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Abstract

<1
An, aszessment of the physical and chemical conditions of the Chesapeake Bay

estuarine system indicates: (1) that there are marked natural spatial and

tniporal variations of temperature, that man has in local areas, had a

m-asurahle effect on the temperature distribution, but that the present

inputs of heated waters from power plants do not pose a threat to the Bay;

(2) that there are large natural spatial and temporal variations of salinity,

and that man has had almost no effect on the salinity distribution; (3) that

man's activities have increased the frequency, duration, and extent of low

oxygen zones in the upper reaches of a number of the tributaries; (4) that

man's activities have resulted in large inputs of nutrients which have'pro-

duced undesirable conditions in a number of the tributaries, but that the

nutrient levels in the main body of the Bay are at an acceptable level;

(5) that the Bay is being rapidly filled with sediments, and that the fine-

grained sediments have a number of deleterious indirect effects on the

ecology of the Bay; and (6) that there are large natural variations in the

distributions of heavy metals, and suggests that levels have probably always

been relatively high.
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Introduction

The Chesapeake Bay is an estuary--a semi-enclosed coastal body of water

having free access to the ocean and within which seawater is measurably

diluted by freshwater from land drainage (Pritchard, 1967). Freshwater

from numerous rivers and streams is mixed within the semi-enclosed Chesa-

peake Bay basin with seawater that enters through the Virginia capes.

The mixing, primarily by tides, produces density gradients that drive the

characteristic two-layered circulation pattern that eventually leads to

the discharge of the freshwater into the Atlantic Ocean. The Chesapeake

Bay is actually a complex estuarine system comprised of the Bay proper and

its tributary estuaries.

The Chesapeake Bay estuarine system was formed by the most recent rise

in sea level which began approximately 15,000 to 18,000 years ago. With

the retreat of the glaciers at the end of the Wisconsin glaciation, sea

level rose rapidly from a position approximately 125 m below its present

level. As it rose it advanced across the previously exposed continental

shelf reaching the present mouth of the Chesapeake Bay basin less than

10,000 years ago. The sea penetrated into the Bay basin drowning the

ancestral river valley system, carved during the previous low stand, trans-

forming the riverine system into an estuarine system.

The Chesapeake Bay is a classic example of a drowned river valley estuary.

The age of the estuary decreases from mouth to head; the northern Chesapeake

Bay is probably no more than 3 to 4,000 years old. The Chesapeake Bay estuary

then, is very young geologically. Like other estuaries it is an ephemeral

feature on a geologic time scale. It is being rapidly filled with sediments;

__ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _I
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sediments from rivers, from shore erosion, from primary productivity, and

from the sea. As the Bay contracts in volume, depth, and eventually in

area, the intruding sea will be progressively displaced seaward transform-

ing the estuary back into a river valley system. Finally, the Susquehanna

will reach the sea through a depositional plain and the transformation will

he complete. If relative sea level remains nearly constant, this process

will take, at most, a few tens of thousands of years to complete. If relative

sea level falls, the estuary's lifetime will be shortened. If relative sea

level rises, the life of the estuary will be increased.

Man's activities can greatly accelerate the rate of infilling, thus

shortening the Bay's geological lifetime. But, more important the by-products

of his activities such as sewage, pesticides, herbicides, heavy metals, and

also sediment, may alter the estuarine system, or segments of it, to the ex-

tent that its useful biological and recreational lifetimes will be cut

drastically shorter than its geological lifetime--perhaps several orders of

magnitude shorter.

The Chesapeake Bay,like other estuaries, is a dynamic environment

characterized by marked natural fluctuations of many of its physical and

chemical properties. The fluctuations, both short- and long-term, may be

produced by processes active within the Bay, or they may be inherited from

processes active in the drainage basin--perhaps hundreds of kilometers away.

The water that enters the Bay from each of the tributaries carries with it

a set of properties produced by that water's history; a history in part

natural, and in part man-made.
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The purposes of this paper are to describe some of the prevailing

physical and chemical conditions of the Chesapeake Bay estuarine system

and to assess man's impact on these conditions. This requires the estab-

lishment of the existing spatial and temporal distributions of several of

the important characteristic properties, and an evaluation of how these

characteristics have been affected by man and his activities. Some of the

more important properties are: (1) temperature, (2) salinity, (3)

dissolved oxygen, (4) nutrients, (5) sediment, (6) heavy metals, (7)

pesticides, (8) herbicides, and (9) oil. Because of limitations of time,

space, and data, I will confine my remarks to the first 6 items. The last

three--pesticides, herbicides, and oil--may represent major threats to the

Bay, but there are very few data.

