocal studies of Chesapeake Bay bottom sediments have
been made by Young (1962), Biggs (1963), and Harrison, Lynch,
and Altschaeffl (1964). The most extensive study was made by
Ryan (1953) who analyzed 209 bottom samples taken from all
parts of the Bay proper. A map of the bottom sediment distri-
bution is presented in Plate 1 of his pavner. Flanimetry of
Ryan's chart shows approximately 51 percent of the Bay floored
with clayey silt, 12 percent with fine and very fine-grained
sand, and epproximately 37 percent with medium-grained sand.

Sands occur only rarely away from near-shore areas. The region
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around Tangier Sound~Smith Islund is the notebie exception.
Near the mouth of the Bay sand is characteristic. The Bay
channel, large areas west of it, and most of the tributary
channels are floored with black and grey clayey silt.

For 92 mud samples Ryvan found an average conternt of
silt and clay together of 84 percent by weight. For Th of
the 92 samples he found that clay alone made up an aversge of
24 percent by weight. The major mineral constituent of the
8ilt 1is quartz, and the msjor clay minerals are chlorite,
illite, and ksolinite.

Our knowledge of Lle suspended sediments of the
Chesapeake Bay is meager compared with our knowledge oi the
bottom sediments. Previcus knowledge has been based largely
on indirect measurements.

Burt (1952, 1953, 1955a,b) made over 25000 light ex-
sinction measurements with a Beckman Model IU Quartz Friem
Spectrophotometer. He estimated the size distribution end
the concentration of suspended matter from his measurements on
the basis cf the Mie Theory. He reported only eleven direct
determinations of suspended load, however, and reported no
direct determination of either the size distribution or the
composition of the suspended matter (Burt, 1955a).

Bond and Meade (1966) analyzed eleven surface samples

collected from the Chesapeake Bay during the period 6-9 June
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1965. They determined the concentration of suspended matter by
filtrat ion and the percent of the total load lost by ignition.

They also determined the size distribution of' the recognizable

mineral gr.ins by microscopy.

In addition %o the author's work, work on the suspended
s0lids of the upper Bay by R.B. Biggs of the Chesapeake Biolo-
gical ILavoratory is in progress. Biggs and the author have
cooperated in setting up their respective sampling programs
to minimize duplication, and to improve coverage of the area
both spatially and temporally.

The present study offers the first substantial information
on the spatial and temporal variations in the suspended load,
its sourcas, it- size distrijbvtion, end its composition for

any segment of the Chesapeake Bay.
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TH® STUDY AREA

HYPSOMETRY

The region of the Bay investigated extends from Tolchester
(39°12') tc ‘furkey Point (39°27'), Fig. 2.

The frequency distribution of the depths of this area
was determined from Coast and Gecdetic Survey Charts 549 and
&72. The charts were contoured at 3 m intervals, and enclosed
areas were determined by overleying the charts with tracing
paper, cutting out the appropriate areas und weighing. Two
independent analyses were made. Taking the total area as 100
percent, the duplicate determinations of the partial areas
egreed to within 0.5 percent in every case.

The largest source of uncertainty in sucn an analysis
is in the placement of the contours. However, the density of
the soundings given on the charts is high, and the contouring
vas carelully checked, so any chenges in the frequency distri-
bution of depth, by refinement of the contouring, would be minor.

The results are summarized in Fig. 3. The histogram
and the cumulative curve show that the area is extremely shal-
low. More than 90 percent of the area is less than 8 m deep
and the mean depth is only 4.7 m. It is also significant that
nearly 81l areas with depths greater taan 9 m are in the chan-

nel, much of vhich is maintained by dredging. Fig. 2 shows
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all areas with depths greater than 8 m. The shallowness of

the area is an important factor in the sedimentation.

HYDROGRAFPHIC CONDITIVONS

The seasonal average salinity and temperature distri-
butions of the region are presented as vertical sections in
Figs. 4 through 7. The seasons were defined as follows:
spring, 15 March -~ 15 June; summer, 16 June - 30 September;
autumn, 1 October - 15 December; winter, 16 December - 14
March. The seasonal averages were constructed by averaging
the observed data over the defined seasons. Temperature and
salinity observations were made weekly by the Chesapeake Bay
Institute and the Chesapeake Biological Iaboratory on an alter-

nate basis during the period 15 March 1966 through 1li March 1967.

FRESH WATER INFLOW

The Susquehanna River provides more than 97 percent of
the fresh water inflow into the Chesapeake Bay north of 39°12'N.
The long term mean discharge at the Conowingc Hydroelectric
Plant, which is located about nine miles above Havre de Grace,
is approximately 34,800 cfs. For the reriod 1 April 1966
through 31 March 1967 however, the mean discharge was only

24,100 cfs. Since the fall of 1961 rainfall in the drainage
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Fig. 5 Average temperature and salinity along the channel section
in the upper Bay, Summer 1966 (16 June - 30 September).
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Fig. 6 Average temperature and salinity along the channel section
in the upper Bay, Autumn 1966 (1 October - 15 December).
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basin of the Susquehanna has been far below normal.

The rivers which flow into the Bay north of 39°12'N,
and their estimated mean flows are presented in Table 1.
The flow data, except that for the Susquehanne River,
were provided by Carl Seitz (personal communication}.
The mean flos of the Susquehanna was determined by averaging
daily discharge records for a 38 year period from the
Conowingo Hydroelectric Plant. Only a portion of the
drainage areas for tributary streams entering the
Susquehanna River and the Bay below Conowingo is gauged.
However, from these gauged areas the average runoff in
cfs per square mile of drainage ares was determined.
The product of this average runoff factor times the total
drainage area for each tributary provides the values of

discharge for the tributary streams given in Table 1.

CONCENTRATION OF SUSPENDED SOLIDS

Substances are present in natural waters in true solution,
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TABLE 1

Average Discharge of Rivers Flowing into the Northern Chesapeake

Bay.
River Mean Flow (cfs)

Susquehanna (at Conowingo) 34,800
Stresms tributary to Susquehanna 406
between Conowingo and Havre de Grace

Northeast 86

Elk 292
Bohemis 60
Sassafras 100

Back 58
Middle 10
Gunpowder 135

Bush 154
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in colloidal suspension, and in true suspension. The boundaries
between these three states are determined largely by particle
size, but are transitional and cannot be precisely defined.

Both colloidal suspensions and true suspensions are two phase
systems conslsting of a disperse phase (particles) and a dis-
persion medium. In each, a definite surface of separation
exists between each particle and the dispersion medium. True
solutions, on the other hand, are single phase systems in which
true surfaces of separation are not found between the molecular
particles of solute and solvent.

Colloidal behavior is commonly essociated with particles
in the 5 mp to 0.2 u range--"...particles larger than molecules but
not large enough to be seen in the (light) microscope
(Glasstone, 1946, p. 557)." Some authors (e.g., Daniels,
and Alberty, 1961) ascribe colloidal behavior to particles
in the size range from 1 mu to 1 p. Nearly &ll other in-
vestigators put colloidal particles somewhere within this
latter range.

Lisitsin (1961) in his studies of oceanic suspended sedi-
ment set the boundary between colloidal and suspended particles
at 10 u. He states that his choice of boundary was dictated
by the difficulty of obtaining and analyzing particles less
than 10 p.in size. Although there is some freedom in the

selection of this boundary, Lisitsin's choice is much toc high.
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In many environments the particles less than 10 u in "diameter”
account for more than 75 percent of the total volume and mass
of suspended meiter. Lisitsin's choice of boundary is not as
serious as it might seem however, since many of hir samples
were collected with membrane filters of 0.7 i APD.

This paper is concerned with the suspended particles of
the upper Chesapeske Bay, and the suthor has set the boundsry
between suspended and csiloidal particles at about 0.5 u.

The pairticles in suspensicn are of both organic and in-
organic origin. The organic component consists of organisms
and their degradation products. The inorgani: component con.
sists of inorganically precipitated solids and particles
produced by vock erosicn.

The concentrations of the total suspended solids5 can be
determined directly by weighing the material which Las been re-
covered by either filtration or centrifugation. They can be
estimated indirectly by measuring the light scattered by the
suspended particles. In this study, filtration was the basic
method for the di ‘ect determination of the concentrations of the
suspended solids. In addition, the suspended solids were re-
moved from some iarge weter samples by combinations of settling
and filtering, and by settling and centrifuging with a con-

tinuous flow cen“rifuge. Optical measurements were made with

2 Also referr=d to as suspended sediment, suspended matter, and

seston.
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a Clarke submarine photometer, a Beckman DU spectrophotometer,
and a Secchi disc in an attempt to relate the optical pro-
perties to the concentration of suspended matter. These will
be reported on elsewhere.

Filtration requires little equipment and the analyses
of samples of 2 liters or less can be made easily and gquickly,
thus allowing the investigator to process a large number of
sampies in a relatively short time. 1In well mixed, turbid
areas such as the upper Chesapeake Bay, the suspended solids
of small (0.5-1£) volumes of watcr are representative of those
of much larger (2 502) volumes of water. In such aress,
filtration of a iarge number or small w-ter samples provides
more information than can be obtained from the few large
water samples which can be centrifuged in a comrarable time.

In addition, centrifugation has limited success in removing
particles, such as phytoplankton and same organic aggregates,
with specific gravities close to that of the surrounding water.
A further drawback «f the centrifuge method is that any losses
of the small amounts of sediment during the transfers required
by the technique can become critical. In regions where sus-
pended matter is very inhomogeneously distributed, either very
large water samples or integrated water samples must be analyzed
to ascertain average conditions. In such situations, continuous

fiow centrifuges provide the best means of determining the
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concentrations of the susperded so0lids.
To delermine whether Lhe concentrations of suspended
matter in small volumes were representative of those of much .

larger volumes of water, the concentrations of suspended matter

of 15 large (18-50¢) water samples were compared with those of
a paired set of smaller (0.5 - 12) water samples. The large

samples were pumped into carboys from various depths at several

stations. At each of these sample depths, five small water
samples were filtered through 47 mm, 0.45 i@ APD metal membrene
filters. The f'ilters were weshed with distilled water to re-

move any sea sialt, and were stored in individual dessicators

until they were weighed approximately 72 hours later. The
carboys were returned to the laboratory and left undisturbed
for 21 days, at which time the overlying water was carefully
decanted. The settled sclids were carefully transferred to

a weighed beaker aud placed in a dessicator for approximately
96 hours. The decanted water was filtered through 0.45
metal membrane filters which were then dessicated and weighed.
This set of weights was added to the appropriate weights of

settled solids, and the concenirations in mg/f were calculated.

The results are summarized in Table 2. In later tests the non-
settled solids wvere extracted from the decanted water with a

{ cortinuous flow centrifuge.

A glance at the table shows that the agreement and

" n o vamemany &




TABLE 2

. Comparison of Large (18-50 liter) and Small (0.5-1 liter) Samples

Station Sample Small Sample Total large Total
and Depth Volume {2) Suspended Semple Suspended
Date (m) Scllds  Volume Solids
(mg/e)  (2) (mg/2)
VF Surface 0.5 13.28 50.4 13.87
21 Mar.
1966 0.5 13.75 18.6 13.02
0.5 12.98
U5 13.82
) 0.5 1k.01
- VE Surface 0.5 17.16 18.5 17.20
21 Mar.
1966 0.5 17.91 18.8 17.98
0.5 17.20
0.5 17.87
0.5 16.91
vC 2 0.5 47.88 T L7.32
21 Mar.
1966 1.0 45,74 18.1 4s.88
0.5 46.78
0.5 k7.23

i
;
3
{
3
4

b W L

P P T SR T

R N T g




G

e R e

22

Table 2 Continued

28

Station Sample Small Sample Total large Total
and Depth Volume (2) Suspended Sample Suspended
Date (m) Solids Volume Solids
(mg/2)  {#) (mg/2)
IVE
21 Mar.
1966 Surface 0.5 ok . 3h4 19.2 24,78
0.5 2k.79
0.5 2%.28
0.5 25.00
WD 6 0.5 37.18 18.2 36.8%
21 Mar.
1966 0.5 35.95 18.7 3427
0.5 36.78
0.5 35.26
c.5 34 .84
IID Surface 1.0 15.80 W1.2 15.74
21 Mar.
1966 0.5 15.88
1.0 15.75
0.5 15.92
0.5 14.76
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Table 2 Continued
Station  Sample Small Sample Tctal lLarge Total
and Depth Volume (£) Suspended Sample Suspended
Date (m) Solids Volume 3Solids
(mg/2) (2) (mg/2)
SAS Surface 0.5 18.53 18.2 18.98 .
22 Mar. 3
1966 0.5 17.16 4g9.2 17.35 ’
0.5 18.21
0.5 17.99
0.5 18.3h
IA Surface 0.5 23.76 18.0 2%.90
22 Mar.
1966 0.5 24 .71
0.5 24 .26
0.5 22.97
0.5 23,84
IE 6 0.5 26.16 18.0 27.20
22 Mar. :
1966 0.5 26.92 18.4 25.33
0.5 26.74 ;
0.5 27.01 ‘
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stability of the suspended sediment concentrations determined
from both large and small samples is very good. The maximum
difference among the small samples of a single set never ex-
ceeded 9 percent, the maximum di ference between a pair of
large samples never exceeded 10 percent, and the maximum dif-
ference between any of the small samples and one of its paired
large samples never exceeded 8 percent. Heeding John Gay's
admonition, "Lest men suspect your tale untrue, keep probability
in view," +-2 author applied the F-test to each set of sus-
pended sediment samples. In no case did the samples differ

at the 1 percent level.

In selecting a filter pore size for mass determinat ions
it was desirable, because of the higher filtration rate, to -
select the largest pore size which still retained "all of the
suspended mass." It is well known that membranes retain a
significant amount of material with sizes less than the AFD
of the membrane so it was suspected that a pore size larger
than 0.5 p could be used. In accordance with this, C.8 p
APD membranes were tested. Fifteen one liter water samples
were collected, and each sample was filtered through an 0.8 pu
filter. The filtrate from each of the samples was then rassed
through an 0.2 p metal membrane filter. All of the membranes
were dessicated in individual dessicators for 72 hours and

weighed. The data are given in Table 3. It is obvious from
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TABLE 3>

TR s

&,
7

2 H gl M .

Suspended Sediment Retention Characteristic of 0.8 u AFD #
Metal Membranes. :
Mass of Sediment Mass of Sediment passed by 0.8 p «
Sample No. Retained by 0.8 p Membrane, but retained by
Membrane. (mg) 0.2 p Membrane. (mg) 5
1 10.51 - 0.01 :
2 8.36 - 0.01
3 11.65 + 0.02
L 9.20 + 0.03 :
5 6.47 + 0,02
6 5.88 +0.02 !
7 3.62 - 0.02
8 6.99 + 0.04
9 12.67 + 0.02
10 773 - 0.02 .
11 6.68 + 0.01
12 8.53 + 0.02
13 7.21 - 0.01 ?%
1% 9.62 + 0.05 :
15 6.84 - 0.02 '
B
o e N
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the data In Table 3 that the 0.8 p membranes remove virtually
all of the mass of suspended solids. In only three cases did the
mass of filter passing material exceed the precision (* 0.02 mg)
of the balance.

Ieter tests on 1.2 p membranes incicated that these could
also be safely used to determine the concentrations of sus-
pended matter, but it was decided to continue using the 0.8 p
membranes. Foolish consistency may be the hobgoblin of little
minds, but the author had neerly a thousand 0.6 u reasons to
be consistent.

Metal membrane filter56 were chosen over the more com-

monly used cellulose membrane filters. The metal membranes

currently available are made of pure silver, and come in most
of the same pore sizes as do cellulose filters. They are
sunerior to cellulose filters for mass determination in several
respects (Schubel, 1967). They do not contain any soluble
material as do cellulose filters and hence require no pre-
soaking. Unlike cellulose membranes, they are not hygroecopic,
so they can be weighed without preliminary dessication. They
are much less susceptible to electrostatic charges than cel-

lulose membranes, but they should still be weighed under an

6 Available from Selas Flotronies, Box 300, Spring House,

Pa. 19477.
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( +

alpha-emitting source . The metal membranes have no tendency ks
3

%

to curl as do presoaked and dessicated cellulose membranes, B
and are consequently much easier to handle--an important con- ?
.%

sideration if field work aboard a rolling and pitching vessel

is to remain tolerable. The metal membranc filters bave the

e, PR W P ten,

disadvantage of costing nearly three times as much as cellulose
filters. They can however, be backwashed and reused if they
have not been heated above 370 C.

Before each cruise the required number of metal membrane

5 EEROR o Obati s St W Aelae

filters were weighed on a Mettler H16 balance, and placed in
individual uessicators similar to those described by Winneberger %
et. al., 1963. Each dessicator carried the filter identifi-

cation number, and the initial filter weight. The use of

individual dessicators greatly facilitates identification of

samples and helps reduce mistakes in logging results. It also

speeds up the finel weighing process since there is no waiting

time between weighings. Because suspended matter is generally

?
hygroscopic, 1% must be dessicated be.ore its mass it determined. ;

RN

If a number of filters and their sediment loads are placed

7 The 3taticmaster Ionizing Unit, Model No. 2U500 mounted on a

*

Flexible Arm Staticmaster Positioner BFL: available from Nuclear
Products Co., 10173 E. Rush St., El Monte, California has been

found to be most useful.
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together in 2 large dessicator, approximately 15-30 uninutes
are required beilween welighings--the time necessary for the re-
equilibration of the water content of the dessicant with the
filters snd their suspended matter.

The individual dessicators are made from 4-ounce,
squat-form jars. The Jars are filled with about three-quarters
of an inch of dessicant (active silica gel in this case)
into which is stuck a short, about 30 mm, length of glass
tubing or plastic pipe of about 40 mim 0.D. The weighed filter
rests on top of the tubing.

The following sampling procedure was used by the author.

Watzr samples were pumped into one gallon jugs on deck by

lowering a submersible pump to the desired sampling depths. -
Within 5 minutes after collecticn, each jug was swirled

vigorously, two 500 to 1000 ml samples were measured out with

a graduated cylinder, and filtered through 0.8 pu metal membrane

filters. The filters were washed several times with distilled

water .0 remove any .. 2 salt, and were then placed in their

individual dessicators. A small strip of aluminum fcil wes

placed under the edge of each membrane on the filter support

PR IR A L e Sp i’ L £ i b

to facilitate removal of the membranes after filtration

(Banse, Falls, and Hobson, 1963).

" J%”‘RH’—I,NN:
.

The filters and their suspended solids were dessicated -

at ambient temperature for at least 72 hours before weighing.
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At the beginning of the study a network of 17 stations
was established, Fig. 8. Except for the deletion of staticn
IA after the ninth cruise, the original station pattern was
maintained for the entire study. Sampling was done monthly
for the first four months, and approximately every twc weeks
for the next eight months. The sampling interval was shortened
to five days during the period of high runoff ir *arch of 1967.

At stations deeper than 4 m samples were collected
from at least three depths--surface, mid-depth, and 1 m off
the bottom. At stations deeper than 8 m additional samples
were collected from intermediate depths. At the threc stations
shallower than 4 m (IIB, IIIE, SAS), samples were collected
only from the surface and 1 m off the bottom. Generally two
500 to 1000 ml water samples were filtered from each sample
depth.

It was not always possible to occupy all of the stations
on each cruise because of bad weather or other complications,
but the program was followed as closely as possible. The dates
of the cruises and other pertinent sampling data are summar-
ized in Table k.

The concentrations of the total suspended solids are
summarized in Figs. 9 through 45. The data from each cruise
are presented as vertical sections in Figs. ¢ through 30. In

figures 31 through 37 the surface and mid-depth concentrations
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TABLE 4

Cruise Cruise FNo. of No. of No. of Mass No. of

No. Dates Stations Depths Determinations Determinations

Occupied Sampled of Combustible

Orgsnic Matter

1966
1 21-22 Mar. 17 48 6] 47
2 5-6 May 11 32 58 29
3 31 May-1 June 15 k2 9L 5 1
L 27-28 June 17 i7 92 47
5 11-12 July 17 L8 ol 45
6 25-26 July 17 45 88 L6
7 8-9 Aug. 17 48 88 s
8 22-23 Aug. 1T 42 89 56
9 6-7 Sept. 17 o571 3 70
10 19-20 Sept. 16 52 97 59
1 3-4 Oct. 16 52 85 ko
12 i7-18 Oct. 16 53 81 58
13 1 Fov. 16 53 Th 58
1k 14 Nov. 16 54 76 60
15 30 Nov.-1 Dec.

16 56 79 59
16 13-14 Dec. 1% 56 65 60

17 28-2Q Dec. 15 ko 68 55

-y -
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Table 4 Continued .
Cruise Cruise No. of No. of No. of Mass No. of
No. Dates Stations Depths Determinations Determinations .
Occupied Sampled of Combustible
Organic Matter
1967
18 12-13 Jjan. 12 58 Y4 60
19 25 Jan. @) 5. e 49
20 14-15 Feb. 1(16)"+h 5 x (16)428 154 18
21 9-10 Mar. 18 5 127 53
22 15 Mar. 6 by 66 21
23 20 Mar. 8 60 103 36
- TOTALS 358 1297 2070 1182 3
f : * Anchor station, observed 24 times
** Ancher station, observed 16 times
3
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of the totil suspended solids at the channel stations (SUS, IE,
IID, IIIC, and VF) are plotted aga. st distance to show the
relationship between the suspended sediment concéntrations

in the Susquehanna River and thoze in the adjacent Bay. .Samples
collected from below mid-depth have not bteen included in Figs.
31 through 37 because they are too strongly influenced by

tidal scour’. Seasonal averages of the total suspended solids
are presented in vertical channel sections in Figs. 38 and 39.