Temperature

Water temperature is important because of its effect on density, on oxygen

solubility, and on a number of other important physico-chemico properties of

seawater. Temperature is also very important biologically. It is one of the

most important factors governing the occurrence and behavior of all forms of

life.

During the past 20 years the Chesapeake Bay Institute has determined the

distribution of temperature in the main body of the Chesapeake Bay and its

major tributaries a relatively large number of times. The results have been

presented in a series of graphical summary reports (Whaley and Hopkins, 1952;

Stroup and Lynn, 1963; Seitz, 1971).

There are marked natural temporal and spatial variations of water tempera-

ture in the Chesapeake Bay estuarine system. Fig. 1 illustrates the spatial

.i... --rm:-y-_ -" --. ----- .
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variations in surface temperature that can occur along the longitudinal

axis of the Bay. These data depict the distribution of surface tempera-

ture along the axis of the Bay in August of 1961. The data show a range

in surface temperature greater than 70C, and local gradients sometimes

exceeding ]0C/km. 'Phis distribution is somewhat unusual in the magnitude

of the variation hut the general features of the spatial variation are

representative. More-or-less randomly spaced variations of 1.5 to 2.50C

are not unusual. In addition, temperatures in the Virginia portion of

the Bay are, on the average, about 0.5 0 C warmer than those in the Maryland

Portion.

There are also marked temporal variations in water temperature. The

average diurnal variation of water temperature at a depth of about 1.2 m

below mean low water (MLW) in the mouth of the Patuxent estuary was 1.2 0 C

during 1947 (Bevan, 1960). The maximum diurnal variation Bevan observed at

this depth was 3.00 C which occurred several times in late winter, spring,

and early fall..

The annual range in temperature in the open Bay is from about O°C to

approximately 290 C. Fig. 2 shows the variations of surface and bottom temper-

ature over a 13-month period In 1968-i969 at a -14 m station in the mid-Bay.

The surface temperature ranged from about 1.70C in March to more than 280 C

in August. The temperature of the bottom waters showed a similar pattern

of seasonal heating and cooling, with only a slightly smaller range.

In addition to the seasonal changes, there are relatively large short-

and long-term variations of water temperature. Daily measurements of surface

temperature were taken for more than 50 years by the Coast and Geodetic Survey
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at selected tidal observation stations in some of the tributary estuaries.

Similar data are not available for the Bay proper, but comparison of t.oe

monthly or yearly averages of the data taken at stations in widely serirated

tributaries indi crt-s that these data are quite representative of lar ,

scegmerits of thB iay. "ihis i:- shown by Fig. 3 which summarizes surface temper,L-

ture data co! ected at Fort Mcifenry in Baltimore Harbor and at "rdomors,

Maryland o± the lower Patuxent estuary--more than 100 km away. 1!e.o rarOe.(,

of the average annual temperatures from their long-term 25-year mean tempera-

tures are plotted for each of these stations. The two curves track each other

very well indicating that the annual variations in water temperature occur over

a large segment of the Bay system, and suggesting that these data are representf-

tive of conditions in the Bay proper.

An extended temperature record for Fort McHenry is presented in Fig. 4

which is a plot of the departure of the annual mean surface tempernt. r, 'ron

the long-term, 49-year mean for the period 1914 to 1962. The figure :how-,

that the mean annual temperature had a range over the 49-year period of about

3.50 C, and the maximum difference between consecutive years was greater than

1.50 C. The data also show that the mean temperature, averaged over horiods

of several years, departs significantly from its long-term, 49-year mean.

For example, over the 14-year interval from 1944 through 1957, the mean

temperature was about 0.7'C higher than the 49-year mean of 14.8 0 C.

There are then, marked naturaZ spatial and temporal variations in water

temperature. Superimposed upon these natural fluctuations are the thermal

effects of man's activities. Man directly affects the distribution of tempera-

ture in segments of the Bay and its tributaries where he utilizes part of the
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available water as cooling water for the condensers of electric generating

plants, Fig. 5. It might be useful to look at examples of the magnitude

and the areal extent of the temperature increases associated with two

power plants--one in operation, and the other under construction.

The Chalk Point power plant is a fossil fuel plant located on the

upper Patuxent estuary. The plant has a design power production of 710

MWE from two units. At this loading, the plant rejects heat to the environ-

ment at a rate of about 1.2x 1010 cal/sec (2.8 x 109 BTU/hr). When operating

near full capacity the plant utilizes cooling water at the rate of about

31 m 3/sec, or approximately one-third of the total available dilution water

from the Patuxent. After the cooling water passes through the condensers it

flows through a long canal and discharges into the Patuxent approximately

2.4 km upstream from the plant.

The Chesapeake Bay Institute made a detailed study of the temperature

and salinity distributions in the vicinity of the plant between 25 September

and 5 October 1967 (Carter, 1968). Carter used these data to compute the

distribution of excess temperature produced by the plant--the temperature

elevation above that which would occur if the plant were not operating. The

excess temperature was greater than 10 C over the entire cross-section of the

estuary adjacent to the plant, and the sectional mean value of the excess

temperature in this segment was about 20 C. The effects on the longitudinal

distribution of temperature were also quite pronounced. The mean sectional

excess temperature exceeded 0.5 0 C for a distance of about 18.5 km along the

estuary.

T
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The horizontal distribution of tre excess temperature minimum is shown

in Fig. (- The figure represents the minimum excess temperatures observed

during a tidal cycle. Superimposed upon this distribution is a plume of

higher excess Lermerature 'hich oscillates with the tide. The plume Is not

shown in Fig. (. The maximum excess temperatures in the plume and in the

discharge canal reach more than 50 C higher than those shown.

Clearly the Chalk Point power plant has a demonstrable effect on the

temperature distribution of the Patuxent estuary. The more important question

however, is whether the observed temperature increases have a measurable

ecological effect on the system. Since the plant has been operating, there

have been two mass mortalities; one of finfish, including many striped bass,

and the other of blue crabs. Both of these kills were confined to the dis-

charge canal. The finfish kill was very probably caused by an overdose of

chlorine, and not by thermal effects as originally reported. The cause of the

crab kill may have been a combination of high temperature and high levels of

chlorine in the canal.

The massive finfish kill occurred some time in the early morning of

27 Zeptember 1967. On the evening before the kill, members of the Chesap.,ake

Bay Institute fished in the discharge canal and did not observe any dead fish.

The plant operated near full capacity the day of the kill, and throughout

the 5-day periods preceding and succeeding the kill. The continuous record of

temperature in the canal, near its mouth, shows clearly that on the day of the

kill there was not an increase in temperature, Fig. 7. In fact, higher tempera-

tures were observed both before and after the massive kill without any apparent

harmful effectn. Fig. " shows no evidence to indicate the possibility of ther-

:---- . . ;F ---- - _ _ -
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mal shock, and indicates that a stress other than temperature must be sought

to explain the massive mortality of fish.

At the time of the kill a dye tracer, Rhodamine B, was being injected

intc the plant discharge. It is well known that this dye is not a biocide

and would not have caused the kill. The dye however, gives a clue to the

probahle causre of the kill. At the time of the kill there was a sharp lons

of dye within the canal; a ions which could not be explained by physical

processre. ,ince it was known that chlorine destroys the dye, the plant's

chlorination log was inspected and it was found that at the time of the mass

kill the concentrations of free chlorine in the cooling water reached levels

as high as 6 ppm--approximately 12 times the normal level (H.H. Carter,

personal communication).

A massive kill of blue crabs (CaZlinectus sapidus) occurred in the discharge

canal near the end of August in 1966. It was estimated that there were at least

40,000 dead crabs, both juveniles and adults, in the canal (Mihursky, et al, 1967).

Temperatures in the canal are not available for this period, but the water tempera-

ture at a location approximately 0.3 km off the mouth of the canal reached a maxi-

mum temperature of 34.6"C (Mihursky, et al., 1967). Many of the dead crabs were

discolored and Mihursky, et al. (1967) suggested that "The reddish color of massy

crabs may indicate a heat kill; however, at this time we cannot rule out the

possibility of a chemical kill." Temperatures in the canal probably did not ex-

ceed 360 C.