Several significsnt features of the suspended sediment
distribution emerge from these figures. These features will
be enumerated here, but discussion will be deferred until the
section on sedimentation processes.

7(1) The concentrations of suspended solids in the Bay
proper were greater than 5 mg/i throughout the year with the
maxima, greater than 110 mg/l, occurring during the time of
spring thaw and high river flow.

(2) The concentrations of suspended solids in the Bay
proper were higher than those in the Susquehanna River at all
times except during the spring period of high river flow.

(3) At any location the concentration of suspended solids

generaliy increased with depth with the maximm occurring near

8 At stations in depths of about 10 m, fluctuations in the sus-
pended sediment concentrations which vere clearly related to

tidal currents were observed below 6 m.

»
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the bottom. ‘the only time wnen marked departur=s from this

pattern occurred vas during a brief pericd of peak spring

runoff vhen at several stations very high concentrations were -
cbserved near che surfuce aid near the bettom, with lower

values at intermediate depths. This feature is going to be

investigated further in the apring of 1968.

(#) The concentrations of suspended solids at any depth
vere more frequently higher on the western side of the Bey
than on the eastern side.

(5) At depths below about 2 m the concentration of
suspended solids generally dropped quite sharply between
stations IVD and VF.

(6) The seasonal averages, Figs. 38 and 39, show that .
during the summer and fall the sediment dist::ibution patterns
vere very similar, and that during this tine the concentrations
of suspended sediment vere considersbly lower than during the
winter and spring.

'fhe surface and mid-depth concentratirns of suspended
sediment at each station are plotted against the date when
each sample was collected in Figs. 40 through “%. We are in-
terested in seasonal patterns of suspended_sediment concentration.

- Of the data available, only the samples frcu the upper part of
the water column can be expected to reflect seasonal patteris

clearly. Samples taken near the bottom are too strongly
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iv1fluenced by tidal currencs and the phase of the tide at which
they were collected.

: During periods of moderate river flow the sampling in-
terval was usuglly two weeks, and the concentraticus generally
showed relatively small variations over this interval. Durirng
high river discharge when suspended sediment concentrations
changed rapidly, the sampling interval was shortened. The
data from Figures 4C through 45 are summarized in Table 5.

From Figs. 40 through 45 we conclude the féllowing:

(1) The sirface and mid-depth concentrations of sus-
pended sediment st the Susquehanna River station were nearly
equal throughout the year, and were quite low except during
late February and March when river flow was very high. From
mid-May 1966 through Jsnuary 1967 concentrations everaged 5 mg/1,
vhile values greater then 140 mg/l1 were recorded in March
during peek river flow.

(2) At most of the stations within the Bay the maximum

- surface and mid-depth corcentrations of suspended sediment
occurred during the spring and were clearly determined by the
Susquehanna River--the primary source of fluvial sediment in
the region.

At four of the shallow, less than 6 m, stations (IIIE,
IVE, VC, and VE), and at two stations located in about 8 m of

water (IIs and IVB) the maximm concentrations were recorded
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during periods of high winds and rough seas. Observations were
not made at any of these stations on the day when peak sus-
pended sediment concentrations associated with high spring
runoff were recorded at the chamnel station of the corres-
ponding section. However, from observed lateral gradients in

suspended sediment concentration it seaus probable that peak

. spring values would not have exceeded previously recorded

maxima except at stations IVB and IVE, and perhaps at IIIE.
(3) In eighteen of the twenty-eight sets of data
presented in Figs. 40 through 45, the fractional mean
deviation of the suspended sediment concentration was less
than 27 vercent, and in only one case (IITA-surface) did it .
exceed 50 percent. In general, the fluctuations in the sus-
pended sediment concentration were less at the deeper stations
than at the shallower stations, -and the fluctuations on the
eastern side of the Bay were less than those on the vestern

side at the same cross-section.

Combustible Organic Matter

The total particulate organic matter was estimated in
over half of the samples by determining the loss of weight of
the total sclids on ignition. The samples were combusted on

the silver filters in Vycor crucibles at 475 C for thirty
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pilnutes. 3Seasonal averages of the percent of the totel sus-
pended solids accounted for by combustible organic matter are
presented as vertical channel sections in Figs. 46 and 47.
The seasorns are defined as before: spring, 15 March-15 June;
swaner, 16 June-30 September; autumn, 1 October-15 December;
winter, 16 December-14 March.

During the summer and autumn when the concentrations of
total suspended solids were relatively low, the combustible
organic matter accounted for a greater percent of the total

£olids than it did during the winter and spring vwhen the zon-

centrations of total suspended solids were higher. At stations

within the Bay the concentrations of combustible organic mat-

ter were highest during the spring and summer averaging

nearly 5 mg/l, and lcwest in the winter when they averaged

ToB WAL T a0t ¢ o

only about 3 mg/l. The autumn mean concentration of com-

bustible organic matter vas less than & mg/l.
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TABLE 5

Statistirs Based on Iate Presented in Figs. 4" Through h5.

surface

15 May 1966 - 1 Februery 1967 21 March 1966-
20 March 1967
Station Concentration of
and Suspended Solids Maxirmum
Fractional Concentration
Depth Mean Mean ~ Date
Mean Range Deviation Deviaticn Value of
(mg/1) (mg/1)  (mg/1) (%) (mg/1) Obs.
sus (13.5m) ,
surface 4,3 2.4-11.7 1.8 4o 141.0 9 III 67
mid-depth 5.2 2.4-13.7 1.8 35 136.2 9 III 67
IC (6.5m)
surface 11.5 6.9-20.0 3.0 2o 113.4 10 IIT 57
mid-depth 12.9 7.7-19.0 3.4 26 117.# 10 III 67
IE (12.5m)
surface 12.8 8.0-17.8 2.6 20 53.6 10 IIT 67
mid-depth 18.0 ¢.5-22.6 3.7 21 43.6 10 III 67
IIB (3.0m)
surface 13.9 T.6-22.2 3.6 26 51.6 9 IIT 67
IID (12.0m)
surface 12.0 6.7-37.5 4.0 33 58.7 9 III 67
mid-depth 14.3 8.2-32.5 k.1 29 52.k4 15 1II 67
IIE (6.5m)
surface 10.3 6.7-23.4 2.6 25 3.4 9 III 67
mid-denth 11.9 8.1-22.3 2.8 2k 40.0 9 III 67
1114 (8.0m)
surface 18.3 8.3-84.8 10. ST 84.8 14 XII 66
mid-depth 27.0 9.3-65.C 10.h4 39 65.0 14 XTI 66
11IC (12.0m)
surface 11.0 6.6-20.% 2.5 23 66.5 15 III 67
‘mid-depth 15.0 9.0~-28.7 3.8 25 68.6 15 III 67
IIIE (3.5m) .
13.6 6.9.32.2 4.6 34 53.5 21 III 66

e T
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TABLE 5 Continued

15 May 1666 - 1 February 1967 21 March 1966~
20 March 1967
Concentration of
Station Suspended Solids Maxd
and Tractional _Conc ent;:: ion
Depth Mean Mean o e
P Mean  Range Deviation Deviation Value O
(mg/1) (mg/1) (mg/1) (%) (mg/1) ‘

IVB (8.0m) ]
surface 13.6 T7.1-31.0 L.0 29 39.7 21 III 66
mid-depth 18.6 11.0-30.8 4.7 25 55.4 21 IIT 66
VD (12.0m)
surface 9.9 6.0-15.6 1.8 1e T70.2 15 III 67
mid-depth 16.8 10.9-28.4 4.2 25 38.0 15 TII 67
IVE (5.5m)
surface 10.0 6.3-16.0 1.7 17 2k.3 21 III 65
mid-depth 11.0 7.0-18.1 2.2 20 28.3 21 IIT 66
ve (5.0m)
surface 4.0 7.2-20.8 3.9 28 37.2 21 III 66
mid-depth 17.3 6.4-28.4 6.2 36 k7.5 21 III 66
VE (5.5m)
surface 9.7 6.0-18.7 1.9 20 18.7 30 XI 66
mid-depth 11.0 6.3-19.7 2.8 25 19.7 30 XI 66
VF (i5.Cn)
surface 7.9 5.2-11.0 1.4 18 30.1 15 IIT 67
mid-depth 11.0 7.6-18.0 2.1 19 20.3 20 III 67
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Fig. 31 Surface and Mid-Depth Concentrations of Suspended
Sediment at the Susquehanna River Station and Channel
Stations within the Bay.
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Fig. 33 Surface and Mid-Depth Concentrations of Suspended

Sediment at the Susquehanna River Station and Channel Stations
within the Bay.
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Fig. 34 Surface and Mid-Depth Concentrations of Suspended
Sediment at the Susquehanna River Station and Clannel Stations
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Fig, 36 Surface and Mid-Depth Concentrations of Suspended
Sediment at the Susquehanna River Station and Channel Stations

within the Bay.
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SIZE ANALYSIS

INTRODUCTION

Only two methods of particle size analysis have been
widely used for sizing particles in the subsieve range--micro-
scopic analysis and sedimentation. In addition, opticel melhods
tased on light scattering have frequently been used to study
one type of fine-grained particles--suspended sediment.

Microscopy is the most direct of all particle sizing
methods, and is frequently used as a calibration technique for
other methods. Microscopic examination can provide information
on particle shape and composition as well as size. However,
microscopic procedures are tedious, time ccnsuming, and fre-
quently inaccurate--particularly for broad size-distributions.
The lower limit of the range of measurement is set by the limit
of resolution of the microscopic set-up which is being used,
Taeble 6. Although there is no corresponding upper limit imposed
by the optical system, there is a practical limit. Iarge particles
occur infrequently in natural populations of fine-grained sedi-
ments so that the probability of actually seesing them in the
usual small sample is slight. In addition, it becomes increas-
ingly more difficult to measure larger and larger particles
because of their large thicknesses in reiation to the depth of

fecus. The upper limit set by these conditions is not so definite
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Ranges of Applicability of Various Micrcscopic Technigues

Method

RS ,L{..,,a,,..:)«{\, AR Sl

Normal Size Range

(microns)

O e A

Transmitted white light

fRLAL

Transmitted green light
Transmitted ultraviolet light

Ultramicroscopy using ultraviolet
scattered radiation

Electron microscopy

0.4 - 250
2.25 - 250

0.10 - 100

0.01 - 100

0.0005 - 5
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real.

For many purposes the number statistics given by micro-
scopic size anelysis are not as valuable as other statistics
such as area, volume, or weight. The transformation of number
percentages into other statistics is generally not satisfactory
except for very narrow size distributions because of the distorting
effect of a few large particles.

Sedimentation methods have been widely used in the size
analysis of fine-grained sediments. All sedimentation methods
are based upon the relationship between particle size and
settling velccity as derived from Stokes' Law. Stokes' Law
applies reasonebly well to particles in the size range from
0.1 p to about 50 n. However, particles as large as several
thousand microns have been satisfactorily sized by sedimentation
using one of the modifications of Stokes' Law such as those
suggested by Oseen (1910), Goldstein (1929), or Rubey (1933).
Stokes' Law was derived for s spherical particle of uniform
density. Natural fine-grained sedimentary particles are
seldom spherical, and populations are rarely of uniform density.1

1

Industrial fine-greined materials are seldom spherical either, but if

they are monomineralic, satisfy the condition of uniform density.
Stokes' Iaw may thus be expected to be more exactly applicable to
industrial particles than it is to natural sediments. The conditions
under which Stokes'! law provides a satisfactory approximation are

discussed later.
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Sedimentation analyses measure the weight or volume distribution.
The transformation of a weight or volume distribution to its
nurcber distribution, like the inverse transformation previously
mentioned, is usually equivocal.

A number of investigators have used light scattering
techniques to study suspended sediments in marine waters. The
observations are relatively quick and easy to make, but are
difficult to interpret usefully. An equation for light scatter-
ing by particles small compared with the wavelength of light
(r £ 0.1\) vas derived by Rayleigh {1881). Rayleigh's law was
extended by Mie (1908) and Jobst (1925) for larger particles
such as those characteristic of naturally occurring suspensions.
The restrictive underlying conditions of isotropic spherical
particles of known refractive index are seldom, if ever,
realized in natural particle populations’. In addition, a
particle size distribution must be assumed. The net result is
that the average size value which is obtained is difficult to
evaluate.

Even from our brief discussion of methods it is apparent

2 Aerosols are a notable exception. Aerosols are suspensions of
generslly spherical and isotropic liquid droplets in & gaseous
phase. In addition, they generally have a narrow size distri-
bution. Because of these factors, light scattering techniques

have been successfully used for sizing aerosols.
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that no single method of size analysis is .ompletely suitable
for the measurement of suspended sedir 2nt. The information
content of the three methods is in no casc coextensive, and
the underlying assumptions are very diffarent. Most suspended
sediment populations are cheracterized by broad size distri-
butions composed almost entirely of nonspherical particles of
widely varying densities. These considerations led to the
author's determination of the size distributions of Chesapeake
Bay suspended sediments both by microscopy and by sedimentation--
the number frequency distribution by the former, and the volume
distribution by the latter.

Since the validity of any size analysis and its useful-
ness for comparison with other analyses depends heavily upon
the precise techniques used, the procedures employed by the
author will be described in detail. However, we must first

define our tems.

Some Definitions

"I hate definitions.” Disralei

Since the size of a particle is the object of a size
analysis, we had better know what we mean by "particle.” For
our purposes a particle is any identifiable, naturally cccurring

object having a definite geometric figure. The stipulation that

;

T

o

et e S o
LA R SN e S

L

D e A S cad i 1555 TS N i ok an Do o it R RN ks SN 1T RS RS P o ARSI o om0 S
PR & Sheli M

Srsbdstein .

O R TN LR,
LASHHATAS




90

it be identifiable distinguishes i* 1;.m tho conceptual fluid
particle of fluid mechanics, and the requirement that it be
naturally occurring tells us that we are concerned with the
aggregates and ~gglomerates which occur in situ, and which
survive the analysis, as well as with any homogenous single
particles which we may encounter. Our interest is in the
naturally occurring, in situ size distribution. To realize
our definition it is essential that cur methods of collection
and analysis neither destroy those composite particles which
occur in estuarine waters, nor artificially increase their
number.

Aggregates and agglomerates are alike in being composite.

They differ in the nature of the forces which bind their com-
ponents and in the strengths of those forces. Aggregates

are strongly bound by intermolecular, by intramolecular, or

by atomic cohesive forces. They are stable under high speed
mixing, ultrasonics, and, indeed, under all customary handling
and dispersion techniques. Thus, they place no burden on

the investigator. Agglomerates are bound by relatively weak
forces including those arising from electrostatic fields,
surface tension, and sticky organic matter. In reports of
size analyses made for industrial purposes, the term flocculate
has frequently been used as a synonym for the term agglomerate.
In studies of sediment, however, most investigators have reserved,

at least conceptually, the term floc3ulate for a subset of the
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set of all agglomerates--those agglomerates bound by electro- o
static forces. In practice, the discrimina.ion between floc-

culates and other agglomerates has nearly always been based on

3

inadequate evidence. Just as to some men all geese are swans, é
to many "sedimentologists" all composite particles are floc- é
culates. On the basis of the availeble data, the importance ?
of the flocculation of sediments in natural waters has, in é
this author's cpinion, been greatly exaggerated. Since ag- %
glomerates are weakly held together, the investigator interested ?
in in situ size distributions must exercise extreme care during
sedimentation analysis or he will destroy them. He must be equ-
ally careful to see that his methods do not induce additional
agglomeration. The risk of destroying natural agplomerates may ;
be reduced by gentle treatment throughout the analysis. However, é
prevention of the formation of additional asgglcmerates requires 2
vigorous dispersion. If the investigator is to steer safely be- é
tween Scylla and Charybdis he must resirict himself to roderate g
dispersion, and to assure himself that the pascage has heen suc- g
cessfully made he can and should, after analysis, check his %
samples microscopically against untreated controls. %

The size of a particle may be defined by any measure charac- é
teristic of the fineness of its subdivision. Since naturally occur- é% |
ring particles are usually irregular, and therefore have no unique é%
diameter in the mathematical sense, it will be necessary for us to ‘i
construct a "particle diameter” to describe its size. This diameter E%
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is Lo be defined in two different ways corresponding to th» two

methods of size analysis used. For microscopic analysis the

. . . . ‘e I .
diameter of a particle, Dm, is the diameter of the circle with

area equal to the projected area of the particle. For sedimen-
tation analysis the diameter of a particle, Ds, is the diameter
of an equivalent sphere having the same density as the particle
and the same settling velocity as the particle in a fluid of the
game density and viscosity. DS and Dm for any given particle
need ot be equal, and seldom are.

The choice of a measure which best describes the size of a
particle is a vexed question, and some brief defense of our selections
must be made. Such measures are not limited to those with dimen-
sions of length. Measures with dimensions of volume, velocity,
and area have also been advocated.

The measure most commonly chosen is the "diameter" but the
definitions of "diameter" offered have been myriad. The diameter
of a particle may be any straight line drawn through its center of
mass and terminating at its boundaries. The term diameter is un-
equivocally defined only for shperes and circles. For these shapes,
and only for these, are the concepts of "diameter" and "size" equi-
valent. For any irregular particle there is an infinity of diameters
whose distribution is continuous between some upper and lower tounds.
If "the diameter” is to be a meaningful measure of the size of an
irregular particle, it must be defined as some one of the possible

statistics associated with the diameter distribution. The number
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TABLE 7

Some Definitions of Means

Mean Definition
d d
Arithmetic mean of diameters FE
nog.=d i
i "min
d
max =
Geometric mean of diameters ( I g )°
i
d.=d .
i min
1 max 4 -1
Harmonic mean of diameters (= =)
n d,
d.=d i
i "min

4 = maximum diameter.
max

n = number of diameters measured, dm

= minimum diameter,

strictly unlimited.

and the arithmetic mean diameters, Table 7.

culate the statistical measure is inordinate.

and variety of statistical measures that might be constructed is

computationally simple are the geometric mean, the harmonic mean,

At the simplest,

the labor required to accumulate the diameter data and to cal-~

Attempts to size

A few of them that have obvious appeal as being
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sediments by following these definitions have been reduced to
triviality by the 1 nordina.tély smell sample sizes forced on the
investigator. Juced with the practical necessity of measuring
large samples, the invectigator, using microscopic techmniques,
is force. to edopt either highly simplified numerical approxi-
mationa or graphicsl methods. UOur definition for Dm is the most
ropular and lends itself to easy determination with available
globe and circle graticules, such as those of Fairs (1943) and
Patterson and Cawood (1936), or with the Zeiss Particle Size
Anelyzer TGZ % which the suthor used.

In contrast with the results of microscopic analysis,
thoge of sedimentation analysis are generally expressed in
terms of a Stokes' equivalent diameter, our Ds . Ds is called
"diemeter" but it is, in fact, & "velocity.” Two particles
having the same Ds will settle with the same speed in a fluid.
Their shapes, surface uareas, and volumes may differ markedly as
may any of their orthodox statistical size measures. Only the
equivalence of their settling rates is asserted. For this reason
some investigators have repoirted the results o their sedimentation
anzlvaes in terms of velocities with dimensions LT"! rather than
ir terms of diameters, dimeasion L, ae conceptually more honest.

An attractive alternative measure which compensates for
the shepe effect of irregular particles was offered by Wadell

(1932). Fe proposed a true nominal diameter which he defined as

—cmar e - he e ——
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the diameter of a sphere having the same volumc as the particle
in question. Although appealing and useful for describing some
coarse-grained sediments, the volume measurements required by the
definition makes it impossible to apply tc fine-grained particles.

The author's choice of diameters, Dm and Ds, was guided
by several considerations. Dm was chosen first because it has
been shown that more reliable information can be obtained more
rapidiy from area comparison than from the comparison of linear
dimensions (Hamilton, Holdsworth, and Walton, 195%), and second,
the Zeiss Particle Size Analyzer is available to provide semi-
automatic determinations of Dm from photomicrographs. For Ds
there is hardly a choice. It is the only practical definition
of diameter for sedimentation size analysis. Sedimentation
analysis is a necessity since it provides the only practical way
of determining the vclume size distribution of the suspended
sediment which is very important geologically.

It is apparent even from this brief discussion that the
determination of the size distribution of irreguier, fine-grained
particles is not only an extremely difficult task, but that the
results may be misleading unless the size terms are precisely
defined. In addition, particle size data determined by different

methods must be compared with extreme caution.
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Photomicrographic Size Analysis

fA RS

CPRE A TR b3 S

Of all the available methods of size aralysis, microscopy

OO ST A £ ™ Cicy AAt
SAAEDIRARHEI AT ESRATACANEAGSYI

is the most direct, and in many ways. the most amenable to the
determination of the in situ size distribution of fine-grained

suspended matter. Microncopic sizing consists of the uactual

measurement of the particle images rather than some physical
property more or less remotely connected with size, and it re-
quires no sample dispersion or pretreatment wrich might alter
the original size distribution. Since one must look at indi-
vidual particles, microscopy also provides information on
particle shape, degree of aggiomeration, and on the composition
of the suspended matter. Microscopic size analysis supplies a
rrimary direct check on all indirect methods of size analysis
including the volume size analysis using the MSA Particle Size
Analyzer employed by the author.