Crabs are among the most temperature-tolerant of all Chesapeake Bay

organisms. The temperatures in the canal were however, near the lethal

limit for blue crabs (Tagatz, 1969). Tagatz acclimated blue crabs to various

temperatures for 21 days and then exposed adult and juvenile crabs to test

temperatures at 20C intervals near the estimated upper and lower limits of

|":;- _
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their temperature tolerances for 48 hours. The results of Tagatz's exper-

iments with adult female crabs in 20 percent seawater are shown as a toler-

ance diagram in Fig. P. Fig. 8 is a plot of lethal temperatures, tempera-

tures at which 50 percent mortality occurs after h8 hours, against acclima-

tion temperatures. The area inside the curve represents the thermal possi-

bilities under which adult crabs survive for a presumably indefinite time.

The results of Tagatz's experiments indicate that crabs in the canal were

probably near their upper lethal limit, about 360C, at the time of the kill.

Temperatures in the canal were probably near 36'C for a number of days,

and since the crabs had to work to stay in the discharge canal, there may

have been an additional and important stress. Crabs do not turn red at

temperatures of '460 C. They can turn red however, when free chlorine levels

are high. In view of this, and the more recent evidence of a chlorine kill

of finfish, it seems likely that the crab kill may have been caused by a

combination of factors--temperature and chlorine. The additional stress or

high chLorine levels on organisms living near their upper limit of temperature

tolerance may have been sufficient to produce the massive kill. Unfortunately,

the plant's chlorination and temperature records are no longer available for

examination.

The only unequivocally documented ecological effects of the waste heat

from the Chalk Point plant are the mortalities of plankton which occur

during passage through the plant and discharge. The extent of such mortalities

is increased by the poor design of the discharge system. The time of passage

through the canal is excessive, nearly 2 1/2 hours, and there is very little

cooling within the canal. Organisms are subjected to excess temperatures of

greater than 50 C for about 2 1/2 hours.

7 711
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The commerits ahove are not meant to imply tat th.re are n-, su t,

iong-term ecologiri l ,e ffec.ts from tile observed iir.r, a2:: I.ri tenT',ratur.

'Ilhse can only be documerlte d t, hro uh very care-f'u and do tai (cid (mu- t' ro

studies:. Their documentation will be difficult however, because m-n is

affecting the Patuxent estuary in other ways. 'liTe concentrations of'

nutrients in the upper Patuxent have risen markedly in the past 10 years,

the concentration of inorganic nitrogen has increased by at least rin order

of" magnitude, and there has been a substantial increase in the level of

inorganic phosphorous.

Another power plant which has received a cons,;iderable amount of ;atten-

tion i.3 the Calvert Cliffs Nuclear Power Plant which is being' built tLy

the Baltimore Gas and Electric Company. The plant is scheduled to berin

operations some time in 1973. The plant design calls for two nominal .7. MWE

units. The predicted rate at which heat will be rejected to the environment

is about 5.0 x 1010 cal/sec (1.2 x 10'1 BTU/hr). At a temperature rise across

the condensers of 5.50 C approximately 153 m 3/sec of coolingr water will be re-

quired. This represents approximately 6% of the available wate-r. The cooling

water will be drawn into the plant from the Bay below 8 m 'and discharg'ed as a

submerged Jet. The time of travel from the point of intake to, the point of

discharge is about 3 minutes.

Pritchard (1969) has made first order estimates of the probiable iistribu-

tion of excess temperature that will be produced by the Calvert Cliff's plant.

'he predicted horizontal distribution of excess temperature: in the layer hav-

ing maximum excess temperature is presented in Fig. -) . The distribution is

for the end of a flood period. On the ebb tide the plume will be bent over and

elongated down the Bay.
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The vertical distribution of excess temperature at slack water along

the axis of the plume is shown in Fig. 10. The predicted mean sectional

excess temperature in the tidal segment of the Bay opposite the plant is

about 0.20 C, and only about 1% of the entire cross-section adjacent to the

plant will have excess temperatures greater than IC.

(-.-arly, the impact of the Calvert Cliffs Plant on the temperature dis-

trit.ution of the adjacent Ray will be much less than that tile Chalk Point

Plant now has on the temperature distribution of the Patuxent. The biological

effects should also be less. The mortality rate during entrainment should 1e

considerably !ower since the time of entrainment is only about. 3 minutes com-

pared to ;' 1/' hours at the Chalk Point Plant.