The appeelingly simple direct observation of the particlcs
i themselves with optical micrometers or graticules was abandoned
in favor of the Zeiss Particle Size Analyzer TGZ-3, a semi-
automatic instrument that gives reliable results rapidly. To
secure these advantages, photography must intervene and direct
observation be removed one step. However, introduction of
photography provides a permanent record, givss precise control

of the magnification, and permits the manipulation ci photographic
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contrast. {7) to meuke the particles clearly virible apainst the
background of tLhe mounting mediuwn.

A serious disadvantage of pholomicrography is that the
focus must be fixed at the time of exposure and some particles
may be badly out of focus. Ip samples where particles differ
greally in thickness, it may be necessary to make several ex-
posures of the same field at different. focal settings. A single
exposure, hcwever, was found to be satisfactory for nearly all
of the sampies analyzed in this study.

The photomicrographic sizing tech:nique involves four steps:
(1) sample collection, (2) slide preparation, {3) photography of
sample, and (4) sizing the images of the particies with the

Zeiss Particle Size Analyzer.

(1) Sample Collection

In most instances, each sample was collected by pumping
water fron a fixed depth with a submersibie pump. The pump was
reiiable, fast, and easy to operate. Further, and most important,
it preserved the in situ size distribution of the suspended mat-
ter. This last feature was established by collecting twelve
duplicate samples, one with the pump and one with a Van Dorn
bottle. The size distributions of the samples were determined.

In none of the twelve peirs of samples could any significant dif-

ference be detected.
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The water was pumped into one gallon jugs, swirled vigor-
ously, and three to five subsamples of 15 to 100 ml vere filiered
immediately through millipore GS (0.22 u) filters of 47 mm dia-
meter using a manifold. The subsamples must bpe filtered with
the least possible delay because the floculation which occurs on
storage renders any attempt to determine the in situ size distri-
bution of the suspended matter almost wortbless. The filter
pressure was maintained above 400 rm of Hg at all tiwmes to
minimize the disruption of flocculates and fragile crganisms.
After filtration of =ach sample, the filter and filtrate were
thoroughly washed with distilled water to remove soluble salts.
They were then removed “rom the filter support, inserted in &
small plastic holder, and stored in a dessicated box.

The volume of water filtered at each depth was dictated
by the concentration of the suspended matter. For size analysis
the ideal sample is & single-particle layer with no particle
touching another. For mass determination the 'sample should be
as large as possible. These reguirements on sample size are in
direct conflict. The usual procedure of obtaining a single large
sample and using it for both analyses is totally unsatisfactory.
Although it provides adequately for mass determination, for micro-
scopic examination the muaterial ie piled oo thickly on the filter,
thus obscuring many of the particles, ceusing agglomeration, and

masking the true size distritution. On the other hand, the small

RS b S b e e i 1 £ e 2 9 £ -

T A et P A sty




R M CED e e et S A AR : . T T T

99

samples amenable to size analysis are not suilable for mass
determination. No compromise Is possible. The only solution
. is to coilect seperate samples, large samples for mass deter-

minations and small samples for size analyses.

2. Slide Preparation

The primary reason for selecting ceilulose membrane filters
is that they can be made transparent, thus allowing the filtrate
to be examined mizroscopically in transmitted light. Cellulose
membrane filters become transparent when thelr pores are filled

R with a liquid whose index of refraction is very close to that of
the cellulose (n = 1.510 for Millipore GS filters). Suitable
clearing liquids include cedar oil, Karo syrup, Tween 803, and
PErmountu. The most transparent membrane results from drawing
serial dilutions of either cedar 0il in alcohol or Karo syrup
in water through the filter as suggested by Goldberg, et. al.
(1952). The cleared membrane, or a portion cf it, can then be
put on a slide and covered with a cover slip or it can be mounted
in balsam. For most purposes a membrane can be satisfactorily
cleared and moun? .1 oy the following simpler and faster method.

Put several drops of cedar 0il or Permount on a glass microscope

3 Atias Powder Co., Wilmington, Delaware.

Fisher Gcientific, Wasuungton, D.C.
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elide and carefully lay the membrane, or a section of it, face
up, on top. Next, cover the membrane with a cover slip and

tap it gently being careful to avoid any relative motion be-
tween the cover slip and the membrane. Using this method the
author prepared three slides for eaih depth at which the size
distribution was to be determined. Each slide was made from a
pie-shaped section cut from a different membrane. There was no
bias at thic stage because the "data" were invisible to the
naked eye.

The most important optical property of a mounting medium
is its index of refraction. If the difference in refractive
index of the mounting medium and the particles is too great,
excessive contrast results, edge detail is lost, and the detalils
of flocculates may be impossible to determine. If, on the other
hand, this difference in refractive index is too small, the con-
trast will be very low, many particles may be overlooked, and it
may be difficult to determine their edges. Under ordinary light
microscope conditions colorless transparent particles are visible
oaly in outline and only then when they differ In refractive in-
dex froz the mounting medium. A large percentage of the suspended
particles in the Chesapeake Bay are very nearly colorless, have
indices of refraction very close to 1.51, and are hence nesarly
invisible vhen mounved in cne of the media suitable for clearing

Millipore filters. 7Thc narticles were most clearly visible when
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the membranes were examined under phase microscopy. The phase
microscope transforms small changes of phase produced by small ;
differences in optical path into changes of amplitude (brightness)
which can then be detected by the eye or by & photographic plate.
The optical path is the product of the thickness of the trans-
mitting medium and its index of refraction, and the differences

in optical path are due to differences in either of these fac-
tors, or both. When light traverses materials with different
optical paths, phase differences are produced. These phase differ-
ences, which zannot be detected by the human eye, are converted to
emplitude differences by the phase microscope, and thus become
visible. A good discussion of phase microscopy can be found in

Bennett, et. al. (1951).

3. Photography of Sample

The microscopic system and the photographic procedures are
given in detail because of their effects on the apparent size
distribution (Loveland, 1959). The cleared membranes w.re photo-
graphed on Kodsk Pan X film with a 35 mm Zelss Tkon camera mounted
on a Zeiss Standard Universal Pol microscope. The film was de-
veloped i1 Kodak Microdol-X developer under strict time and
temperature controls. The microscope was equipped with an Achro-
matic-aplanatic Bright-Field Phase-contrast Dark-field Condenser

VZ (Zeiss catalog number 485276) with a numerical aperture of 1.k.
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The 1ight source was a 6V-15W Jamp buill "ato the base of the
microscope. It was adjusted in accordance with the Kohler prin-
ciple before each picture Laking session, or whenever objectives
were changed. The light was filtered with a green interference
filter (max. transmission at 546 mu) to increase resolving power.
Two objectives were used, a Neofluar Ph 40/0.75 and a Plana-
chromat 100/1.25 (Zeiss catalog numbers 46 O7 21 and 46 19 11).

The former was the working objective. The latter was used pri-
marily as a check to get an idea of the number of particles below
the resolving power of the 40X objective. For photography, both
objectives were used in conjunction with an 8X eyepiece, and

with the Optovar set at 1.25. The approximate observed magni-
fication using the 4CX objective was 40 X 8 x 1.25 ~ 480. The
camera factor is 0.5X, hence the image magnification was approxi-
mately 240. The 40X objective has a theoretical useful magnifi-
cation of approximately 1500 and the 100X objective of approximately
2500. The negatives taken with the 40X objective were enlarged

to 2000X thus producing some empty magnification. Parallel analyses
with the 100X objective indicated however, that the empty magni-
fication did not falsify the determination of the size distributions.
The upper limit of useful magnification is a theoretical limit, and
not a practical one. The additional "empty" magnification in this
case proved to be valuable since our interest was in the particle

size distribution, and the further magnification made measurement
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of the finer particles much easier. The smallest particle image

which can be measurced with Lhe “eiss Particle 3ize Analyzer on the

standard range used in this study is 1.2 mm. The method of deter-

mination or the final magnification of the enlarged photographs

is explained below.

The fields which were photographed were selected without
prior observation according to a previously chosen area pattern

based upon mechanical stage graduaticns. The aree pattern in-

sured a reasonable coverage of the filter segment, and since

the author never saw the appearance of the sample before the

area was finally fixed, he was guarded ageinst being biased

in his selection by his visual impressions. The total number

of fields which was photograrhed per sample depended on the

number of particles per field. Gererally six to nine fields

were photographed from each of the three filter segments for

a total of eighteen to thirty-six rields per sample. The re-

sulting photographs represenv a composite of portions of three
subsamples from dhich the size distribution at that particular

depth was determined for that cruise.

Each photograph was identified by the station number,

sample depth, and cruise number. This informat<on was written

on an identificalion film strip which was inserted intc a slot
provided in the camera back, and was registered on the film at

the time of exposure.
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To determine end set the magnification of the enlargements
a stage micrometer w.s photographed at the beginning of each
roll of film. It was photographed under the same optical con-
ditions as used for the remainder of the film and thus served
as a reference for all other photographs on that roll. At the
time of printing., the final magnification, generally 2000X, was
selected by carefully adjusting the position of the ecnlerger
head until the desired magnification of the micrometer scale
negative was attained. A print of the scale was then made and
processed with the other prints of that sample. After dryirg,
the magnification of the micrometer scale was checked to evalu-
ate shrinkage. The negatives were printed on Kodal: Kodagraph
Pl Projection Paper, a high contrast paper on uitra-thin stock.
This paper was chosen because of the necessity of having a trans-
lucent photographic paper for analysis with the Zeiss Particle

Size Analyzer TGZ-3.

i, Protomicrographic Measurement with

the Zeiss Particle Size Analyzer

The images of the particles on the photomicrographs were
sized with a Zeiss Particle Size Analyzer TGZ-3, a semi-automatic
device in which the eye and judgement of the operator partici-
pate in the measuring process. The instrument is shown diagram-

atically in Fig. 48. The principal components of the instrument
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Fig. 48 Diagrammatic sketch of Zeiss Particle Size
Analyzer TGZ-3,
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are a light source, a lens system, and an adjustable iris dia-

AN CE R ks e

phragn which i5 correlated via a commutator with 48 telephone

counters, each counter corresponding to 2 certein aperature

T

intesval of the iris diaphragm. The instrument is also equip-
: ped vith a cumulative counter which registers the total number

of perticles measured. The iris diepnragm is illumineted from

TP rEre-TOreTYy

below and ic imag:d as a sharply defined circular light spot
in the plane of the plexiglase plate which supports a phuto-

micrograph. The photomicrograph is moved by rand until the

IR

center of gravity of the image of a particle liec approximately

at the center of the measuring mark. The particle image is

A

then measured by adjusting the diaphragm until the light spot

has an area equal tc that of the particle imege. For irreguler .

P T TR TR

particles the total area of the portions of the particle pro-
truding beyond the measuring mark must be made equal tc the
re-entrant areas. Once the diaphragm is adjusted the foot-
switch is depressed, the proper counter is activeted, a hole
is sunched in the image of the particle, and the total regis-~

tere? on the cumulative counter is increased by one. The photo-

LAt L o
o A o ———— v

micrograph is then shifted until another particle is above the

stationary measuring mark and the same procedure is followed.
An experienced operator can size approximately 1000 particles
in thirty minutes. )

The instrument can be used to determine either frequency
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or curulative size distribution =n' the forty eight counters

can be switcned into either 2 linear or ic¢:uthmic sequence.

The instrument is provided with two measi:ring ranges--sa re iced
range for measuring varticle images of 1.0 - 9.2 mam diameter,
and a standard range for measuring particle images with dis-
meters in the range 1.2 - 27.7 ma. In situations where particle
diameters fluctuate by more than a factor of 23, either two

or more sets ¢of photomicrograrhs of different enlargements,

or & templet, is necessery.

The standard measuring range and expcnentially increasing
size classes were used in this study to determine the size dis-
tributions of Chesupeake PBay suspenied sa=diment. The choices
of measuring range and size (lasses were dictated by the broa?
size distribution of the suspended matter. The 2000X magnifi-
cation used by the author together with the standard range of
the instrument fixes the particle size diameter (Dm) range at
0.6 - 13.85 p (1.2 - 27.7 tm on the vhotomicrographs). Sus-
pended particles with diameters greater than 15.85 p are found
in the Bay so that it was necessary to extend the upper limit
of the range. The upper limit was extended with a template
overlyy. This method was the most convenient since there were
relatively few particles with diameters greeter then 13.85 u.
The template consisted of & series of circles with expunentially

increasing diameters drawn on tracing paper. The diameters of
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the circles vwer2 determined by extending the cxponentislly in-
creasing size clesses beyond the L8 intervals of the Zeiss
Particle Size Analyzer.

Although particles with diameters less then 0.6 u are
also found in the Bay, this lower limit was not extended.

Sizing below approximately 0.6 u requires the use of an oil
immersion lens, and below 0.25 u an ultraviolet microscope
must be used, Table 6. Waen several magnifications are used
for a single sample, extreme caution rust be used in combining
the results.

For each group of three slides taken Irom a single
sample at least 1500 particles, but most commonly 2000 particles
were sized. The minimum number of particles to be counted was
determined by a commonly accepted counting technique. Two
hundred and fifty particles were sized from a sample and the
first four moments of the resulting size distributions were
calculated. An additional two hr-dred and fifty particles were
then reasured and the moments recalculated foir the 500 measure-
ments. The procedure of dovbling the sample size and calculating
the moments wac continued until the moments showed no substantial
change between successive cycles. This was done for fifteen
semples, and in each & sample size of 1000 particles was found
to be adequatc to secure agreement between the moments on suc-

cessive cycles to within 10 percent of the mean cof each pair

T TN
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of moments.

Although a sample size ef 1002 ic er.'rely satisfactory
for the stability of the moments, the author was particular y
interested in the frequencies of the rarely occurring large
particles because of their cvervhelming effect on the volume
size distribution. In order to form a better idea of these,
ne eiected to size an additional 500 to 100C partirles in

m.wst samples.

Results and Discussion

One hundred and sixty-one size analyses of suspended
sediment from different space-time positions in the upper Eay
were made with the Zeiss Particle Size fnalyzer. 1In addition,
sixty-one replicate analyses were made, making a totzl of 222
particle size snalyses. Those statistics descriptive of the
distribution of suspended sediment in the upper Bay are formed
entirely from the set of 161 essentially differeni samples.
The replicate analyses are involvz? only when questions of the
stability of the statistics are discussad.

‘fhe number-size distributions of 12 of these samples are
presented in Figures 4¢ and 50. The mean, the standard deviation,

the skewness, and the Kurtosis of each of these samples is
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presented in Table &. [n widition, the recu'ts of 53 other

(A et

analyses are given in Appendir A.
The presentation of the enlire set of 16} size

analyses in this paper would require an inordinate amount
1

of space and therefore only a representative subset of the

analyses 1s presented. Presented here are typical annlyses

o A i
o e v e —— e ———— o oA oot e 4 Rt S b S i o

wnich depict the consistency and variability of the pearticle
i size distributions both spatially and temporally within
é the area.

The forty-eight size classes of the Zeiss Particle Size
Analyzer and the twelve ciasses which were added with a tem-
plate were grouped by threes to form twenty classes. The
statistics which were calculated are standard moment measures.
The mean is the first moment about zero, and the standard devi-
ation the square root cf the second moment about the mesn. The
skewness end kurtosis are defined in terms of the second (uz),

third (uB), and fourth (uu) moments by

L
‘ _1 3
f Skewness = 5 372
. M,
Hy
Kurtosis = — - 3
5

The twenty class midpoints, X, used in the calculations

vere defined by

= —————————— i e < - -
b a s meneme = oo
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which reduces to

3v
s &35
_ is3v-2
v~ 3v
z b
i=3y-2

where § 5 ave the midpoints of the sixty subclasses, fi the

freqguancy of observations in each subclass, and v=l,... 20.
The mean diameter, 5;, showed little variability either
seasonally or geographically. It generally increased with
depth at each station, out the increase was usually small.
The inrcrease of 5; witn depth was attributed primarily to
the resuspension of slightly coarser and pelleted bottom
sediment. At most stations an increese in the corncentration
of aggregate particles was observed near the bottom. This in-
crease is to be expected because much of the sediment suspended
near the bottom is material derived from the bottom which is
pelleted.5
D ranged in value from i.l to 2.8 i, and in nearly 80
percent of the samples analyzed it was between 1.4 and 2.0 u.

Histograms of ﬁ; for the samples from the surface, from mid-

depth, from one meter off the bottom, and for the entire set of

> Resuspension of bottom sediment by tidal currents is discussed

in a later section.
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1
f TABLE 8
EE i Stat.stical Properties of Particle Size 7.stributions Shown in
P ' igures 49 and 50
3
: Station, Mean Standard Skewness Kurtosis
1 Date, and Deviation
3 Depth {n) (1)
k sus (14 XI 66)
surface 1. 1.0 2.h 80.0
mid-depth 1.3 1.2 4.0 107.4
1 m off bot. 1.k 1.2 3.2 62.7
IE (1% XI 66)
surface 1.6 1.1 1.4 10.2
' mid-depth 1.6 1.5 2.2 32.6 -
1 m off hot. 1.7 1.6 2.1 25.5
TIIC (14 XI 66)
surface 1.k 1.2 2.k oLk
f mid-depth 1.6 1.3 1.8 17.k
! 1 m off bot. 1.6 1.3 1.6 15.5
; vF (14 XI 66)
surface 1.k 1.0 2.1 28.8
mid-depth 1.6 1.5 3.2 76.4

1 m off bot. 1.7 1.5 1.8 22.9
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16} samples are shown in Wige. o1 and S-. ™. uniformity of
the suspended sediment particlce s:ae disvrib.tion indicates
that therc is considerable transport and chifting of the sedi-
ment within this segment of the Bay.

No systematic downstrcam decrease in 5; was observed
within this segment of the Bay. During much of the year the

mean size, Dm, was siightly greater ac stitions in the kay

than at the Sucquehanna River station. This increase in—ﬁ;

was most apparent in the mid-depth and near bottom samples, and
again was attributed to resuspension.

There was no evidence that flocculation plays an im-
portart role in the sedimentation in the region. The composite
varticles which vere observed were organically tound agglomerates
and not flocculates. The tidal currents and tarbulence are
apparently sufficient to overcome any flocculation forces that
may exist.

There was a tendency for the mesn size and the modal
class to shift toward smaller values in late winter and spring.
This was most marked at the Susquehanna River station where
masking of the newly introduced suspended sediment by resus-
pended material is minimal. Histograms of the modal class,
presented in Figs. 53 and 54 for various periods of the year,
clearly show this shift. This change in the particle size dis-
tribution is apparently related to weathering and will be investi-

gated.
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Fig. 53 Frequency Distributions of the Modal Class of Equivalent
\ Piojected Diameters (Dyy) for Samples from various Periods
‘ of the Year,
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The number cf suspended colloidsl (Dm “ 0.5u ) varticles
increased sharply during the pericd of maximum runoff, March
and early April. These particles, however, are below the limit
of resolution of the microscopic system used by the author end
therefore were not sized. Even during this period, the col-
lecidal particles account for at most a few percent of the
total mass and volume of suspended sediment. In spite of their
small mass and volume however, colloidal particles have a very
proxound effect on the optical properties of the water during
this period. The large increases in extinction coefficients
resulting from the large numbers of colloidal particles render
optical methods of estimating suspended sedimert concentrations
questioneble under such conditions.

The skewness and kurtosis are of unknown significance
and are wmucn less stable than the mean and the standard de:’ -
ation. Their instaebility results because they are definad in
terms of higher moments, and the higher the moment, the greater
the relative weighting of the large deviationz. It follows
that the kurtosis, which is defined in terms of the fourth moment,
is less stable than the skewness which is defin.d in terms of
the third moment. Because of their high degree of sensitivity
to fluctuations in the tail regions of the distrib tion, both
measures are restricted in their usefulness unless & very large

number of measurements have been mede. The skewness ranged from
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g 1.3 Lo hH, and the kurtosi. from .0 to 140,01, In all of the
R
1 § samples, the skoewnes. wan poritive whiiceh means that more Laan

S half of Lhe deviations were on the lcft (nepative) side of the

mean, but thal the majority of Lhe iaryc deviations were on the

! right (positive) side. 1t should be remembered ‘hat the particle

R

size distributions were truncated at “he lower cnd at about
0.5 u.
The volume transformations of the number-size distri-

butions are shown in Figs. 59 and 56, and in Appendix A.

P T

To effect the transformations the conventional assumption was
made that each particle population was made up of a polydis-
perse system of spheres, and consequently no shape factors
were employed. This assumption of course is not true, and its
implications musi{ be examined.