In s-ummary, there are marked natural, temporal and spatial variations of"

water temerature throughout the Chesapeake Bay estuarine system. 2uperimpoved

upon the natural temperatures are the "excess temperatures" which resullt from

the discnarge of condenser cooling water from power plants. These excess temper-

atures can be predicted and determined with a reasonable degree of accuracy.

The ecological effects of the man-made temperature elevations however, are

more difficult to ascertain. No significant ecological damage to the Chesapeake

Bay has been unequivocally documented from present inputs of heated discharges,

nor is any likely to-occur from the plants now under construction, Fig. 5. But,

additional plants will be needed. Man's power consumption is increasing at

an alarming rate--a doubling approximately every decade.

Salinity

Salinity is important because of its affect on density, and on a number of other

important physico-chemico properties. Salinity is also very important biolog-

-4 " .. .. .-_ _ _ _ _ _ _ __---_ __'_ __-_ __....... .... .. ..._ _
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otally. It exerts a marked influence on the distributiorn and actvit': of

many organisms that inhabit the Bay.

The distribution of salinity in the main tody of the Bay and its triLu-

taries has reen studied by the Chesapeake hay nctitit for over 70 years.

The.i,. resoult riv la een presented in a sri of Craphical .;,ummary reports

(Wha aley arnd }iopk ins, 1952; Stroup and Lynn, 19'; T:l tz, 1'71

The .spatial and temporal distributions of salinity in the Chesapeake Hay

and its tributary estuaries are determined by the freshwater inflow. 1he mixing

of the freshwater and the seawater is produced primarily by tidal action, with

the total freshwater inflow to the Chesapeake Bay system averaging approximately

1950 m 3 /sec from 1951 through 1970. The major source of freshwater is the Sus-

quehanna River which accounts for approximately 50 percent of the total input

of freshwater. The discharge of the Susquehanna accounts for more than 9)

percent of the total freshwater input above Annapolis, and more than p. percent

of the freshwater entering, the Bay above the mouth of the Potomac. ;iu.-,ue-

hanna has a long-term (j8 year) annual average flow of about 985 m 3 /sec. 'Ihe

range in the annual average flow of from about 550 m3 /sec to 1525 m 3 /sec, repre-

sents a fluctuation about the 38 year mean flow of greater than t )44,j. 'Me

yearly averages show a standard deviation greater than 20% of the 38 year mean.

Seasonal fluctuations in the average flow are even greater; the minimum monthly

discharge averages about 215 m 3 /sec, and the maximum monthly flow averages

approximately 3250 m3 /sec. Relatively large short-term fluctuations also occur.

For example, during March of 1964 the average discharge of the Susquehanna was

approximately 4200 m3 /seC, while the maximum daily discharge during, the month

was about 14i60 m3 /sec. At present there is no significant regulation of the

flow of the Susquehanna.



The second largest river debouching into the Bay is the Potomac which

contributes apTroximately l percent of the total freshwater input to the Bay.

T'r e Potomac has a 1Dnc-term average discharge of about 310 m 3 /sec. Tt i,

a flash'y river witL a rocorded range in flow of 20 m3 /sec to about 136C &m:'/ec.

T'Phre is nc sikrnifi-ant regulation of its flow. The third largest source

freshwater is the Jimes River.

'he marked variations of the freshwater inflow produce large temporal

variations of salinity. The variations are most marked, of course, in the

inper reaches of the Pay and its tributary estuaries. Near Pooles Island in

the upper Chesape;ake Bay the salinity during 1960, a year of relatively high

river flow, rang.ed from 0.4._ in April to 8.3. , in December--more than a 20-

fold range. Durirg 19'4, a year of relatively low river flow, the range in

salinity was from 0.8'- in March to 13.3. in December.

Long-term records of the variations of salinity observed at two :l tions

in the Bay are shown in Figs. 11 and 12. Fig. 11 is a record of the monthly

mean salinities, and the extremes, at Solomons, Maryland, near the mouth of

the Patuxent estuary between 1938 and 1957 (Beaven, 1960). A curve is also

shown depicting the results of a moving ten-day average of the twenty-year

daily mean salinities.

Fig. 12 is a plot of the monthly average salinity values between 1914 and

1945 at Fort McHenry in Baltimore Harbor (Beaven, 1946). These figures show

relatively large monthly, seasonal, and longer term variations in salinity at

these locations.