Particle shape is an important factor in transforming
number distributions into volume distributions because the pro-
# Jected diameters, Dm, are converted into volume diamefers, Dv,

where D; is defined as the diameter of a sphere with the same

volume as the particle in guastion. If the volume diameters

obtained b; this treasformation are to provide a useful measure
of the true volume diameters, either the particles should be
approximately spherical, or shape factors should be employed
in mahing the transformation. 3Shape factors must be determined

by the direct measuvecment of two or more dimensions of a large
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number of particles. Generally, sirte shajpe i not constant for
a1l .izes of particies which make up & popu-ction, different
shepe factors must be used for different size ranges of a dis-
tributicn. However, the direct measurement of particles in
the sub-sicve range 's an extremely difficult and arduous
task. In the rare instances where shape factors have been
determined, the procedure has been tc assign an average shape
factor to the entire population. Such stiape factors have
generally been defined as the ratio of two mean particle
dimensions. The use of an average shap2 factor to characterize
an entire particle population is acceptable for many industrial
materials where the particles are of uniform compresition and -
where particle shapes have been determined by a common and
uniform comminution process. The use of an average shape
factor may also be acceptable for some natural populaticns of
fine-grained particles which are monomineralic, or nearly so.
However, in the case of the suspended sediment population of
the Chesapeske Bay, the assumption is entirely unjustified. As
pointed out in the introduction, the particle population con-
sists of both crga:ic and inorganic particles, and of composite
particles, all displaying a wide range of shapes from "spheres"
to flskes.

A series ¢f shape factors would have to be determined to

cover various ranges of this size distribution. The determina-
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tion of particle thickness, which would be required for the
celculation of meaningful shzpe factors, is almost impossible
for particles in the size and shape ranges encountered here.
Because of these reasons, shape factors were not determined,
and this fact must he kept in mind when examining the volume
transformations.

A few general comments will be of use in interpreting
and evaluating the volume trancformetions. During filtration

the particles settle with their largest surfaces in the plane

of the filter, and many of the composite particles '"flatten
out"” when they hit the filter. Boih of these factors result

in an overestimate of the true volume diameters when the pro-
Jected diameters, Dm, are cubed tc obtain the volume-~size
distribution. From microscopic examination it is apparent

that the smaller particles are more nearly equidimensional than
the larger particles. Most of the particles greater than about
10 u across are either thin flakes or composite particles.

This change in average shape with particle size results in e
displacement of the volume size distribution curve toward
larger sizes when the volume transformation is made. In sum-
mary, the volume transformations of the number-~-size data result
in an overestimate of the true volume diameters, and of the
statistics associated with the volume size distribution. As

pointed out in *ie next section, sedimentation size snalyses of
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a parallel set of samples provided an underestimete of the true
volume-size distributions. This underestimate results from the
fact thet all irregular particles fall more slowly than spheres
of the came mass and volume. The true volume distribution
curve then, lies somewhere between these two estimates. We
shall return to this topic after we have dealt with the sedi-
mentation analyses.

An additional factor to consider when interpreting the
volume~-size transformations is the distorting effect which a
few large particles can have. From the data in Teble 8 and
in the appendix, it is obvious that particles with diameters,
Dm, greater than about 15 p are rare. However, a single
particle with a diameter, Dm, of 20 p hes a volume eguiva-
lent to that of 8000 particles 1 p in diameter--assuming,
as we have, that both have the same shape. Since we usually
sized only 1500-2000 particles, in a few samples & single large
composite particle accounted for more than- fifty percent of
the total sediment volume.

For these reasons, the volume statistics are much less
stable than the number statistics. This is shown cleariy by
the data in Table § vwhich summarizes the results of photomicro-
graphic size analyses of seven suspended sediment samples.
Each of the sediment samples was extracted by filtration from

subsamples of a 10 £ water sample collected from mid-depth at
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station III C on 8 August 1166 at 1219 hours. The maximum 4if-
ference between any of tnhe number-mean diameters, 5;, was about
11 percent, while the meximum difference between the volume-
mean dlameters was greater than 100 percent. It wou.d be
necessary, therefore, to size many more particles to attain

a precision of the volume-statistics comparable to the pre-
cision of the number-statistics obtained by sizing one thousand
particles.

The volume mean diameter of the :uspended particles of
the upper Chesapeake Bay ranged from 4 to 28 p and generally
increased with depth. ©No systematic seasonal or geographic
patterns were observed. A value of 10-15 u for ﬁ: would
probably be a gocd estimate of the average volume-mean dia-

meter for this section of the Bay.
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TABLE 9
STABILITY OF PHOTOMICROGRAPHIC CTZFE ANALY!I. . Subsamples of a

mid-depth sample collected at Station IITC on 8 August 1966.

Sample Vol. of Number of -ﬁm B _Dv 5
No. Water Particles ( ) m ( ) v
Filtered Sized " () K (1)
(m)) H
IIIc, 10 1000 1.8 1.5 8.5 4.6
11102 10 1000 1.9 1.7  12.6 6.8
IIIC3 10 1000 2.C 1.6 9.1 4.9
I1IC, a5 1000 2.1 2.2 16.9 8.8
ITIC 25 1000 2.0 1.8 9.0 3.8
11106 25 1000 2.0 2.2 18.0 8.8
I1IC 25 100C 1.0 1.6 8.1 4.3
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SIZE ANALYSIS BY SEDIMENTATICN USING THE MSA PARTICLE SIZE

ANALYZER

Of all available methods of size analysis, sediments-
tion techniques provide the most satisfactory means of

determining both the weight distribution and the volume

distribution of particles in the sub-sieve range. Among the
sedimentation technigues, the Mine Safety Appliance Particle
Size Analyzer provides the most satisfactory method of sedi-
mentatior analysis for fine-grained suspended sediment. It
can work effectively with small (< 1 mg) sediment samples,
and it can work rapidly because it combines gravity and centri-
fugal settling.

A’l sedimentation methods of size analysis are based
upon a relationship between particle size and terminal
settling velocity. The classic relationship was derived by
Stokes (1850) for & rigia sphere. Since Stokes' law is in-
voked, cften tacitly, in almost all sedimentation size analyses,
we will do well to meke explicit what it saye, &and more im-
rortantly, what it does not say.

Consider the case of a smell, rigid, sphere settling
in a viscous fluid at rest. As the sphere settlas, it is
acted upon by vody forces and by surface forces. The body
forces arise from gravity, buoyancy, and inertia. The surface

forces arise from the viscosity of the fluid.
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Stokes (1850) found that the viscous drag on a sphere

may be expressed by
F = 3mvD (1)

vwhere 1 is the dynsmic viscosity of the fluid, v is the velocity
of the spheve, and D its diameter. PEquation (1) was derived
by Stokes as the limiting case of the resistance to a ball
pendulum, and was stated by him to be applicable to a falling
svhere when the velocity of the sphere is low enough that the
vart of the resistance dependent upon the square of the velo-
city is negligible.

The buoyant force of the fluid on the particle is given

by Archimedes' principle as
=1 3 \
B=gznDpeE (2)

vhere Pq is the density of the fluid, g is the acceleration
due to gravity, and D is the diameter of the c¢phere. The

weight of the sphere is given by
1 3
W=mg=zmnDpzg (3)

where p is the density of the sphere, m is the mass of the
sphere, and D and g are defined as before.
If the sphere were released from rest, initially F =0,

since v = 0. As the sphere accelerates, it experiences a
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retarding force, F, which increas«c ac v increases. Eve cu.lly
8 velocity is reached at which the downward force and ti- re-
tarding ferce are equal, and acceleration ceases. This final

constant velocity is called the terminal velocity of the sphere.

t can be determined by equating the downward force due to
gravity, the upward buoyant force, ard the upward force due
to frictional resistance. The form of F given in (1), ac-
cording to Stokes (1850) ...'may be employed to determine the
terminal velocity ot a sphere ascending or descending in a
fluid, provided the motior be sc slow that the square of the
velucity may be neglected." What this means is that if v is

sufficiently small the inertial forces are so0 much smaller

than the viscous drag forces that they may be neglected in
the balance of forces.

Equating those fcrces which are not negligible we obtain

1 3 1 3
gaDpg=znDpg+5mpvD (%)
weight buoyant viscous
force drag

L T 4

where v is positive downward. Solving for v we obtain

2
v =15 2 (omp,) - (5)

=
[e2]

Equations (1) and (5) are both referred to as Stokes' law.

1

From (5) we can determine the time for a sphere of diameter,

D, to settle a distance, h, under the influence of gravity.

3
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We have

- 0w (6)
€ (o-p,) &D°

Since Stokes' law furms the basis of most sedimentation
particle size analyses, it is extremely important to point out
its underlying assumptions and to establish the conditions under

which it can be expected to hold. Stokes' law (1) was derived

for a single, smooth, rigic, sphere settling in & homogeneous

and continuous fluid of infinite extent with a uniform velo-
city which is slow enough that the viscous drag is the only
important restraining force on the particle.

When one or more of these conditions are not met,;

W e ORI e e g TR AL, P

modifications of Stokes' law may be required. The modi-
fications demanded by various degrees of departure from the

conditions assume . by Stokes make up a voluminous literature.

- e s -

It is neither the suthor‘s intent to summarize this literature,

nor to attempt to evaluate it in depth. This Aegean stable shall

A R

remain uncleaned. Its contents shall merely be put into dif-
ferent piles to allow enough of the oxen to be removed so that

we can resume the race. We shall briefly examine the range of

S

conditions under which Stokes' law can be expected to hold, see
how closely the suspended particles of the upper Chesapeake Bay
and the methods used by the author fulfi'l these conditions, and

finally, we shall establish what modifications, if any, of Stokes'’
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law are required.

Stokes' law was derived fo.' a single sphere. 1In sedi-
mentation size analysis a cloud of pariicles i5 in suspension,
and if Stokes' law is Lo apply strictly, ecach particle must
settle unhindered. When the particle concentration becomes
sufficiently great, there is appreciable particle interference.
Below some critical concentration the interaction is small,
and Stokes' law can be expected to hold.

The general problem of the hydrodynamic interference
between particles in a moving fluld has not been solved.
Theoretical studies of the effects of concentration on set-
tling have been restricted to suspensions of monc-sized
spheres (monodisperse systems). In such systems there is
no relative motion between the particles, so the problem is
greatly simplified. There have been no investigations of the
interference occurring in polydisperse systems, of which sus-
pended sediment populations are an example. The tendency in
polydisperse systems is for all of the particles to settle
together. The finer particles are apparently carried down by
the coarser particles, but the presence of the finer particles,
on the other hand, tends to retard the settling of the larger
particles. The net result is that the size distribution at
any level of a settled slurry is hroader (the sediment is less
well sorted) than would be expected by considering that essen-

tially a single size particle is settliing out at any given time.
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According to Hawksl.y (1,91), partic'. nterference is
probably appreciable for concentra! ons greater than 0.5 per-
cent by volume, and probably cannot be neglected until the
concentration is less than 0.05 percent by volume. Jarrett
and Heywood (195%), on the other hand, found in a series of
careful comparative tests that interference was negligible for
conentrations less than 1 nercent by volume. Irani and Callis
(1963) state that volume concentrations should be kept between
0.2 and 0.5 percent by volume. The author found in & ceries of
comparative tests run on natural suspended sediment populations
that particle interference was negligible below about 0.75 -

1.0 percent by volume. 1In all suspensions analyzed by the
author all of the concentrations were kept below the 1 percent
by volume level and nearly all were kept well below 0.5 percent.

Stokes' law was derived for a homogeneous continuous
fluid. Real fluids, however, are molecular in nature and this
condition is not strictly fulfilled. For most sedimentation
size analyses, the slippege which occurs because of the mole-
cular character of the fluid is unimportant. The slippage, of
course, is greater the smeller the particles, and is more
serious in geseous sedimentation analyses becsuse of the greater
mean free path. The effects of slippage in liquids for particles
equal to or greater then 0.5 u across are very small and have

been neglected by the author.

S L 23
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Stoves' law assumes that the viscous drag is the unly
restraining for<e acting on thz sphere. This assumption is
not fulfilled if the sphere is so large or has a settling
velocity so great that a turbulent wake develops. The as-
sumption is valid only when the ratio of the inertial forces
to the viscous forces is very small. The Reynolds number is
a measure of this ratic. For a sphere settling in an un-
disturbed fluid we can write the Reynolds number as

p vD
0
: (7)

Re =

where v is the velocity of the sphere, D its diameter, Py is
the density of the fluid, and v is the kinematic viscosity of
the fluid.

The upper limit of the Reynolds number for which Stokes'
law still holds has not been unanimously agreed upon. FHawksley
(1951) stetes that the error in using the Stokes drag (1) does
not exceed 1 percent until the Reynolds number is larger than
gbout 0.05. According to Rose (195%), the Stokes drag is valia
to within ¥ 1 percent for Reynolds numbers less than 0.1. Lamb
(1932) sets the upper limit at & Reynolds number of one. Arnold
(1911) found experimentally that the inertial effects of the
fluid on tue settling velocity were negligible for Reynolds num-
bers less than 1.2. Davies (1 47), cited by Cadle {1¢65), esti-

mated that errors of 1, 5, and 10 percent in settling velocity

e —— O .




correspond to Reynolds numbers of 0.074, 0.38, and 0.82, respective-
ly.

For virtually all size analyses a choice of 0.1 as the
critical Reynolds number should be 1w enough to ersure satis-
factory results. The use of Stokes' lad above some critical
Reynolds number results in an underestimate of the particle
Jiameter from the observed settling velocity. Above this
cyritical Reynolds number the inertial terms must be included in
the balence of forces. The inertial terms have been partially
accounted for in theoretical solutions by Goldstein (1929, 1938).
The wpper 1imit on the Reynolds number for size analysis by
settling has been extended to about 10 in theoretical solutions,
end to more then lO5 empirically.

The importance of a critical Reynolds number for size
analysis 1s what it means in terms of a limiting particlie dia-
meter. It is apparent from (5) and (7) that a limiting
particle diameter depends upon the effective density of the
particle, and the viscosity of the fluid. If we take the criti-
cal Reynolds number to be 0.1, then from (5) and (7) we find &
limiting diameter of ebout 50 u for spherical particles with a
density of 2.5 gm/cm’ settling in water at 25 C. Since the
suspended particles of the upper Chesapeake Bay have about this
density, and since almost no particles with "diameters" greater

than 50 p were observed, the inertial forces could be safely
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neglected and the Stokes drag (1) could be used.

There is also a lower size limit to the applicability
of Stokes' law. Stokes' law fails to hold for particles
which are so small that the bombardment of them by the fluid
particles becomes an efflective force. The lower 1limit for
centrifugal settling is, according tv Trani and Callis
(1963), about 0.01 p. Some other investigators place it some-
what higher, but it is always within the colloidal range. The
lower limit for gravity settling is, of course, higher than
for centrifugal settling. Since the author used centrifugsl
settling for particles less than 10 p in diameter. no modi-
fications ol Stokes' law were required.

Stokes' drag was derived for a sphere settling in a
fluid of infinite extent. Since all sedimentation analyses
are carried out in vessels of finite extent, it is important
to determine the conditions under which the retarding influence
of the walls must be taken into consideration. Theoretical
drag relationships have been derived for a sphere moving with
an infinitely low velocity parallel to an infinite plane,
between two parallel infinite planes, and along the axis of an
infinitely long cylinder (see Hawksley, 1951). All of the
theories have been derived for infinitely slow motion and in all
cases, the drag increases as the ratio of the particle diameter

to the distance from the wall(s) increases. Th~e wall effects




decrease as Lhe Reynolds number increases, anl are probably
negligible for Reynolds munbers preater thai § according to
Hawksley {19951).

The experimental evidence is not conclusive, and there
is n2 detailed pubiished evaluation of the available data. Ex-
periments by Arnoid (1¢11) using various sized spheres and a
long cylinder, indicated that the drag on an axially falling
sphere is not appreciably affected until the diameter of the
particle equals l/lO of the diameter of the cylinder. According
to data from Landerburg (1907} as given by Hawksley (1951), for
Reynolds nnmbers equal to or less than 0.05, the Stokes drag
should be divided by about 0.95 for a 10 p sphere settling
along the axis of a cylinder whose diameter is 1000 p. The
capillaries of the two types of MSA centrifuge tubes which
were used by the author have diameters of 750 and 1000 u.

It is clear that the drag is increased by the presence
of the walls and the base of the sedimentation vessel, however,
because of the lack of agreement as to what corrective factors
should be used, no modifications of the Stokes drag have been
made by the author.

Stokes' law was derived for a smooth, rigid sphere. The
suspended particles which the author is interested in are essen-
tially rigid so this condition is sufficiently satisfied. The

particles are probably not smooth however, and they are rarely
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spherical. There ls very iittle informabion roncerning the
effects of sarface rowhness on settling velueity. Arnold

(1911) found that minor surface irregularit’es did not appreciably
affect the setiling velocity of small spheres. Because of the
leck of data, the eithor has not applied any corrections for
surface roughness.

The condition of spherical particles is rarely, if ever,
satisfied by natura! {:ine-grained sediment populations. Gener-
ally, =2 wide range of shapes is present. The settling charac-
teristics of non-spherical particles can be most conveniently
diccussed by considering two settling ranges--settling which is
within the Stokes range, and settling which occurs at Reynolds
numbers outside of the Stokes renge. Since the particles in
which we are interested settle at Reynolds numbers within the
Stokes renge, we shall limit our discussion to these.

There is a great deal of confusion in the literature
concerning the alleged departures from Stokes' law arising
from the shapes of non-spherical particles. Much of this con-
fusion apparently stems from a failure to understand the meaning

of the term, Stokes diameter. A Stokes diameisr is defined as

the diemeter of a sthere having the same density and the same

terminal settling velocity as the particle in question in a

fluid of the same density and viscosity. Neither a volume, nor

a mass equivalence is asserted, only an equivalence in settling
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velocity. If the investigator's interest :n the particle popu-
lation is Lo churacterize a sedimentary proress, ‘hen the Stokes
diameter is a useful measure, and Stokes' law can be applied
directly. If, on the other hand, the investigator is interested
in the particles primarily as a product, then he is probably

more interested in their masses or volumes, and accordingly in

a vclume diameter . A volume diameter, DV, is defined as the

diameter of & sphere having the same volume as the particle in

question. The determination of the volume diameters of non-

spherical particles by settling may require modjfications of
Stokes' law. The modifications will depend, of course, on the

shape factors of the particles. The Stokes and volume dia-

meters will be equal oaly for spheres. Acccrding to Irani and
Callis (1963) Stokes' law can be safely used for particles
whose maximum-to-minimum dismeter ratio does not exceed b.

is mears that under these conditions the Stokes diameter,

" . is a "good" estimstor of the volume dismeter, Dv. The

>

exact relationship between the Stokes diameter, the volume

dismeter, end the sphericity is not known {Hawksley, 1951).
As pointec out later however, there is gocd reason to believe

that the Snokes dismeter is always less than the volume diameter,

except ror spheres.
7 Also known as & svherical diameter and a true nominal

diameter.
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Theoretical investigations of the sett!’ng of non-
spherical particles within the Stokes range nave been limited
to ellipsoids, infinitely long cylinders, flat blades, and in-
finitely thin discs (Laub, 1v32). TFor a discussion of the
theoretical work the reader 1s referred to Gans (1928), Davies
(1947), and Lamb (1932).

Kunkel (1948) found in an experimental study that all
shapes fall more slowly than the sphere of the same mass and
volume. His study included aggregates of particles as well
as single particles of various shapes. He found that aggre-
gates fell in such a way as to offer the greatest possible
resistance. In general, Kunkel concluded that all shapes
fall more slowly than the equivalent spheres, and that ...
"the deviation from Stokes' law increases with the deviation
from spherical shape and it is always in the sense of causing
slower fall than the sphere of the same mass so that size esti-
mates would always yield a radius which is too small " The
radius is too small only if the investigator is interpreting

the results in terms of a volume diameter. Once agein it must

bz pointed out that the investiga'or must decide whether he is

interested in Stokes diameters or volume diameters. Results

obteined with Stokes' law are expressed in terms of a Stokes

dismeter. These "diameters"” will be eguivalent tc volume dia-

meters only if the particles are spheres. 1In all olher cases,
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the Stokes diameters will be less ‘lLan the corre;ponding volume

Qdiameters, and the degree of departure between the two measures
depends upon the shapes (sphericities) of the varticles. If

the investigator is inlerested in volume diameters it may be

necessary for h'm te employ shape factors. It is rot clear
hovwever, from the available literature how Stokes' law should
be modified for various shapes of particles to determine

volume diameters. The modifications must, of course, be based

upon shape factors and these are extremely difficult to deter-
mine for smali particles.

Wadell (1936) quoted by Krumbein and Pettijohn (1938)
derived a modified form of Stokes' law by developing a resis-
tance formula for & particle interuediate in shape between a
sphere end a disc. He obtained the foliowing exrression for

the drag
R=9.lh xrpv . (8

Comparison of (8) with (1) shows that Wadeli's drag differs
from the Stokes drag only in the value of the numerical con-
stant. Using (8) to obtain an expression for the terminal

settling velocity, Wadell found

1 PP )

V.S o 84 (9)

where vp is called a practical settling velccity, Dp & practical




Y T — =3 e Tt

143

sedimentation diameter, and the rest of the terms are defined as
before  If we divide (2) by (V') we obtain v/vp 0.64 and
have a convenient way of modifying results cbtained with "uiokes'
law to account for shape variations. 1t :an be easily shovwn

that a practical sedimentation diameter is 1.25 times as large

as the corresponding Stokes diameter.

ne

The author has used Wadell's equation in some instances

to get a better idea of the volume diameters of the suspended

particles of the Chesapeake Bay. In cases Wwhere it has been

used, both the Stokes diameters and the Wadell estimates of the

volume diameters have been plotted.