The longitudinal variation in surface salinity over the length of the Bay

ranges from the salinity of the Susquehanna River water, about 0.1t , near the
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advected into the region by the lower layer and th.- al.i istribution

illustrated in Fig. ilAis transformed to resemble that f7hnwr. in Fig. >-

the distribution characteristic of two-layered estuarine ciroulatlon regimen.

The rate of recovery is not well known, but it is almost certainly less than

one week, and may be only a few tidal cycles.

There are then, marked natural spatial and temporal salinity variations.

The changes are greatest in the upper reaches of the estuaries, but relatively

large variations occur throughout the Chesapeake Bay estuarine system.

To date, man has had little effect on the salinity distributic: 'V. the Bay

or its tributaries. Recently however, there has been concern over the possible

effects of the enlargement of the- Chesapeake and Delaware Canal on the sal lfity

distribution, and on the ecology of the upper Chesapeak~e Bay. The Canal ch Lnnel

is being widened from 76 m to 137 m, and deepened from 8.?' m to 10.7 m.

Because of differences in the tidal characteristics at the Chesapeake and

Delaware ends of the Canal, there is a net non-tidal flow through the Canal

from the Chesapeake Bay to the Delaware lBay. Pritchard (1971) estimated that
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thf t,-t r(i-tida[ eastward flow through the 3.- m deep 0 anal is about :Th m 3 /seo,

and credlcted th at tce net flow through the enlarged Canal would increase

ry a fat.-,r ' (. to aout 76 m3 /sec. '[The tidal velocities and the tidal

excurs-ons, which may le of greater ecological significance than changes "i,

the n.-t vo unme rftte of flow, will be increased by a factor of only about I.,

;ci . -a r,-'i men,,*onal time-derendent numerical model of the salinity

,di~rut I r, l'e uner Chesapceake Day developed by Boicourt (196),

Pritciard (1n1I mad.e eotimates of the probable effects of the enlargement of'

the Canal on ti,,. cal nity distrl.bution. His analysis showed that the increased

diversion -)f fr,.chwater tirough trie Canal to the Delaware Bay would have very

little effect )n thie :salinity distribution during periods of high river flow

when salinities are at a minimum. The average minimum salinity would probably

increase from 2,.,6o to 8.79 " at the Bay Bridge, from 1.1)4 to 1.19 '1" at Pooles

Island, and would be unchanged, 0.13 '., at Turkey Point. The greatest effects

would, of course, be observed during periods of very low river flow when salin-

ities are a maximum. Pritchard (1971) predicted that the average maximum salinity

would probably be increased from about 17.23 to 17.61 ', at the Bay Bridge, from

9.00 to 11.58" at Pooles Island, and from 2.14 to 2.94', at Turkey I-oin .

Changes in the salinity distribution in the upper Bay would also result

from flow regulation of the Susquehanna River. Flow regulation would reduce the

natural variations of the spatial and temporal salinity distributions in the

upper Chesapeake Bay, and therefore the variations in the associated circulation

patterns in the upper Bay and in a number of the tributary estuaries.

The temporal variations in salinity in the upper Bay provide the basic

mechanism for the flushing of tributary estuaries such as the Gunpowder, Bush,

I



Back, Magothy, and ?evern (Pritchard, 1968). The small freshwater input to

these tributaries is insufficient to maintain a steady circulation patterr.,

and the water that fills them is derived largely from the adjacent Bay. It

if only in the upper re aches of these tributaries that the salinity di.- trilb-

tion ;s significantly affected by the freshwater inflow. 'Te primary ,tor

c:ontrolling the exchange: of water between these tributaries and the Bay in

the temporal variation in the salinity of the upper layer in the adjacent bky.

Thv- salinity of the surface layers of the upper Bay varies seasonally with

maximum values in the fall, and minimum values in the spring. The salinity

changes in the tributaries lag behind those in the adjacent Bay. During

winter and early spring when the salinity in the Bay is decreasing with time,

the salinity in the tributaries is, at any given time, higher than in the Bay.

As a result water flows into the tributaries at the surface from the Bay, and

out of the tributaries in the deeper layers into the Bay. In late spring,

summer, and early fall when the salinity of the Bay is increasing, the salinity

in the tributaries is less than in the adjacent Bay, and hence the waters of

the tributaries flow out at the surface, while Bay waters flow into the tribu-

taries along the bottom. Since these estuaries are shallow, channel depths

generally less than 6 m, only the upper layer of the Bay participates in the

exchange with the tributaries.