One of the largest uncerteinties in all sedimentation
analyses arises from the necessity of assuming a mean density
for the entire particle population. In most industrial samples,
and in natural sediment populations in which there is 1little
density variation, this does 1ot present & serious problem if
the sample size is large enough so that the mean density can
be determined. The error in a calculated Stokes diameter due

to a difference in the assumed and true densities will be

: approximetely

;
E Py P

L percent error in D =100 ( 1 - _true o
i s Pagssumed Po

vwhere Py is the density of the sedimentation fluid. For example,

if 2.5, »p

2.2, eand PL= 1.0, the percent error

Ot rue™ assumed
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in DS is ebout 12 percent.

For porulations whose particles have a wide range in
density, it is nearly impossible Lo determine what effect the
assumption of a« mean densily has on the observed distribution.
The suspended particles of the Chesapeake Bay have a range in
density from about 1 gm/cmj for organic detritus and plankton
to about 2.8 gm/cm3 for some clay varticles. The densities of
seven sampies were determined with a pycnometer, and were found
to range from 2.24 to 2.60 gm/om3.

For particles smaller than approximately 10 pu the
analysis may be accomplished in a shorter time if centrifugal
settling is substituted for gravitational settling. Additional
advantages are a lessening of the effects of convection cur-
rents, Brownian movements, and flocculation. These effects
all introduce increasingly serious distortions of the results
as the particles become smaller. Centrifugal settling is
idc¢ntical in principle with gravitational sett.ing. It differs
only in the force which causes the settling. Thcs constant force
of gravity is replaced by the variable centrifugel force which
depends on the anguler velocity and the radius of rovaticn.

To understand sedimentaticn in a centrifugel field,
let's consider the case of a small sphere of density, p, being
sedimented in a fluid of density, Py where ¢ is greater than Py

At any time the sphere is acted upon by the effective centrifugal
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force and an ofyo . up viscous drag torec.  The of'fective cenbri-

fugal torce w.y be eaprecsed ac
W .
-z (p=p ) w'r (10)

where D is the diameter of the sphere, p ite density, Ps the
density of the sedimenting fluid, w is the angular veiocity, and
r is the distance of the sphere from the axis of rotation. The
viscous drag force is the same as in the case of gravity set-
tling, ramely 3muvD .

Locally these forces are nearly balanced for very small

particies (less than, say, 10 u in diameter) and we can write

3
Eg— /o-po) w'r =3 mvD (11)

Effective centri- Viscous
fugal force drag force

Solving for v, we obtain

_ (p—po)mzrD:

= 1
v 160 12 )

Equation (12) shows that with centrifugal sedimentation v is a
function of r, the raaius of rotation of the sphere, and a con-
stant terminal velocity is not reached as in gravity settling.
This means that the time for the sphere to settle a given dis-
tance must b~ determined by integraticn. Since v = dr/dt, ve
can write (12) as

) (o-po)w rD

QIQ:
ot |
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(p-p )uw' D"
dr _ o)
== i at (13)

Integrating between the limits r and r_ at times t=0
by «

and t=t gives

!‘

dr (pp)wD
[
!‘

f—

o at
and
T
b, = Mgy 2 (1)
2.2 T
(p-p Ju'D 1

vhere tl is the time for a sphere of diameter, D, to settle
from r, to r, vwhile being centrifuged at an angular velocity w.
If the particles are started from the surface of the
sedimentation liquid, as in the layer sedimentation method,
end if the sample is centrifuged immediately, then (1) can
be applied directly to obtain the time necessary for a sphere
of diameter, D, to arrive at the bottom of the centrifuge tube.
In this case r would be the distance from the axis of rotation
to the surface of the sedimentatlion liquid and r, would be the
distance from the axis to the bottom of the tube. In the method
used by the author, which combines gravity and centrifugel set-
tling, we cannot apply (14) directly since r, can no longer be
taken as the distance from the axis to the surface of the sedi-

mentation liquid. The reason for this is that during the period
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of gravity settling the particles become scriei throughout the
column of liquid because of dirferences in s:ze6. Therefore,
at any time % greate~ than zero, differert size particles

will have different r. values. The approrriate value of r1

to assign to a particular sphere will deyend upon the diameter
of the sphere, and the duration of the gravity settling period.
We can determine the r. appropriate to a particular size of

sphere from an equetion of the form
r, =r_+r (15)

. vhere r, is the distance from the axis of rotation to the sur-
face of the sedimentation liquid, and rg is the distance
below the surface to which the sphere will have settled
during the period of gravity settling Ts.

During the gravity settling period, Tg, 811 spheres with
diameters equal to or greater than some diameter, Dg, will have
settled to the bottom of the tube, a distance we shall call

h (hErz-r1)' All spheres with diameters less than Ds will have

‘ The sorting is actually due to differences in settling velocity

vhich may, or may not, be closely associated with differences in
size. However, for convenience we shall consider that we are
dealing with a polydisperse population of spheres of uniform

density.
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settled a lesser distance. Consider a sphere of diameter D

less than D_Which has settled a distance r . From (6)
£

8
_Kn Krg
Tt T
& p°
g
or
r = i (16)
D
g
Hence, from (15)
2
ry =g+ ok (1)
(o] 2
DB

which says that r, for a sphere of diameter, D, depends upon
the diameter, Ds’ of the sphere which was Just settled in the

time, Tg. If we substitute (17) into (14) we obtain

T
£ = 8 an 2 (18)
(p-p Ju'D hDp?
o (r0+ —
D
g

which can be used to calculete the centrifuging times corres-
ronding to the sedimenting times of spheres of designated dia-
meters.

The MSA Particle Size Analyzer combines gravity settling
with centrifugal settling in a cumulative sedimentation tech-
nique for the determinstion of the volume-~size distribution.
The MSA procedure calls for the determination of the amount of

sedimented material at times precalculated from Stokes' law.
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The amount of material is determined by measuring the height of
the column of settled particles which have u:umulated in the
capillary of one of Lhe special centr:fuge tubes.
The volume distribulion is then calculated from the r-tio of
the sediment height observed at times corresponding to certain
Stokes diameters (Ds) to the sediment height after "all"
particles have settled. It is assumed that the sediment height
is proportional to sediment volume.

A complete analysis consists of the following steps: (1)
sample collection, (2) calculation of a reading schedule, (3)
sample dispersion, (4) transfer of the suspension to one of the
special centrifuge tubes, (5) reading the sediment height at
times precalculated from Stokes' law for the gravity settling
period, (6) transfer of the centrifuge tube to the lowest
speed centrifuge, running for a precalculated time, removing
the tube and determining the sediment height, (7) continuing
centrifuging for predetermined combinations of times and speeds
until the reading schedule has been completed, and (8) cal-
culating the volume-size distribution from the measured sediment
heights.

Befcre discussing these steps we will take a closer look
at the components of the MSA Particle Size Analyzer. The com-
plete MSA Particle Size Analyzer consists of four special

centrifuges (300, 600-1200, 180C, and 3600 r.p.m.), the MSA

. e——
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Optical Projector, and syecral centrifrge tub-.o. Miscellaneous
accesseries include a teeding chamber, meas 1ing rods, cleaning
wires, and a tube rack. The major compinents have been designed
as separate unitlys, and for most analyses two of the centrifuges
are sufficient. The specially designed centrifuges have the
following characteristics: (1) Speeds constant to within * 1
percent of their stated values. (2) Maximum accelerstion rates
of less than 5 rad sec * during starting and stopping. (3)
Stable starting and stopping characve..stics. The speed
versus time curves during starting and stopping are known and
constant enough that corrections do not vary more than * 0.5
sec. (&) Built-in 1 sec to 1 hour %“imers allowing the centri-
fuges to be started and stopped without adjusting any speed
centrol device.

The centrifuges are powered by hysteresis type syn-
chronous motors. The starting and stopping characteristics
are controlled by a combination of an inertis 2.3k on the motor
shaft and a variable resistor in series with one winding of the
motor. The centrifuges are equipped with small, two-place,
commerziwl heads. The cpeed stability and the controlled ac-
celeration rates of the MS\ centrifiges remove two of the serious
drawbacks to size analysis by centrifugation. Most ordinary
laboratory centrifuges lack speed stability, and their acceler-

ation rates are too low at low speeds, and toc high at high




speeds for reliable size analysuis.

The specia’ centrifuge tures designed to it standard
15 ml centrifuge shields, are available with three different
capillary bore diameters--1 mm, 0.75 mm, and 0.5 mm.

The MSA projector projects a magnified (nv5X) image cf
the capillary and its sediment columr onto a graduated screen
for easy and convenient measurement. The magnification also
allows the investigatcor to check on the dispersion of the
sample, and to get ar idea of the shapes of the large particles.
The projector is used to hola the sedimentation tube dvring the
gravity settling period. The projector is equipped with a
cam operated tapper which is used during the fravity settling
reriod to prevent particles from sticking to the walls of the
tube. The tapper gently strikes the tip of the tube at the
rate of UQ %imes per minute.

Using & 6CO~1200 r.p.m. centrifuge, an 1800 r.p.m.
centrifuge, 0.5 mm and 0.72 mm capillary centrifuge tubes, and
a tube projector, Chesapeake Bay susrended sediment samples were
successfully sized. The procedures which were followed are

described below.

1. Sample Collection

Suspended solids for MSA size analysis were extracted

fror subsamples of “he pumped water samples described earlier.
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The samples for MCA anelysis were cbtained rom at least three
depths--surface, wid-depth, and 1 m off the hottom, at all
channel staticns, the Susquehanna River siation, and at other
selected sta.ions. At each sample depth generally three samples
of the suspended t£.'ids were collected by filtration--one

semple of approximately 1 mg on a 0.22 u Millircre filter, 1
sample of 2 to 5 mg on a 0.45 p silver filter, and a third
sample consisting of the suspended soalids from 5C0 ml. of vater
on a 0.45 p silver filter. In addition, some raw weter samples

of 1 0 2 iiters were collected and stored in bottles.

2. Calculation of The Reading Schedule

Except in the case 0 extremely fine-grained material,
a complete MSA snalysis invoives both gravity and centrifugal
zettling, and it is convenient vo calculate a complete reading
schedule before & run is initiated. Generally a series cof
diameters are chosen which cover the sizes range of the sumple,
anc. the corresponding settling times ere calculated. The
gzavity portion ol che schedule is calculated from Stokes' law,

(5). Equation (5) gave the terminal velocity of a sphere as

2
D, (p-p,)
V 7 e

15
and (&) zave the time, tg, for e sphere to settle & distance h

under the influence of gravity as
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= 18:h -
B _ ,1}‘
(o0, )6

If the units of D are microns, and i: the other {erms are ex-

pressed in c.g.s. units, then tg, in secoads, is given by

&
18 X 10 uh p
by = {19)
(p-p)eD
If we let
8
K = 18 X 10 uh (20)
g (0'0058
then (19) can be expressed by
K
t, = £ (21)
D

-

Since hg is a constant for a given material in a given
sedinentation liquid, a compiete reading schedule for the
gravity period can be readily calculeted from (21) for any

sizes desired.

it is generally convenient to change from gravity
setlling to centrifuge sattling about 10 to 15 minutes aiter
the beginning of a run. Although it is desiraeble to keep the
gravity portion of the run as short as possible to speed up the
analysis, there is & lower limit since the centrifuge timer set-
tings must be at least as long as the times necessary for them to
r1each constant speed.

The centrifuge portion of the reading schedule can be
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calculated from a modified form of (18). Equation (1€) can be
simplified in the same manner as (19) by tne use of a constant.

We can define a Kw for each centrifuge.

- g
3 X .—..M (22)
3 (p-p, Jw"
]
3 .
< Corparing (22) to (20) we see that
K, =55 K (23)
w 2 8
hw
and we can write (18) as
X T,
t == 1n — ~—— (24)
D . hD
\rot —3
D

g

Equations (18) and (24) cannot be used directly to calculate
centrifuging times since they are based on the assumption that
w 1s constant for the entire centrifuging pericd. Thls, of
course, in practice is not true because the centrifuges

must be started and stopped. Consequently a corrective time
factor, T , must be added to the times calculated from (2b)
to obtain the correct centrifuge timer settings. The deter-
mination of starting-and-stopping corrections is discussed in
Appendix B. The time calculated from (2%) plus T, gives the
initial centrifuge timer setting. Suvsequent timee calculated
from (2k) must also be corrected to account for previous centri-

fuging time, as well as for starting and stopping. We can express
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the initial timer setting, +, in the form
t =t + 1 (25)

where t' is the time calculated from (2i4) and T is the starting-
stopping co- ~ection factor. OSubseguent timer settings for the

same « can be determined from
t o=t ' -t 4T (26)

where tn is the nth timer setting, tn' is the nth-time cal-
culated from (2L), t__ ' is the constant-speed time equivalent
of previous centrifuging also calculated from (24), and T

is the starting-stopping correction factor.

¥hen w is increased, the t__ ' term in (26) must be
f,)l 2 °
multiplied by (-w—) to detrrmine the first timer setting at
2

the new speed. This is true since an interval tn at w is
“ 2
equivalent in terms of sedimentation to an interval (ZTQ t
2
at speed w, as can be seen from (14).
In summery then, we have the following equations for the

calculation of settling times:

For gravity settling times




8
- 18 X 10 ¢ in 2

t = —————
2.2 2
(p-p Ju'D (r + B2 D hD

For the initial centrifuge timer setting

K r2
gt =2 ln —S 4 1

2 2 W
D r+hD2
° 1
8

For successive timer settings at the same speed,

Initial timer setting after changing speed from w, to w,

[
“i.2
t =t ' -t (D) +1
n n n-1 wz wz

A sample reading schedule is worked owt in Appendix C.
For further discussion the reader is referred to the MSA manual

and to Cartwright and Gregg (1958).

3. Sample Dispersion

Proper sample disrersion is one of the most important
factors in any sedimentation analysis, and is one of the most
difficult conditions to fulfill--particularly when the determination

of the naturally occurring paerticle size distribution is the aim
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of the anslysis. As pointed out previously, choosing the proper
intensity of dispersion is akin to rteering a course between
Scylla and Charybdis. 1If the dispersion is toc vigorous,
naturally occurring flocculates mey be destroyed, while if

the dispersion is too weak additional flocculates may be pro-
duced during the analysis. The only course open is to use
moderate dispersion and to include o number ot checks in the
analysis.

The MSA method is probably more sensitive to the state
of sample dispersion than any other size analysis technique.
The primary reason for this is that if dispersion is not
adequate, the void spaces between the settled particles will
be greater than for the monodisperse system which is assumed
to be settling out at any given time. This increased void
space will result in a reorientation of the particles at high
centrifuge speeds and a compaction of the sediment column,
which, if appreciable, will invalidate the analysis.

A number of criteria have been established for determining
whether or not adequate dispersion has been achieved. A good
Ciscussion can be found in Herdan (1960). It is important to
remember that the phrase "adequate dispersion" haes a much dif-
ferent meaning in most industrial applications than it does in

this study. Industrial size analyses are generally concerned
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with the size distribution of the primary parttc]es7 and an
effort is made to destroy all flocculates. In industrial
applications the most power®ul criterion of adequate dispersion
is that repeated analyses of a sample should give the same
results regardless of the dispersive procedures employed.
This criterion is obviously less useful when the investigator
is interested in preserving the naturally occurring composite
particles.

The procedures and criteria which the author found to be
most useful for establishing adequate dispersion were:
(1) Microscopic examination of a drop of suspension just prior
to analysis. If the particles less than 2 p were more or less
evenly dispersed, and if they exhibited Brownian movement, the
sample was considered to be adequately dispersed st this stage.
(2) Tre direct observation with the projector of the particles
in the capillary of the centrifuge tube. If there was no visible
flocculation, or sticking of particles to walls of the capillary,
the sample vas assumed to be adequately dispersed.

(3) Determination of the degree of compaction of the sediment

7 A primary particle is an individual particle or any true ag-
gragate of individuel perticles which are so firmly held together
thet it is not possible to distinguish the individual pastinles
making up the group. (American Scciety for Testing and Materials,

ASTM E 20 - 51 T, 1951).
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fysie. I Lhe herght of 'ne sediment column

column during ana
3 did not deerease as the cenlrif.uge creed was increased, the
sample was assumed Lo be adequately disyersed.

() Filtraticn ind microscopic size analysic of a portion of
the suspension prepared for MOA analysic. The subsample was
filtered through a 0.22 p Millipore filter, photcgraphed, and

sized with the Zeiss Particle 3ize Analyzzr. The results wvere

i compared with the results of the Zeiss analysis of a sample
. collected at the same ctime and from the same depth as the first
4 sample, but whicn was filtered immediately after collection
A without any pretreatment. The methods of collection and
: analysis of this set of samples were explained in the section
1 on microscopic size analysis. 3Since this second sample was

not dispersed in any way, its size distribution is presumably

representative of the in situ size distribution of the suspended

matter. This comparison provided the most powerful criterion
in assessing the stale of dispersion.

A1l of these criteria were used fcr each sample, and if
at any step the sample failed to meet these specifications, it
was either resuspended, redispersed and the analysis rerun, or
the sample was discarded.

Tne MGA samples were disprersed in standard 50 ml centri-

fuge tubes with a small stirrer attached to a variable speed motor.

.

The suspensions were rrepared in one of several ways depending
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upon the mode of sediment collection. Sediment samples on silver
filters were removed from the me ure. °s either by brushing
lightly or by the use of an ult: .sonicator. Sediment samples
on Millipore filters were removed either by brushing or by
dissolving th: membrane in acetone. The sediment contained

in raw water samples was first concentrated and washed by
centrifugation, and then resuspended end dispersed in distilled
water. Since the author used the hoamogeneous sedimentation
technique .'or most of the samples, the dispersive liquid
gererally served as the sedimentation liquid. Distilled water
was used in ell cases except for the Millipore filters which
vere dissolved in acetone. These samples were analyzed with
acetone as the sedimentation liquid. The effects of the dis-
solution of the Millipore membrane on the density and the vis-
cosity of the acetone had to be determined and the new values
were used in the calculetion of the reading schedule. 'fhe new
values of p and p, although higher than those for pure acetone,
were still lower than the corresponding values for water and
consequently speeded up the analyses.

For many samples physical agitation must be supple-
mented by dispersing and wetting agents to achieve proper
dispersion. A fairly complete discussion of wetting and dis-
persing agents with recommendations for use with specific materials

is given by Hendan (1960).
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The use of wet! ing and iigjersing asen ¢ was kept at a
52

minimun in this stwdy. Only Tween 80, and sodium hexameta-
1hosrhate were used, ang thas: were 'ised syaringiy, and only
after mechanical agitalion alone was fournd to be inadequate.

In many instances it was impossible to adequately dis-
perse the samples for MSA analysis b_cause of the sticky
organic matter which was present both is amorphous -lots and as

coatings surrounding meny of the particles. The organic matter

i
was removed from some of these samples by combustion or by
3 adding Hzoz’ or by ultraviolet radiation. The samples were
then sized with the MSA analyzer to determine the size distri-
. bution of the remaining inorganic and non-combustible organic
) particles. The size distributions thus determined do not

represent the in situ size distributions of these constituents

gince many of these particles originally formed organically
bound agglomerates. These size distributions are however
representative of the volume-size distributions cf the primary
noncombustible particles.

After dispersion the sample ic transferreu to one of the
special centrifuge tubes which is placed in the reading pro-
Jector and the sediment height is recorded at times calculated
from Stokes' law for gravity settling. At the end of the gravity
settling period, the centrifuge tube is transferred from the pro-

jector to the lowest speed centriiuge, and run for a predetermined

# Availablie from Atlas Powder Co., Wilmington, Delaware.
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tlr e. The sediment height is again determined, and centrifuging
is continued according to a predetermin>d plar until the reading
schedule has been completed.

The volume-size distribution is calculated from the
measured sediment heights by determining the ratios between
sediment heights recorded at the predetermined times and the
total sediment height at the end of the run. Each such ratio
gives the volume fraction of the sample accounted for by particles
with Stokes' diameters, Ds, greater than the Ds which corres~
ponds to *hat particular sediment height. These ratios are
converted to percentages and plotted as a cumulative size

distribution.

Results and Discussion:

Fifty suspended sediment samples from various space-time
positions in the upper Bay were sized by sedimertation using
the Mine Safety Apveliance Particle Size Analyzer. Fach of these
samples was split and two parallel analyses were made.

The volume-size distributions of eight of these samples
are presented in Figs. 57 and 58. The mean, the standard devi-
ation, the skewness, and the kurtosis of each sample are presented
in Table 10. In addition, the results of 14 other analvses are
presented in Appendix D.

The reproducibility of the MSA method was usually very
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gocd. Table )1 sammarices the + 0 'L of UL oe replicate runs
on a single small (about 9 mgd enpte of 5o ronded sediment.
The maximum deviation ¢ the maividual vc hre percentages for

a particular size clars {rom the mean veolume precentage for
that class was only 1.3 velume percent.. These results are
typical of what can be expected from careful analyses of fine-
grained suspended sediment.

It will be necessary (o size many more samples. to
definitely establish the existence or absence of any signi-
ficant seasonal or geogrephic patterns of the volume-size distri-
bution, but from the data at our disposal the variation of the
volume-size distribution with depth appears to be the only per-
sistent feature. At nearly all of the stations for which MSA
size analyses were made, the mean Stokes' diameter, 55, increased
with depth, and at most of these stations the standard devia:ion
also increased with depth. It was pointed out in the previous
section that the mean projected diameter, 5m, also increased with
depth at mosl stations. It is significant that the mean volume
diameter, Bv, calculated from the volume transformations of the
projected dismeter data, did not show this characteristic in-
crease with depth. This supportis the statement made earlier that
vhe common practice of transforming number-size data to volume-
size data by assuming spherical particles is frequently unsatis-

factory.
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Fig. 57 MSA Centrifuge determined Volume- ze Distribulions
of Selected Samples of Suspended Sediment from the Upper Bay,
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TABLE 10
Statlstical Properties of Particle Size Distributions Shown in

Flgures 57 and 58.

o« * . Sl e . . .
b RS - S NPT )
-~ " o '
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. Station, Mean Stardard Skewness Kurtosis
. Date, and D Deviation
Depth (1§ ()

SuUs (1 VI 66)

surface 3.9 6.3 2.9 Lh .3
mid-dept 3.9 5.7 2.9 Lg.8
1 m off bot. k.3 6.5 2.8 ho.1

IIIC (31 V 66)

surface h.9 6.2 1.9 22.3%
mid-depth 6.3 7.7 1.k 10.9
1 m off bot. 6.6 8.2 L.k 11.5

VF (31 V 66)
surface 3.0 6.6 3.5 55.8

1 moff bot. L4.5 T.1 2.2 27.0




TXE

TABLE 11
Reylicate MSA Antiyses of A Suspended 3Seaimen! 3ample From the

Upper Bay.

Stokes Percent by volume greater than size
Diameter Run ] Run 2 Run 3
Mean
() Operator A  Operator B Operstor A
80.0 0 0 0 0
40.0 0.5 0.7 0.2 G.5
20.0 4.9 5.2 3.5 4.6
10.0 7.2 8.0 5.0 7.1
5.0 30.5 21.8 20.3 30.5
2.0 67.1 66.2 65.5 66.3
1.0 85.4 86.0 84,0 85.1
0.5 23.7 5.0 94.1 4.3

0.2 100.0 100.0 100.0 100.0

ey
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At the surface, Bs ranged from 2.3 to 6.0 u, and in more
than 75 percent of the samples analyzed it was between 2.3 p and
4.0 u. The mean Stokes diameter, 53, at mid-depth ranged from
3.4 4 to 6.8 1 and in over 75 percent of the samples it was
between 3.4 p and 6.0 u. Near the bottom 55 ranged from 4.2 u
to 12.2 u, and was between 4.2 p and 8.0 p in more than 75 per-
cent of the samples analyzed.

Serial observations of current velocity and suspended
sediment concentration show that near the bottom there are
marked fluctuations in the concentration of suspended sediment
which are clearly related to current velocity and tidal period.
Maximum concentrations recorded near iimes of maximum flood and
ebb velocities exceeded minimum concentration recorded shortly
after slack water by es much as & factor of 18. These large
variations of the concentration of suspended sediment must bte
sccompanied by marked changes of the weight (and volume) size
distributions. This would explein why the range of 55 is greater
near the bottom than at mid-depth or at the surface.

Current measurements were not made at the times of col-
lection of the samples whose MS4 size analyses &re presented
here. Recently however, a size investigation was undertaken of
a set of suspended ~diment semples colilected simultaneously with

current velocity delerminations at hourly intervals over a

See section on Sedimentetion Processss.

e e,
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complete tidal cycle.

The results of these analyses should rrovide an important
contribution to our understanding of the sed!mentation processes
in the upper Bay. A knowledge of the settling characteristics
of the particles of a suspended sediment population ‘s 8 pre-
requisite to the uncerstanding and interpretation of that

pepulation.
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MINERALOGY OF THE SUSPENDEL SEDIMENT

Ui e s

Lt

The minevalogy of selected mid-depth samples of suspended

sediment was determined by X-ray liffraction, Tabie 12. The

T

suspended sediment was removed from the 18 to 100 liter water

samples by settling and centrifugation. The organic solids

were decomposed with hydrogen peroxide, and the rediment samples

were centrifuged several times with distilled water to remove

2t 2y S gt
I R T L R P A S Lt L s

: salts and soluble organics. A size separation of each sample
into a greater than two micron fraction and a less than two
micron fraction was made by settling in distilled water. FEach
cf the size fractions was concentrated by centrifugation,
water-sedimented onto glass slides, and dried at room temperature.

It was impossible to obtein useful X-ray diffraction
patterns from samples in which the organic matter had not been
destroyed. A few samples were given the following additional
treatment before X-raying. The amorphous iron was removed by the
citrate-bicarbonate-dithionite method, and the amorphous silica
ard alumina were removed by boiling the sample in 0.4 N NaCOB
(Jackson, 1956). These procedures were not found to be necessary
however, for identificatior rurroses.

Each slide vwas X-raved from 3 or L°20 to at least 49° 26
at & scauning speed o1 1° 26 ser minute using copper KO radistion
and 35-45 kV, znd 20-25 ma. Typicai X-ray diffractisn patterns

are presented in Figs. 59 and &O.
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TABLE 12

Mineralogy Samples

-

Station Date of Collection
Susquehanna Feb. 17, 1966
Susquehanna June 28, 1966
Susquehanna July 25, 1966
Susquehanna Aug. 9, 1966
Susquehanna Sept. 20, 1966

Susquehanna
Sassafras
IC

IE

VE
vF

VF

VF

Oct. 3, 1966
Sept. 19, 1966
Oct. b, 1966
July 26, 1966
Sept. 19, 1966
Sept. 19, 1966
Oct. 17 1966
Sept. 6, 1966
Sept. 19, 1966
Sept. 6, 1966
Sept. 19, 1966
Oct. 3, 1966
Oct. 17, 1966

Nov. 30, 1966
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The i1tive, chlorite, and kaolinite "grcu; 3" were the only
ciay minerals identified, and tnese were present in eil of the
samp.es. No alttempt was made at intra-gronp identification.
Illite was probably the mosi abundanl ccnstituent of the clay
mineral assemblage. Quartz and feldspar were the only non-clay
minerals identified. Quartz was present in all of the samples
and was more abundant in the greater than two micron fraction
‘han in the less than two miuron fraction. During hig: spring
runoff, the X-ray patterns were very poor. This was probably
due to the abundance of colloidal amorphous iron particles.

Illite was defined by its 10, 5, 3.3, and 2.5 X sequence
of basal diffract:ion maxima (peaks). Chlorite was defir>d by
its 14, 7.1, 4.7, and 3.5 R pasal sequente, and kaolinite was
defined by its 7.2, 3.5, and 2.38 2 peaks. Quartz was defined
by its 3.34 and 4.26 R peaks, anu feldspar by its 3.2k and
2.20 Z peaks.

Quantitative interpretations of the X-ray diffraction
patterns of clay mineral assemblages are usually equivocal.

Peak intensities cani. . be used directly as absolute quanti-
tative indicators of the abundance of clay minerals. 1In
addition to mineral abundance, peak intensity depends upon X-
ray machine settings, thickaess of sample mount, and the degree
of preferred orientation of the mineral particles. Pesak inten-

sity also depends upon the mineral's ability to diffract X-rays,
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and this ability varies not only with drff<ren’, minerals, but
also with dif{ferent samples of the same mincval. The latter
variebility i5 due to differences in chemical composition and
crystallinity. These factors preclude tne direct use of peak
intensities as indicators of absolute abundance.

Various int ssample ratios of peak intensitles can
; sometimes however, be used to provide useful intersample com-
parisons. Tn making such compariscns the «-sunption is made
that between samples the varietions in the erystallinity, and
chemical compositior. of each mineral are small and that vari-
ations in the degree of particle orientation are small. If
these conditions are fulfilled, then variations in peak inten-~
sity are due to variations in abundance.

The following peak height ratios were deterwrined: kao-

[+ © [ -]

linite/chiorite (3.58 A/3.54 A), kaolinite/illite (7.2 A/10 A),
and chlorite/illite (7.1 2/10 2). Peak height was used as a
measure of peak intensity. Peak area is a better measure of
peak intensity, but it requires a slower scanning speed, and

involves considerably more work. It was expected that the

relative abundances of the various clay minerals would be nearly
constani, and that the additional work required to determine
peak areas was unjustified. No systematic variations in the

3 ratios were detected--either geographically or seascnally.

In summary, the suspended sediment mineral assemblage
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consisted of illite, chlorite, kaolinite, quartz, and cccassion-
ally feldspar. No patteriis of peak height ra:tios were found.
The intersample variations of the ratios were usually no greater
than the precision of the individual ratios indicating that

fluctuations in the relative sbundances of the clay minerals

were small.

.
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SEDIMENLATION PROCESSES
The causes of events are sven more interesting
than the events themselves. Cicero

Will your answer serve fit tc all guesticns?
Shakespeare

It is n.t every question that deserves an answer.
Publilius

The sediments of the Chesapeake Bay &re compnosed of an
inorganic and an organic fraction. The inorganic portion is
comprised almost entirely of terrigenous sediments whict
have been delivered to the Bay ty the rivers tribulary to
it, and by ercsion of the Bay's margins which are poorly
consolidated. The orgenic fraction consists primarily of
planktonic organisms and their degradation products. The
Bay's suspended sediment, a subpopulation of its total sedi-
ment population, Is made up of newly introduced inorganic
sediment which has not been deposited; of livihg planxton;
of orgenic detritus which nas not settled out; and of previously
deposited sediments, both organic and inorganic, which have
been resuspended from the Bay floor, Fig. 61. At a given time
all of these components are present, but their relative
abundances vary temporally and spatislly.

In discussing the suspended sediment population we shall

first consider the external sediment source, upland discharge.
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Fig, 61 Diagram of the Sources of the Suspended
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Next we shali vorsider the margipal scurce, ¢liff and chore
erosion; an. finally we shall briefliy consid.r the inte~.al
sources, organic production and resuspension of botiom sedi-
ment. A detajled discussion of the resuspension of bottom
sediment by tidal scour is to be presented in another report
now in preparation. This subject will be treated here only

1o Lhe extent necessary to place this source of suspended

material in proper prosnective with the other sources.

SUSPENDED SEDIMENT DISCHARGE OF THE SUSQUEHANNA

The Susquehanna River, which provides more than 97
percent of the fresh water inflow into the upper Bay, is the
source of nearly all of the fluvial sediment introduced into
the region. The fluvial sediment being introduced into the
Bay is almost entirely silt and clay sized material. The
ilower reaches of the rivers tributary to the Bay have very
low gradients as a resuit of drowning caused by the post-
giacial rise in sea level, and these low gradients have
decreased the competency of the rivers to the extent that
very !ittle giavel and sand reach the mzin body of the estu-
ary. In addition, the recervoirs of the Susquehanna have
virtually eliminated the introduction of any sand into the
Bay by the Susquehanna.

Cores taken by Kyan (1953) and by the author show that
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the Lotiom sediments are predominantly ciay and silt. The
sand which is present is derived almeost entively from shore
erosion and is largely restricted to & narrow bend along the -
shore. Ryan's analyses chow an increase in the total silt
and clay conte:t at channz] stations f{rom about 88 percent by
weight at 76°02'20"W, 39°24'20"N (about 0.8 mile north of
Grove Point) to more than Y8 percent by weight at 76°:4'15"W,
39°14'36"N (about 2.5 miles southeast of Pooles Island).
Cores taken outside the channel shuw an increase in sand, but
orly close to shore is the total sand content greater than the
total silt and clay content. Ryan (1953) presents a recon-
naissance map ¢f the bottom sediments of the Chesapeake Bey.
During the year from 1 4pril 1966 through 31 March 1967
the Susquehanna River discharged aa estimated 0.60 x 106 metric

tons of sediment into the BRay at Havre de Gracel. This figure

was determined from daily river discharge records and direct
determinations of the suspend«’ sedimert concentration madle
approximately every one to two wesks in the Susgquehanna River

off Havre de Grace, kig. 62. Ta. discharge recorius were provided

! This is equivalent to approximately 1.60 X 10% m’ or 2.08 x

106 y653 of in-place sediment. The upper weiter of in-place
sediment in the Bay is composed f approximavely 30 percent
(by weight) solids and 70 percent water, with a consequent in-

piace density of atout 1.25 gm em™’.

RSP
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by the Conowingo Hydvoelectric Plant. Twenty of the 34 sets of
suspended seduner:t concentrations were determined by the author,
> were provided by J.H. Carpenter, and 11 were provided by R.

B. Biggs of the Chesapeake Biological Laboratory. The esti-
mate of sediment discharged was made in the following way.
First, a mean concentration of suspended sediment was determiued
for the entire water column for each of the days on whieh sus-
pemded sediment samples were taken. Second, these mean vealiues
vere assumed to represent the average concentration of sus-
pended sediment over the time intarvals defined by the midpoints
between sample dates. Third, each of these suspended sediment
concentrations wes multiplied by the average daily discharge
rate averaged over the same period, and by the length »f the
time interval to get the total sediment discharged during the
period. Fourth, these discharges were summed to obtain the
total sediment discharged during the sampling year.

The value, 0.00 X 10° zetric tons, is only an estimate
of the sediment discharged. In making the calculation it was
assumed that the mean concentration with depth at a #ingle
station was representative of the entire river cross section.
The few pertinent date which we have, and the fineress of the
suspended sediment indicate that this assumption is probably
reasonabie. It was also assumed that these mean suspended
sediment concentrations were representative of time intervals

varying from 3 to as long as 25 days with nearly all intervals
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from 6 to 1% Gays. The other assumptions are tied up in the
averaging implicit in the calculation. T¢ evaluate these
assumptions, let's look at the calculation more clos=zly.

We define the foilowing terms:

Di = the sediment discherge during a time interval Oty .
At = the time interval defined by the midpoints between

sample dates.

C = the instantaneous sediment concentration averaged

over the cross section.

R = the instantaneous river disciarge
(Ct)i = {ne mean of the measured instantaneous sediment
concentrations at the specific time t within the
time interval At, .
Ei = the average suspended sedimcnt conciatration over
the time interval Ami.
R, = the average river discharge over the time interval

JAY N
i

The suspended sediment discharged over a time interval

T, where
n
T=Z Ot
i=
was estimated by
n n

- ! = Y
D,= 2'D, b (ct)i R, Ati
i=1 3=]
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which may elso be written as
n n \
-5 T F Jic) -t \E
D= & C R At + zl(ct)i C,j R, &%, (27)
1=} i=1

The true value of the sediment discharge over the time interval

T may be expressed by

n

p,= £ (CR) &%, (28)

The instantaneous values of C and R can be expressed as
the sum of a mean value and a deviation term. Thus, for the

time intervel Axi

a— t
C= Ci + Ci
(29)
- R '
R = Rt + Ri
If we take the product of these and average, we obtain
Y R el 1 1 1
iCRSi = CiFi + Ci Ri + CiP.i + Ci Ri
which reduces to
- 7n Tt
ZCRSi = C,R, +C 'R, (30)
o R c 1 R'=0( =
The terms Ci Ri and CiRi both equal zero since Ri Ci' 0.

1

e Y
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Ard it 1s chvious that Fiﬁi :

Ci}_ii i we average over the same
time interval originaily used Lo derine 5‘ ur.d ﬁi' The term
E:TﬁzT does not equal vero however, excep’. under very special
circumstances or unless the variables arc 'mcorrelated, which
is not the case herec.

Equation (28) can therefore be written

n n
p,= £ CR ot + % TR At (31)

i=1 i=1

The difference between the true sediment discharge and

the estimate given here is then

L n

/

DDy = T TR & - X q(C) - Ei} R, Ot, [52)
i=1 i=l

The error in the estimate (27) cf the suspended -ed:-
ment discharge over the time interval, T, tnen is given by
the dirference between two terms. The first term on the right
side of Equation (32) depends on the correlation between the
fluctuaticns of the suspended sediment concentraticn and *he
river discharge during the time intervals &mi. The suspended
sediment concentrations were usually measured at intervals of
one to ,everal weeks, ond thus one assumption implicit in the
calculations used here is that the correlation of the fluc-

tuations of river discharge and suspended sediment concentration
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at frequencies higher than one rer week may hbe ignored. In
general, suspended sediment concentration increases with river
discharge and therefore the correlation between them is
probably positive. The first term on the right side of (32)
thon is positive, and our estimete of the Suspended sediment
discharge, DE, tends to be less than the true value, DT.

The second term on the right side of Equation (32)

depends on the difference between the average of the single
set of measurements of the suspended sediment concentration
in the section during the time interval Ati and the mean
value of the suspended sediment concentration aver the time
interval Ami. This term may be either positive or negative ,
and hence may either add or subtract from the vias introduced
into the estimate by the first term. Since there are 34 sets
of suspended sediment concentration determinations (i.e.,
n = 34 in Equetion 32), and since there is equal probability
that {(ct) - Ei} for any single set will be either positive
or negative, the effect of this term on the estimate of the
suspended sediment discharge is probably quite small.

Thus our estimate of the Lotal suspended sediment dis-
cherge is probably an underestimate, but we can not say by

how much. An indication of this bies is given by the zero-

~rder estimate obtained by taking the product E;ﬁTT, vhere

ET and ﬁT are the average values of the suspended sediment

concentration and the river discharge over the time period, T,
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of one yecar. The zero-corder cctimate was found to be 0.31 X
106 metric tons, as compared Lo our first orier estimate of
0.60 X lO6 rotric tons found by surming over Lhe 3% sub-
intervals.

Paily suspended ~ediment samples are now being taken
at the Conowingo Hydroelectric Plant and sampling will continue
through at least one calendar year. This set of data will
allow us to evaluate the daily correlation of river discharge
and suspended sediment concentration.

A cumulative curve and histogram of the suspendecd sedi-
ment discharged by the Susquehanns River at Havre de Grace
from 1 April 1966 through 3! ™arch 1967 are presented in
Fig. 63. Nearly 20 percent cf the total suspended sediment
discharged during this period was introduced between 1 April
1066 and 24 May 1966, whereas over the next eight months the
additional discharge vas less than 10 percent of the total.

In less than two months, 19 February 1967 through 31 March
1967, the Susquehanna discharged over 70 percent of its total
suspended sediment discharge of 0.60 X lO6 metric tons for the
year 1 April 1966 through 31 Merch 1967. Most of this was
probably discharged in a period of less than three weeks during
March, but the suspended sediment observations are not closely
enough spaced to show this.

During the vericd of peak sediment discharge the
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Susquehanna River clearly dominated the distribution of sus-
pended sediment within the upper Bay (see Figs. 40 through 45).
The maximum suspended sediment concentrations of the Susquehanna
were reflected in the high concentrations recorded at each of
the channel stations within the Bay. Although these values
were lower than those recorded in the Susquehanna off Havre
de Grace, they were in each case the maximum values recorded
in the upper layer at that station over the sampling year.

In Fig. 64 the maximum surface concentrations of
suspended sediment measured at each of the channel stations
is plotted as the percentage of the maximum surface concen-
tration measured in the mouth of the Susquehanna at Havre de
Grace. Plotted as percentages in the same figure are the

fresh water fractions of the surface waters at the same stationsz.

2 These fractional volumes were determined from S = nSB +
(1-n) SR, where n is the fraction of a unit volume of water
accounted for by Bay water of salinity, S = 15 %; (1-n) is
the fraction of a unit volume of water accounted for by river
water of salinity, S.= 0.1 %; and S is the salinity of the
unit volume of a mixture of river water and Bay water.
Solving for n

S - §;

S~ Sy

and from this we obtain (1-n).

n-=

T TR PR A RN B b i choriad Sbal A REIE LS i 02 e T A e ATy RO I o

T

w e bl RGN

Vo vt AR, 3 s

PR

s wvhien s A e W DA fre st

PR Ay s am

Y i

A

1L ot

WG Dk 1 SNSRI AT




P L

PR

Ao s N v MY Py

150

*sa3ejuaoaad st pajjord osye aIe sUOIIRIS dWINS

Y3 Je sI9jem 9DRJINS IYJ JO (U~-]) SUOIIOBIy I93em Ysaxy 3yl °*(SNSDH) sns
uo1jeIS Je JUIWIPSas papuadsns JO UOIFRIFUGIUOD 2DBIINS IDBJINS WINUWIIXEW
aYy3 yo @8ejuasxad ay3 se pajpord suorels rauueyd 3Y} Jo yoes je (¥o)
juaUIIPas papuadsns JO SUOIFRIJUITUOD $VETISNS wWNWIXeW 3yl #9 Sty

V. % ey.vg oIo ax oD § sn

o T T ] T
o1 | i
02 -~
og -
ob -

:m:mo
os |- 00! {—x5) .
UOIEDIIUBIUOD juUBWIPOS
09 - popusdsns 9A)D|0J -
oL I\ .
~ 001 (u~1) uoHoDIy ...
o8 /AIL..\%::; ysad}
06 \ -
'I"all i

% 00! } i = — '\HI'I'IIV

ol
o2
o¢
ov
oS
09
oL
08
06
%001

T ™ Y .