The circulation pattern in these tributaries is thus reversed at least

twice each year. Come of the smaller estuaries tributary to the head of the

Bay, such as the Gunpowder and the Bush, are renewed more often. These estu-

aries are subject to rapid renewal rates because of large, short-period fluctu-

ations in the salinity of the adjacent Bay; fluctuations produced by sudden,

marked changes in the discharge of the Susquehanna River. Pritchard (1968) has

P':
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pointed out that if the flow of the Susquehanna were controlled to the

extent that the seasonal changes in salinity in the upper Bay were to

disappear, the primary mechanism for the flushing of a number of the small

tributaries would disappear, and pollution problems would be intensified.

in summary, there are marked natural temporal and spatial variations

of the salinity particularly in the upper reaches of the Ray and its tribu-

tary estuaries. To date, man has had little effect on the distribution of

salinity in the Chesapeake Bay estuarine system.

Dissolved Ox-gen

Dissolved oxygen is added to the water by exchange across the air-sea

interface (naviface) and by photosynthesis. Oxygen is removed from the

water by loss across the naviface, by respiration, by oxidation of organic

I
matter and by reactions with reduced materials such as sulfides, and iron

Dissolved oxygen is removed from all depths, but it is added only to the

upper part of the water column--to the depth of the euphotic zone. There are

marked natural variations in the temporal and spatial distributions of dis-

solved oxygen. Near the surface of most of the estuary, the values stay near

saturation throughout the year, but in the lo,'rer layer the concentrations of

dissolved oxygen may go from near saturation to near zero over the year.

Superimposed upon these natural variations are fluctuations resulting from

man's activities.

The natural variations are explainable in terms of the characteristic

physical, chemical, and biological processes. We will examine the seasonal

variations of dissolved oxygen along an axial section of the Chesapeake Bay,



Figs. - i. Duing the winter the water is cold, saturation values are

high, and mixing is relatively intense. The estuary is nearly uniformly

hIgh in dissoIved oxygen content throughout the water column. In the spring,

the water temperatires rl s'e in response to increased solar insolation fin]

warm sprinj, rains. Hecause of the increased water temperatures, saturation

vyilues of' dis.ioolved oxygen decrease. Near the surface the concentrations of

dissolved oxygen stay near saturation, but in the lower layer the values de-

crease more rapidly than at the surface, and soon become much less than the

saturation values. Tn the early spring the river flow increases because of

increased precipitation and melting snow. The additional freshwater inputs

increase the stability of the water column, thereby decreasing the vertical

mixing. The source of oxygen to the lower layer has thus been greatly dimin-

ished. Utilization of oxygen however, increases with increasing temperature.

By mid-June the concentration of dissolved oxygen in the deeper layers of the

Bay may be less than 1 mi/I, while the surface values which are near satura-

tion may be greater than 5 ml/l. This condition continues throughout the

summer months. By mid-summer the concentration in dissolved oxygen at depths

greater than 12 m may be less than 0.1 ml/l. Anerobic conditions have not

been observed in the main body of the Bay, but the deeper areas of a number of

the tributaries including the Severn, the Potomac, and Eastern Bay go anerobic

in the summertime.

In l-ate summer, usually near the end of August, rapid changes in the

vertical distribution of dissolved oxygen often occur. A few clear, cool

nights, cool the surface waters sufficiently to increase their density above

that of the underlying water. Vertical downward mixing is initiated and the

I ____ ______
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deeper water is thus replenished with dissolved oxygen. Another warm spe..

may reestablish a strong vertical density gradient and the oxygen in tne

deeper layer will again decrease. By the middle of October the concentration

of dissolved oxygen has started to increase steadily at all depths and witnin

a few weeks the Bay becomes nearly uniform in dissolved oxygen.

There ur . a]- o diurnal variations of the concentration of dissolved

oxygen in the euphotic zone. Values are higher during the daylight hours of

photosynthetic activity then during the hours of darkness when photosynthetic

production rof oxyg-n ceases, but respiratory consumption continues. The

"natural" diurnal variations are generally small, but In highly productive

areas they may be large.