.
R s gt 0 e G LA e R b i B A Vi

»

PRINLR WY

s s Erpdbitontes,

el




A

3
&

O

-
2%

2 ,‘
s I s e T R R A T B L T S SRV Ve I, ot o

B ovmrt o A s o Aot PR L e Tt s A

e

A Vo P AN P SO A T @ s U £ S g A R a9 LN

o s e e =\ e e e me™ A

191

Figure 6l clecarly show that the downstream decrease in
the concentration of suspended sediment resuited primarily
from the loss of material by settling; the dilution of river
water by Bey water could not have produced the longitudinal
gradient of suspended sediment. At station VF the concen-
tration of suspended sediment dropped to 20 percent of the
suspended sediment concentration in the mouth of the Susquehanna
off Havre de Grace, whereas the volume percent of Susquehanna
water in a unit volume of surface water only decreased to
67 percent. 1f one assumes that no material was added to
the upper layer from other sources, then about 80 percent of
the material introduced by the Susquehanna at Havre de Grace
during maximum runoff was deposited above the seaward end of
the study area. This amounts to about 0.33 X 106 metric
tons of suspended sediment, or to 0.92 X 106 m3 of in-place
sediment which if deposited uniformly over the Bay portion
of the study area (370 x 106 m?) would form a deposit 2.5 mm
thick. Since resuspended sediment is added to the upper layer
and therefore contributes to the concentrations within the
Bay, it is obvious that less than 20 percent of the sediment
discharged by the Susquehanna during peak runoff in 1967 was
directly transported through the study aree.

At all times of the year other than during peak runoff,

the concentrations of suspended sediment were higher within the
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Bay than in the mouth of the Susquehanna at Havre de Grace,

indicating the importance of another source or sources.

COASTAL EROSION OF THE UPPER BAY

Using the shore erosion data of Singewald and Slaughter
(1949) in conjunction with relief data obtained from topo-
graphic maps and from field measurements of cliff heights, an
estimate was made of the mass of sediment derived annually
by erosion of the coast of the main bidy of the Bay north of
Tolchester (30°12'N). Singewald and Slaughter report the
mean annual losses of acres of coast per mile of coastline
for the Maryland counties bordering the Bay. Their data are
based on the comparisons of chr “s covering a period of about
90 years, and are reported by coastline segments. The author
combined each of their annual areal losses with relief data
for the same coastline segment to calculate the volume of
sediment removed annvally from that section of coastline.
Along the eastern, northern, and along parts of the westera
shore, the elevations obtained frem topographic maps were
supplemented with field measurements. This was not possible,
however, in the restricted zone of the Aberdeen Proving Grounds.
The mass of sediment removed from each coastline seg-
mert was calculated from th> volume by using & mean sediment -

density of 2.65 gxn/cm’. The percent of each of these masses
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of eroded material accounted for by silt and clay was esti-
mated in the following way. Cliff face sections were measured
am! sediment samples were collected from each of the exposed
faecies, These sarples were then split by wet-sieving into
two size frections--~sand, and silt plus clay. The percent of
silt pius clay in each sample was then determined by weighing.
These percentages were then weighted by the thicknesses ot
the parent beds to determine the percent of the total exposed
cliff accounted for by silt and clay-sized material. The
length of coastline over which each such determinstion was
considered to be representative was dictated by the lateral
and vertical uniformity of the exposeid beds. PFor most coast-
line segments st least three sets of measurements were made.
It was not possible to obtain samples along the shoreline of the
Aberdeen Proving Grounds. ¥or this stretch of coast, silt
and clay were assumed, on the basis of samples from adjacent
areas, to account for 35 percent of the evoded sediment. The
measurement sites are indicated in Fig. 65.

The results of the analysis show that approximately
37,466 m® (9.26 acres) of coast are lost annually by coastal
erosion. This amounts to more than 125,000 m3 of sediment or
more than 0.33 X 106 tons. Of this, about 0.12 X 105 tons are
silt and clay. This contribution of silt and clay is equi-
valent to about 20 percent of the sediment discharged by the

Susquehanna River from 1 April 1966 through 31 March 1967. The
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Fig. 65 Map of the Upper Bay showing Shoreline Segments used in
Calculating Annual Losses due to Erosion.
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data are summarized in Table 13. ‘The highest rates oi' areal
loss were found along low-lying stretches of Lhe western shore
from 01d Woman's Gut 4o Abbey Point, and rrom Cuckold Point

to Shallow Creek. The highest rates of volume loss however,
were found in areas of relatively high relief along the
egstern shore from Grove Point to Wroth Point, and at the
head of the Bay from Turkey Point to Red Point. The weighted
mean annual rates of areal and volume loss of coast were
found to be 328 w’/km, and 1095 mj/km, respectively. The
weighting factors used in the calculation were the lengths

of coastline over which the erosion rates given in Table 13
were derived. In other words, the mean annual rate of erosion

per kilometer of coastline is given by

n
s E1
=t
n
z 1
=]_i

E =

where E, is the erosion rate (either areal or volume) for a
particular coastline segment of length 11.

Ryan's (1953) sediment map and the author's own obser-
vations show that very little of the eroded sand and gravel
escape the littoral zone. Most of the silt and clay however,
is winnowed out of the littoral zone.

The rates of coastal erosion are highest during periods

of rough seas and would therefore be higher during the late
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fall, winter, and spring montns than during the sunmer and
early fall months. Wind data from the meteorolcgical station
at Aberdeen Proving Grounds are presented az monthly wind

roses in Fig. 66.

RESUSPENSION OF BOTTOM SEDIMENT

It should be apparent from the discussion and from
Figs. 31 throdgh 45 that neither the mass of sediment intro-
duced by the Susguehanna River during peak flow, nor the silt
and clay derived annually by coastal erosion can directly
account for the relatively high concentrations of suspended
sediment found throughout the year in the upper Bay. The
explanation emerges from serial measurements made at anchor
stations of both current velocity and the concentration of
suspended sediment. The results of one of these sets of ob-
servations are presented in Figs. 67 through 69. From 1200
hours on 10 July 1967 to 1600 hours on 11 July 196 hourly
measurements were made at the surface, and at depths of 2, L,
6, 8, and 9 m at a station, IIIC s in 9.5 m of water just

outside the channel opposite station IIIC.

Figs. 67 through 69 show that at the surface, at 2 m and

at 4 m the concentrations of suspended sediment were relatively

constant over the period of measurement. At 6 m fluctuations

of the concentration of suspended sediment were appreciable,
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Fig. 66 Monthly Wind Rose Diagrams for the Year 1 April 1966
through 31 March 1967. Based on Hourly Measurements made at
Aberdeen Proving Grounds. The Wind Percentages are concentrated
on 8 Points, The Arrows fly with the Wind, The length of Arrow
measured from the Outside of the Circle on the Attached Scale gives
the Percent of the Total Observations in which the Wind has blown
from or near the given Point. The Numberx of Feathers shows the
Average Speed of the Wind: 2 Feathers =~ 2 to 5 m,p.h,, 3 Feathers

~- 6to 10 m,p,h,, 4 Feathers -- 11 to 15 m,.p,h, The Figure in the
Center of the Circle gives the Percentage of Calms,
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varying by as much as a factor of three and one-half, but they
were not strongly related to current speed. At 8 m the sus-
pended sediment concentrations varied by nearly a factor of
seven, and the fluctuations were clegi'ly relatec. to current
speed and tidal pericd. Maximum concentrations were recorded
near “imes of maximum ebb and flood velocities, and minimum
concentrations were observed shortly after times of slack
water. At 9 m there was an even stronger relationship between
current speed and the concentration of suspended sediment.
The concentration varied by more than a factor of eighteen,
ranging from 15 to nearly 280 mg/l. It is apparent that the
bottom sediment is being resuspended by tidal scour, and that °
the concentrations of suspended sediment in the lower part of
the water column are determined by the events of the past
few hours.

The upward flux density of sediment through a horizontal
plane at 9 m was found to be about & X 10° mg/m’/hr. This
represents the rate at which bottom sediment is resuspended
and transported through a horizontal plane 0.5 m above the
bottom. The bulk of this is redeposited within a few hours,
and the net movement over a tidal cycle must be small.

Resuspension results from both wind waves and tidal
scour. Since most of the area is very shallow, resuspension
by wind waves is an important factor during periods of high

wind and rough sea. Resuspension by tidal scour is important
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Fig 68 Current Velocity and Suspended Sediment Concentration at
4m and at 6m at Station IIIC* (9. 5m) on 10-11 July 1967. Based
on hourly measurements.
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at all times of the year and probably accounts for most of the
resuspended material. Observations made during rough weather
show that the concentrations were higher than the background
concentrations maintained by tidal scour, but the high "stom
concentrations"” dissipated within a few days.

The concentrations of total suspended solids were
usually higher on the western side of the Bay than on the
eastern side of the Bay at the same cross section (see section
on total suspended solids). These higher concentrations
are attributed to the greater area of shallow water found to
the west of the channel. Because of the decreased depth,
resuspension by both tidal scour and wind mixing is effective T

throughout a greater part of the water column.

Explanations explanatory of things explained. A. Lincoln

During the period of maximum runoff there was an ob~
vious link between the upper Bay and its principel sediment
source, the Susquehanna. At all other times of the year how-
ever, this association was missing and the upper Bay was more
closely linked with its internal sources--organic production
and particularly the bottom. Except for the pericd of peak
runoff, the concentrations of suspended sediment were higher :

within the upper Bay than in the mouth of the Susquehanna -3

despite the dilution of the fluvial sediment and the settling

e 3 v e A - a . e e e




out which occur within the Bay. The higher concentrations
within the Bay are due in part to the fact thzt the concen- b (
trations of organic matter found in the upper Bay are higher
than those in the Susquehanna, Fig. 70. But, Fig. 70 shows
that the increased organic matter is not sufficient to account
for the differences between the Susquehanna and the Bay. ‘There
are three possible explanations for the high concentrations of
suspended sediment observed in the upper layer. First, the
high concentrations may be due to the addition to the up,er
layer of sediment which has been locally (within the stuvly
area) resuspended from the bottom. Second, the high concen-
trations in the upper lajyer may result from the direct addition
cf sediment which has been resuspended downstream from the

area and brought upstream in the lower layer. Third, the high
concentrations in the upper layer may be the result of a com-

bination of these two mechanisms.

At vresent we cannot distinguish among these possibilities.

We can however, calculate the net flux of sediment through

the surface separating the upper and lower layers. It will

be more instructive if first we write an instantaneous total
suspended sediment balance equation for both the upper and lower
layers within the study area. We shall assume that at any time
the suspended sediment population is derived from the Susquehanna

River, from local resuspension, and from material brought up-
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stream in the lower layer into the region. Making this as-
sumption we can writz the following instantaneous balance

equation.

(33)

9 - .
EJ‘ Cdt = sj CRdea + chvzda 4 G - quvndo -i w‘CAdc
R £

u

rate of rate of supply rate of rate rate of rate of
change of by Susquehanna supply to of loss by loss by

total mass region by supply trausport settling
of suspended transport by re- out in up-
sediment upstream sus- per layer

in lowver pension

layer

vhere C = the instantaneous concentrations of suspended sediment
within the study area

V = total volume cf Bay within the study area

0
It

the cross-sectional area of the Susquehanna River at
Havre de Grace

C_ = the instantaneous concentrations of suspended sedi-

ment at the cross section in the mouth of the Susquenanna

River at Havre de Grace

Ve = the instantaneous river velocities

SE = the cross-sectional area of the lower layer at the
seaward end of the study area

Cz = the instantaneous suspended sediment concentrations

in the lower -layer at the seaward end of the study area

v, = the instrntaneous velocities in the lower layer at the
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seaward end of the study area

G = Rate of sediment supply from bottom of study area

Su = the cross-sectional area of the upper layer at the .
seavard end of the study area i
Cu = the instantaneous suspended sediment concentrations g
in the upper layer at the seaward end of the study 3
area ;
v, = the instantaneous velocities in the upper layer at
the seaward end of the study area
A = the area of the study region Just above the bottom
w, = the settling velocity of the suspended particles
C, = the concentration of suspended sediment Jjust above

A
the bottom

Returning now to our original problem, we can write a
suspended sediment balance equation for the upper layer and
calculate the net flux density of sediment through the surface
separating the upper and lower layers. We shall assume that

the suspended sediment population of the upper layer is derived

FREMR b

entirely from the Susquehanna River and from the lower layer.

Meking this assumption, we can write the following

%EQI cdr = Sf Cpvgdo + RI Mo - sf c v do (34+)
“u

R u
rate of change rate of net flux of rate of loss
of total mass of supply sediment thru by transport
suspended sedi~ by Sus- surface separ- in upper
ment in upper quehanna ating upper layer
layer and lower layer
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where A' = the area of the surface separating the upper and
lower layers
F = the fiux density of sediment through the surface
separating the upper and lower layers
and the other terms are defined as before.
Assuming steady state and taking the time average of

(34) over T we can write

0= l C v do + j Fig - f ¢ v do (35)

Each instantaneous value of Cu, Ve CR’ and vy can be expressed
as the sum of a mean value over some time interval, T, and a

corresponding mean deviation

c,=C +cC' (36)

where C_, C.

W Cos Vs and';; represent the mesn values over the

time, T, and Cu‘, CR', vu', and vn' represent the fluctuations
from the mean. If we substitute (36) into (35) and average

over the time interval, T, we obtain £37)
\ o

;Al Fg = A'<F> = Sj (Cu + cu')({r-u + Vu')do' - s..r (Uamﬂ')(;;a+vn')d0
R

u
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where <F> is the space~time average of F. Multiplying ylelds

A'<P> =f (CV+C'V+Cv'+C'v)do
S u u u u uu uu

u

f(c:v+c v+Cv'+c'v')da (38)

which can be written as

—_ vt s ol ' ty !
AP = j ('('f“\ru +C W +Cv '+C v, ) do

S\l

-I (Cv +Cp'v
Sg

R+Cv'+C'v')do (39)

The terms C_'v " Cyv.' o' CR';R’ and C v_' all egual zero

R R

gince C ' =v ' = AdCv =CV , and
u u R R uu uu

al =
It

<|

"

(o]

C ?r' (:Rvn s, 1f we average over the same time interval used to

define Eu, 'x;u, En’ and ;n' The terms C v 7 and ER'VR' do not
equal zero, however, unless the variables are uncorrelated or
except under very special circumstences. The variables are

not uncorrelated. But, if we exclude the period of high runoff
the term C v r ' is small compared with C v because the fluc-
tuations of C‘l are generally less than 10 percent of the mean
value. Therefore, we can neglect W. The term W s how~
ever, can not be neglected. Omitting the period of maximum
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vwhere <F> is the spatial &nd temporal mean flux density of
sediment through the surface separating the uprer and lower
layers.

Since our observations show that C, and C; are quite
uniform with depth at any given time (except during maximum

runoff), we can write (40) as

a<p> 2T [ 780 - CRI v do - cn'sj v, 'do (41)
(v}
u R R

which is equivalent to

BT -C®R - \
A'<E>—Cuv‘z CRR CR’R' (42)

where Vu is the mean volume {low in the-upper layer through the
cross section at the seaward end of the study area, R is the

mean discharge of the Susquehanna River at Havre de Grace, R

is the mean deviaticn, and the other terms are defined as before.
The quantity Egﬁ + E;TﬁT was =alculated for the period

1 April 1966 through 18 February 1967 and found to be sbout

0.18 x 10° metric tons or approximately 6.4 X 10° gm/sec. 'Eu "

was approximately 9 gm/m> over the same period. Based on the '

average salinities in the upper and lower layers at the seaward
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end of the study area, \(l was estimsted to be about 3R or
. 3 ] 8
20 -m’/sec. A' is approximately 3.7 X10m2 Solving (42)

for <F> and substituting these values we obtain

C V E R- C, '}
<F> = A,
< = CSR-C.R-C. 'R - _(___Qn/m3)3(680 m3/sec)-6 L x 10°gm/sec
" 3.7 x 10° m?
Y ’5 2 2
<P = 3.2 X10 ° gm/m“sec = 0.03 mg/m“sec

Since <> is positive, the net flux density of sediment is
upward through the surface separating the upper and lower
layers.

We can also express <PF> as

<®> =<F> - wC > (43)

where <Fs> is the space-time mean upward flux density of
sediment into the upper layer, w, are the instantaneous
settling velocities, C , are the instantaneous concentrations
of suspended sediment at the surface separating the ujper and
lower layers, and <w$Cu o 18 the space-time mean downward flux
density of sedimer' through the surface separating the upper

and lower layers. Since the mean Stokes diameter, T_y of
particles suspended in the upyer layer is about 3.8 u, w_ 1is

8
of the order 1 X 10™° m sec ', and
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W C. >~ 1077 m/sec X 10" mg/m°~ 107" mg/m’sec
Solving (43) for <F >, we have
<F> =< +<wC >
8 s u*
Substituting for <F> and <wsCu & Yields
2 -1 2
<F_> = 0.03 mg/m°sec + 100 mg/m sec

Therefore, <F > is also of the order 107! mg/m%sec.

For a purely advective model, we can express <F5> as

F> =<, C)> (k)

£

In (b44) Vip 8Te the instantaneous upward vertical velocities,

C ge 8TE the instantaneous concentrations of suspended sedi-

-ment at the top of the lower layer, and <wupC P » 1s the space-

time mean upward advective flux density of sediment through the
surface separating the upper and lower layers. Since C g is
approximately 10° ng/m’, V,p ¥ould be of the order 10”2 m/sec
which is not unreasonabie (Pritchard, 1956), and it appears that
our estimate of <F> is at least reasonable.

Using the same arguments as before, we can write the

following suspended sediment balance equation for the entire

study area.

AF>2CV -CTR-C R - f C v 00 (45)
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In (45) <F,> is the space-time mean net flux density of sedi-

ment through & surface just above the bottom, C, are the instan-

£

taneocus concentrations of suspended sediment in the lower layer

at the seaward end of the study ar<a, v, are the assuciated

£

instantaneous velocities, and the other terms are defined as

before. Since C P varies considerably with depth at any time, we

cannot remove C P from the integrand. At the present time we

have the data to evaluate the first iwo terms on the right side

of Equation (45). If we could evaluate J C,v,do, we could cal-
£
culate <FB>, and we would have made a major advance in under-

standing the sedimentation in the upper Bay.
Since we are interested in the total average transport

of suspended sediment by the lower layer, sf sz Zda, we want to
f/

define some space~-time mean suspended sediment concentration

(<c z>) for the lower layer such that

< ¥, =£ T o (46)
f

where V£ is the mesn volume flow in the lower layer through the
cross section at the seaward end of the study area, and the otler
terms are as previously defined. We can determine <C l> by
making serial measurements of current velocity and suspended

sediment concentration at different depths at two or more

stations along a cross section at the seaward end of the study
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area. If we take the products of these paired measurements of

instantaneous velocity and suspended sediment concentration and

. sum them over the cross-sectional area of the lower layer over
an integral multiple of tidal cycles, and then divide this

ouantity by the sum of the instantaneous velocities summed

ST Rt DA AR TRe JO Wit

over the same area and time, we will oktain <C£>. We hope
to make the measurements necessary for the calculation of
<C£> in the near future.

From the data we have it appears that, except for the

DO AIDPPS PUARITT HICFAMADINIALS Jrrrmtc Aot it

period of peak runoff, the upstream and downstream fluxes of

A

suspended sediment through the seaward end of the study area

may be nearly balanced. It is important however, to remember

e e i i itie priad

that we are looking at a small difference between two large
nunbers and it is difficult to determine even the sign of the

difference, let alone the magnitude. Also, as has been pointed

o e o3 Bk Sebua b 0 ms P

out, our knowledge of the mean concentration in the lower layer
at the seaward end of the study area is very poor.

It appears that we have three choices. First, the

KZYSRORDIULL S atpins S AN N

net flux of sediment through the seaward end of the study

area may be nearly zero except during maximum runoff, and the
amount of sediment deposited in the upper Bay during this
period may represent a net deposit. Second, there may be
a small net upstream flux of sediment through the seaward

end of the study area thereby supplementing the amount of
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material deposited during high runcff with sediment from down-

stream. Third, over the year there may be a small net downstream

flux of sediment through the seaward end of the study area -
thereby decreasing the amount of sediment deposited by the

Susque!;anna during the period of high runoff, and perhaps re-

sulting in a net loss of sediment. All three conditions may

produce net deposition over the year; the first two must.

ST NP Y A

As always the difficulty in life is the choice, and
unlike choosing a horse or a wife, the choice must satisfy

not only the chooser, but it also must be the best choice on

the basis of the available information. From the data we have,

it is very unlikely that there is & net annual loss of sedi-
ment from the study area. It is much more likely that there 1is
a net annual accumulation of sediment. At present, we are not
in a position to write a sediment budget for this segment of
the Bay but we could pose & number of questions to demonstrate
that accumulation is more probable than erosion. We shall ask

one. If during the six weeks of peak runoff the Susquehanna

AP s ok s 0 R R ST A A et i ATl s

a-posited 0.33 x 10° metric tons of sediment within the study
area, could an equivalent amount of material have been resus-

pended and transported out of the area over the rest of the year? 3

£ N Bdndd

To obtain an answer consider the following advective model

(38T, - 57C,) T = 0.33 X 10° metric tons

where R is the average river flov, E“ and Ez are the mean con-
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centrations of suspended sediment in the upper and lower layers
at VF over the time, T, of 46 weeks, and 0.35 X 106 metric tons
is the amount of the sediment discharged by the Susquehanna
vwhich was deposited within the study area during the six weeks
of peak runoff in February and March of 1967. Solving for

(3c,- 2C g), wc obtain
35C,- 2C, =~ 17 mg/t

Our observations show that & value of 9 mg/l is a good estimate

-

of Eu. If we use this value, then C y) would have to be only
about 5 mg/l which is clearly unreasonable in view of all the
date we have. This simplified model indicates that all of the
sediment deposited by the Susquehanna during meximum runoff
could not have been removed over the rest of the year. If 20
percent of it were to be removed by this process, Eg would have
to be about 12 mg/l, which is still oo small. It appears then
that there 1s a net accumulation of sediment within the upper
Bay. From data presented earlier, a deposition rate of 2 to 3
mm per year, averaged over the study area, seems reasonable.
Although we have made major strides in understanding the
nature of the suspended sediment of the upper Bay, our know-
ledge of the sedimentation processes is still meager. It should

be obvious that we need to sample more intensively, both tem-

porally and spatially, during the period of maximum runoff. In
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addition, we need supplementary time series data within the

study area, at the seaward end of the study area, and at

stations downstream from VF. Moreover, the paired measurements -
of current velocity and suspended sediment concentration must

be supplemented by determinations of the size distribution of

the sediment suspended near the bottom et different phases of

the tide. Work along each of these lines is either in progress

or is planned for the near future.
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An intensive study was made ~f the northern (north of
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SUMMARY §
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39°13'N) Chesapeake Bay from 21 March 1966 through 31 March
1967. Samples were collected routinely at sixteen stations

for determinations of both the concentrations of total sus-
pended solids and the concentrations of combustible organic
matter. Additional samples were collected at selected stations
for mineral identification by X-ray diffraction and size
analysis by a photomicrographic technique (Zeiss Particle Size
Anelyzer) and by a sedimentation technique (Mine Safety
Appliance Particle Size Analyzer).

The concentrations of suspended sediment in the Bay
proper were greater than 5 mg/l throughout the year with maxi-
mum concentrations greater than 110 mg/l occurring in March
during the period of peak river flow. The concentrations of
suspended sediment in the mouth of the Susquehanna River, the
principal source of fluvial sediment of the study area, ex-
ceeded 140 mg/l during this period of maximum runoff. Excluding
the vericu of peask river flow and short periods of very rough
seas, the surface and mid-depth suspended sediment concentrations ;'
were relatively constant throughout the year at each of the

stations deeper than ebout 5 m. In shallower water larger fluc=-

L TR R R

tuations resulting from the resuspension of bottom sediment by

both tidal scour and wind waves were observed. Excluding the
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period of high river discharge, the mean concentration of sus-
pended sediment in the upper layer, averaged cver the entire
study area, was about 13 mg/l and the mean deviation less than
4 mg/1.

Near the bottom, where the suspended sediment concen-
trations are determined primarily by tidal scour, large (as
much as 18 X) fluctuations of the suspended sediment concen-
tration were observed which were ¢”..arly related to current
velocity and the phase of the tide at which the samples were
collected.

The concentrations of combustible organic matter were
highest in the spring and summer months averaging nearly
5 mg/1 and lowest during the winter months when they averaged
about 3 mg/l.

The mean equivalent projected diameter of the suspended
particles ranged from 1.1 to 2.8 p and in nearly 80 percent of
the samples analyzed it was between 1.4 and 2.0 u. The mean
projected diameter decreased slightly during the period of
high river flow. The mean Stokes diameter of the suspended
particles ranged from 2.5 to 12.2 y and in nearly 70 percent

of the samples it was between 3 and 6 p. At nearly all of the

stations both the mean equivalent projected diameter and the mesn

Stokes diameter increased near the bottom. An important fa:to»

which remains to be investigated is the tidal induced variation
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of the particle size distribution near the bottom.

The mineral assemblage of the suspended sediment con-~
sisted of the illite, chlorite, and kaolinite clay mineral
“greaps" and of quartz and feldspar. Illite appears to be the
most abundant mineral. The seasonal and geographic variations
of the relative abundances of the clay minerals were small.

During the year 1 April 1966 through 31 March 1967 the
Susquehanna River, which provides nearly all of the fluvial
sediment introduced into the region,discharged 0.61 X 106
netric tons of suspended sediment into the Bay at Havre de Grace.
Nearly 70 percent of this 0.61 X 106 tons was discharged during
peak runoff in late February and March and sbout 80 percent of
this 70 percent was deposited within the study area. Approxi-
mately 0.1 X 106 metric tons of silt and clay are introduced
annually into the study area from coastal erosion.

During the period of peek ruaoff the upper Bay's sus-
pended sediment population was closely linked to its major
source of new sediment--the Susquehanna River. The maximum
suspended sediment concentrations of the Susquehanna were re-
flecte? in the high concentrations found in the Bay. Althongh
these values were lower than those recorded in the Susquehenna,
they were the meximum concentrations recorded in the Bay. Except
for the period of maximum river flow, the concentrations of sus-

pended sediment were higher in the Bay than in the mouth of the

5 4,

o AR AU i e B Aoy et

Wi

L2

-y

B




Witnne 4

222

Susquehanna River despite the dilulion of the 3Susquehanna dis-
charge an. the settling out which occur withia the Bay. Ex-
clud’~g the :e:iod of maximum runoff, the concentrations of
suspended sel’nent in the Bay were largely determined by local
(within the study area) resnuspension and by the upstream trans-
port of sediment into the study ares by the lower layer. It
is not possible to assess the relative contributions by these
two mechanisms with the data we now have. It was possible
howevor, to calculate the net flux density of sediment through
the surface separating the upper and lower layers. Omitting
the period of peak river flow, this was calculated tobe 0.03
mg/u’ /sec.

Although we do not have sufficient information to write
a sediment budget for this segment of the Chesapeake Bay, there
can be little dovht that this is an erea of net depoeition. The
data indicate an average deposition rate of about 2 to 3 mm per
yeer.

The sedimentation pattein of the northern Chesapeake
Bay then, is one of fluvial douination during the period of
thaw and high runoff, and cannibalism (resedimentation) through-

out the remainder of the year.
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APPERDIX A--Numnber-Size Distributions and their Statistical
Properties of Suspended Sediment Samples from

- Selected Spac<-time Positions in the Upper

PRt N

Chesapeske Bay. Data obtained with a Zeiss

Particle Size Analyzer TGZ-3.

Volume-Size Distributions and their Statistical
Properties of the Same Set of Samples Obtained by
Trae. ormation of the Number Data by Assuming

Spherical Particles.
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B A-1

TR

Statistical Properties of Particle Size Distributions Shown in

Figures Al through A6.

Station, Mean Standard Skewness Kurtosis
Date, and (r) Deviation

Depth (»)

sus (1 VI 66)

surface 2.0 2.2 2.4 34.6
mid-depth 2.1 1.8 1.5 10.9
1. m off bot. 2.3 2.1 1.k 9.5
IE (1 VI 66)

surface 1.9 1.7 1.7 .1
mid-depth 2.0 2.1 1.5 10.6
IIIC (31 V 66)

surface 2.5 3.1 2.0 20.4
mid-depth 1.8 2.5 2.7 38.1
1 m off bot. 2.7 2.9 1.7 17.0
VF (31 V 66)

surface 1.7 1.3 1.3 8.7
mid-depth 2.1 2.5 1.5 10.2
sus (9 VIII 66)

surface 1.h 1.5 3.6 85.9
mid-depth 1.5 1.6 3.3 T1.8
1 m off bot. 1.7 2.4 3.3 56.4
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TABLE A-1 Continued :
1.
Station, Mean Standard Skewness Kurtoslis 3
Date, and (n) Deviation
Depth (1)
IE (9 VIII 66) ?
surface 1.7 1.5 2.3 28.4
mid-depth 1.8 1.6 2.0 21.1
1 m off bot. 1.9 2.1 2.7 k1.3
IIIC (22 VIII 66)
surface 1.3 0.9 1.9 21.2
mid-depth 1.5 1.6 3.2 58.9
1 m off bot. 1.7 1.9 3.9 87.9
. VF (25 VII 66)
surface 2.0 1.5 1.8 17.1
mid-depth 2.4 2.1 1.8 22.0
sus (12 1 67)
surface 1.1 0.6 2.5 43,7
mid-depth 1.2 0.7 2.8 52,k
1 m off bot. 1.1 0.7 2.9 62.8
IE (12 I 67)
surface 1.5 1.2 2.k 32.7
mid-depth 1.4 1.3 2.3 30.9 *
) 1 m off bot. 1.5 1.5 3.0 52.6 %
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TABLE A-1 Continued

Station,
Date, and
Depth

Mean Standard Skewness
(n) Deviation

(k)

Kurtosis

IIic (12 1 67)
aurface
mid-depth

1 m off bot.
VF (12 I 67)
surface
mid-depth

1 m off bot.

1.5 l°2 1'8
1'5 1.2 2.0

1.7 1‘5 208

1.8 1.6 1.7
1.9 1’5 lnh

1.8 1.7 1.8

21.4

57.1
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TABLE A-2

Statistical Properties of Particle Size Distributions Shown in

Figures 55 and 56 and in Figures A7 through Al2.

Station, Mean Standard Skevness Kurtosis

Date, and D Deviation

Depth v

(u)

SUs (14 XTI 66)

surface 10.2 6.7 0.1 - 1.6

mid-depth 15.3 9.2 0.0 - 1.6

1 m off bot. 10.8 5.8 - 0.1 - 1.5

IE (14 XI 66)

surface 5.1 2.5 0.1 - 0.8

mid-depth 10.6 6.5 0.3 - 1.0

1 m off bot. 9.9 5.0 0.0 - 1.3

ITIC (14 XI 66)

surface 8.8 5.5 0.2 - 1.2

mid-depth 7.1 2.5 0.2 - 1.2

1 m off bot. 6.5 3.5 0.2 - 0.9

VF (14 X1 66)

surface 6.5 3.9 0.2 - 1.3

mid-depth 16.3 10.4 C.l - 1.6

1 m off bot. 8.9 5.5 0.3 - 1.0

Sus (1 VI 66)

surface 16.4 8.6 0.1 - 1.3

mid-depth 8.7 3.5 - 0.2 - 1.0

1 m off bot. 9.4 3.6 - 0.2 - 1.0

IE (1 VI 66)

surface 8.8 3.8 ~ 0.2 - 1.2

mid-depth 9.6 3.5 - 0.3 - 0.7

IIIC (31 VI 66)

surface 17.9 7.2 - 0.2 - 0.9

mid-deptn 19.1 7.8 - 0.1 - 1.0
i 1 m off bot. 15.8 8.5 0.0 - 1.2

oot s




g

rErt e

240

Table A-2 Continued
Station, Mean Standard Skewness Kurtosis
Date, and 5 Deviation
Depth v

(n)
VF (31 V 66)
surface 5.9 2.6 - 0.1 - 1.0
mid-depth ll 06 h . 8 003 003
sus (9 VIII 66)
surface 16.6 10.1 0.1 - 1.5
mid-depth 16.7 10.1 0.1 - 1.5
1 m off bot. 21.3 8.2 - 0.3 - 0.8
IE (9 VIII 66)
surface 9.6 k.9 - 0.1 - 0.8
mid-depth 9.1 L.k 0.0 - 1.1
1 m Off bOt. 1602 802 Ool - 1.0
ITIC (22 VIII 66)
surface 5.3 3.0 0.2 - 1.0
mid-depth 1.2 6.3 - 0.3 - 1.0
1 m off bot. 21.1 9.2 - 0.k - 0.9
VF (25 VIII 66)
mid-depth 12.5 7.8 0.3 - 0.8
sus (12 1 67)
surface .1 2.8 0.2 - 1.k
mid-depth 5.2 3.5 0.1 - 1.4
1 m off bot. 5.8 k.5 0.k - 0.9
IE (12 1 67)
surface 8.5 .y - 0.1 - 1.6
mid-depth 8.8 h.6 0.2 - 0.8
1 m off bot. 12.8 6.7 0.0 - 1.3
IIIC {12 I 67,
surface 7.1 4.0 0.2 - 1.2
mid-depth 8.3 6.0 0.5 - 0.2
1L m off bot. 4.0 8.6 G.2 -16
vF (12 1 67)
surface 8.6 4.3 0.1 - 0.7
mid-depth 7.1 3.5 0.1 - 1.2
1 m Off bot- 9.2 uo6 Ool - 008
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MSA Centrifuges.
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It is necessary to apply starting and stecpping cor-
rections to the times calculated from (14) since these times
are based upon the assumption that each c¢-ntrifuge runs at a
constant speed for the entire calculated time interval. This
of' course, is not true, and therefore either the starting
and stopping times must be balanced, or a correction time
factor must he used. The latter is the simpler solutior,
and is the one used for the MSA centrifuges. From (12) we
see that the settling velocity of a particle at any radius,

r from the axis of rotation, is proportional to wz. There-
fore, if we plot w2 vs. time the area under the curve will

be provortional to the distance a particle will settle in
that time interval. A typical cwve of w° vs. time (Obce)

is shown in Fig. Bl. The distance which a particle would
settle during the time period t is given by (i2) as being
proportional to the area Oacd. In fact, the distance of
settling is proportional to the area chce since the ceatri-
fuge does not run at a constant w for the entire timer setting.
We want to select a new timer setting, tz’ during which a
particle will settle the same distance as it would if it were
centrifuged at constant w for the time period, tl. The deter-
mination of the new timer setting, tz’ requires that the area
Obcle1 equal the area Oacd, and consequently that the ccldld

be equal to the difference between the areas Oab and dce.
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The corrective time factor, Tw’ for the 1200 r.p.m.

pygippiond e ioasre | e

centrifige used by the author was determined in the following

sipeseipieaingag bt M A PRI R

way. A stroboscope was used tc determine the starting and

SRS

stopping curves of the centrifuge, Fig. B2, and the area over

v
Fitdath:

the starting curve and the area under the stopping curve were

by s

then determined by planimetry. Thelr difference was taken 3

PAPLIR G Rt S

R

{ : and this area was divided by the ares equivalent of unit

3 time at w2= constant--the erea of the rectangle whose length
o is given by the distance to the w2= constant line and whose

width 1s equal to the distance equivalent of 1 second. This
gives the required corrective time factor ThOﬂ in seconds.

_ (Area over starting curve) - (Area under stopping curve)
Area equivalent of unit time at W2= constant

Thon

_(181.0 - 63.7) cm’
(20.6 X .5)cm’sec™?

Won

Tox = 1i.4 sec.

)

The manufacturer rvcommends that starting and stopping

times be checked every six months.
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1 1 |
1

w? =constant

t (sec.)
Fig. B2 Acceleration Curves of 1200 rpm MSA Centrifuge

Used to Determine Starting-Stopping Correction Term.
Plotted Points Determined with a Stroboscope.
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APPENDIX C-- “reparation of a Reading Schedule for an MSA

Size Analysis.
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The sample of suspended sediment was disrersed 1n dis-
t1illed water at 23C. The following values vere used in the
preparation of ° reading schedule.

Temperature = 23C

= 0.93% X 10°2 poise
3

af
o

pospno'-:o‘qjegmcm
= 2.30 gm em™
g = 980 cm sec™?

20n, 4On, 601 rad sec |

w=
r, = 3.3 cm
r, = 13.5 em
h =10 cm
2 = 1ou (1ast particie size settled by gravity)
Toon = 3.k sec

Thox = 1:.4 sec

Téoﬂ = 30.1 sec
Bquation (£1) is used to determine the reading times
for the gravity portion of the resding schedule.

« =18 x10%m _ 16 x 10%(0.936 x 107%)10

g (p-p )8 (2.30 - 0.958)980
R 2
Kg = 13,189 X 10 om sec.
K.g
tB = ;)—2" (21)

For an 80u Jdiameter sphere we have
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y
.Jo
t = 1 1,92X 10 = 21 sec
& (80)

For a BO p diameter sphere we have

_ 13.199 x 10*

e (s0)°

= 82 sec
and for 20 4 and 10 4 spheres we have
ts = 5 minutes 30 seconde, and ts = 22 minutes.

Normally the gravity period would not be extended over this
long a period, however the calculation of centrifuge timer
settings is simplified by using a Ds of 10 u.

Next, we must calculate the Ku for each centrifuga.

We have
=& = 2
1(20’r > Kg 3276 cm“ sec
hw
2
Ki\\(:m = -55 Kg =819 em sec
hw
2
= —5— = 6h cm sec
I(601r hal Kg 3

If 8 p is the next size of interest, then using the 600 r.p.m.

centrifuge we have

t=t ‘-t '+ 171
1 o

1 20x
K r
t=20"ln 2 -t '+ =16.2 -~ 0 + 8.4
1 2 2 o 20x
D r+hD
0 Da

-
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For a 5 p sphere at 600 r.p.m. we have

t,=t, -t 4 (tl’ is obtained from the previous

2 2 20n
calculation)
K r
t, = 22"1;1 2ty
D hD
r + -
D
[

t2 = 108.6 - 16.2 + 8.4 sec = 101 sec = 1 min 41 sec.

For a 3.5 u sphere at 600 r.p.m.

3 3 201
t=K2°"' 2 4
3 Dz th 20n
ot T2
D
g

1:3 = 188 sec = 3 min 08 sec.

For a 2 u sphere at 600 r.p.m.

t =t"-t3'+1‘

" % 0x=767 sec = 12 min 47 sec

2

For a 1 1 sphere at 1200 r.p.m. we have

- 201, 2
S S .
5= 85" -t (550" + Tyon
K b o
t=l‘°“1n 2 B IR
5 D2 th I %y
Tt
D 2
g

G

TR KL
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For an 0.5 p spher= at 1800 r.p.m. we have

40mn,2
-— T o ' .
te=t" - ts' (Z)" * Teon
K r
_ 601 2 :
ts" i in 2 9t5 " T6on
Tyt =3
D
g

t6 = 1552 sec = 25 min 52 sec

For an 0.25 u sphere at 1800 r.p.m. we nave

- ' . '
t7 t7 t6 +16

Ox
t7 = 6130 sec = 102 min 10 sec

It is convenient to tabulate the times in & table

similer to that shown in Fig. Cl.
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SAMPLE NO.
SAMPLE MATERIAL susp. sedimant
SAMPLE DENSITY.23 gm cm™3
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MSA DATA SHEET

FEEDING LIQU!D__none
DISPERSING AGENT_distilled H20

TUBE SIZE
SED. LIQUID__water
WETTING AGENT_none

ROCM TEMP._23C

0.75 mm

Ro=_33¢cm Ry=_133cm Kq=13.199x 10%
De_ | RPM | TIME: |76, |GORRSS % > D | % < D | COMMENTS
80 |(Gravity .21
40 |Gravity 1:22
20 |Gravity 5:30
10 |Gravity | 22:00

8 600 25
5 | 6CO | 1:4i
35| 600 | 3:08
2 600 | 12:47
I__|1200 |14:27
0.5 {1800 |25:52
0.25/1800 [102:10
REMARKS:

DATE

OPERATOR_JRS

5 JULY 1966

Fig. Cl MSA Data Sheet,
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APPENDIY D-~Volume-Size Distributions esnd their Statisticsl
Properties of Suspended Sediment Samples from
Selected Space~time Positions in the Upper
Chesnpeake Bay. Deta obtained with a Mine

Safety Appliance Particle Size Analyzer.
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Statistical Properties of Particle Size Distributions Shown in

256

TABLE D-1

Figures D1 through Db.

Station, Mean Standard Skewness Kurtosis
Date, and D8 Deviation

Depth () (1)

sus (9 VIII 66)

surface 3.6 3.5 1.5 18.3
mid-depth by 6.7 2.k 30.4
1 m off bot. 6.6 6.8 1.5 16.3
IIIC (22 VIII 66)

surface 2.3 3.6 2.3 28.2
mid-depth 3.5 5.2 3.2 59.2
1 m off bot. 8.6 13.2 2.0 22.8
sus (12 I 67)

surface 6.0 9.9 2.1 19.3
mid-depth 6. 12.2 1.7 11.3
IE (12 I 67)

mid-depth 3.4 5.2 3.6 69.4
IIIC (12 1 67)

surface 3.3 b7 3.3 67.0
mid~depth 3.5 h.7 3.9 85.7
1 m off bot. k.3 8.5 4.5 107.9
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TABLE D-1 Continued

Station, Mean Standard Skewness Kurtor iz
Date, and D_ Deviation

Depth (“ ) (1)

VF (12 1 67)

surface 3.6 6.1 3.3 53%.7
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