Superimposed upon these natural fluctuations are variations resulting

from man's activities. These effects have resulted largely from the introduc-

tion of nutrients which stimulate primary productivity, and are most readily

observable in the upper reaches of some of the tributary estuaries. When

nutrients are no longer limiting, solar energy is, and there is frequently

a sequence of intense blooms separated by massive die-offs. The die-offs

produce large oxygen depletions, sometimes resulting in anerobic conditions.

Low oxygen zones in the tributaries probably began to increase in frequency,

duration, and extent, as early as the latter part of the 18th century as a

result of increased agriculture. The additional nutrients introduced into the

tributaries stimulated primary productivity. The organic detritus placed

heavy oxygen demands on the estuaries. The nuwrients in the sewage and munici-

pal wastes of a burgeoning population have seriously aggravated the problem in

a number of the tributaries.

W% -:- __ _ _ _ _



Te effects of man so the distribution of dissolved oxygen are readily

arparent in the Potomac, rarticularly in the tidal reaches of the River below

Washington, 1.C. Large anounts of nutrients added by the metropoaitan

Washington area sowerag<e system to an already enriched Potomac result ,n a

high level of' trimary jroductlivity, and large biochemical oxygen demarcus (B'D).

Recentiy Wolman (1971) reported some observations of dissolved oxygen

made ietween 19 2 and 19(7 in the tidal reaches of the Potomac River. !He

preserited a curve depirting an average longitudinal variation of dissolved

oxygen minima expressed as percent saturation for the summer of 1932 before

construction of the Washinsgton treatment rlant, and a similar curve for the

summer of 1938 following construction of the treatment plant. He also pre-

sented a curve of the average longitudinal distribution of dissolved oxygen

minima obtained by averaging the lowest daily oxygen values observed over

2d-consecutive-day-periods of minimum river flow between 1954 and 11)(,'.

A similar curve was plotted for 1960 - 1967 only. These curves are shown in

Fig. -6 . Fig. 16A shows a curve depicting the average distribution of dis-

solved oxygen in 1913 during the month of September, the month of lowest

oxygen levels (Cummings, et al., 1916). All of the curves in Fig. 16 show

a sag in the oxygen levels below Washington. There were no 1913 data in the

region of the sewer outfall. Upstream from the outfall, the 1913 oxygen

levels were slightly lower than the 1932 levels while downstream from the

outfall they were slightly higher. The differences may not be significant,

but the higher levels in 1913 downstream from the sewer outfall might be ex-

plained by the dense growth of submerged vegetation that covered nearly all

of the bottom outside of the channel in 1913, but which disappeared in the 1920's.

a ________ _
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i. ])¢5 follcwing construction of the Blue Plains sewage treatment riant,

tne ox)'gen -evels rose significantly, but the therapeutic effects of the

iant were app.rently relatively short-lived. The average oxygen minimum curve

fcr periods of low flow between 154 and 1967 indicates that not only harl the

n,'. n ti', ot" *issolved oxygen apparently decreased to levels below tho7'.

-A. :>frv,.d any treatment was provided, but the zone of low oxygen ex-

e,(ndr.d fartli-r downstren. For the period 1960-1967 the situation was appar-

ently slightly improved.

The trends indicated by the curves in Fig. 1.6 are very probably real, but,

one mu.;t, for a number of reasons, be prudent in comparing these observations

which sDan 5h years: the accuracy and precision of the measuremerts are uncer-

tain; the averaging processes used by the investigators are obscure; and the

diurnal fluctuations of the concentration of dissolved oxygen which are appre-

ciable in this region were apparently not considered in sampling.

inwTrovement of the levels of dissolved oxygen in the tidal reaches of the

Potomac presents a formidable challenge. As Wolman (1971) pointed out "Despite

expenditures upward of $70 million from 1938 through 1965, in recent years

dissolved oxygen during the summer months has retreated to the position occu-

pied by similar curves in 1932 before major treatment works were installed

in 1938." The low concentrations of dissolved oxygen result from massive

die-offs of intense blooms which are stimulated by the high nutrient levels.

Even if all of the nutrients were to be removed from the Washington metropoli-

tan area waste effluent, the nutrient levels in the River would still be at

an undesirable level.

In summary, man's activities have certainly increased the frequency, extent,

and duration of low oxygen zones in the upper reaches of the Potomac and of a
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number of other tributaries. Because of the lack of historical data icWever,

it is not possible to chronicle these changes.

Low levels of dissolved oxygen are a symptom of a much more serious

irot)lem, frobably the most serious, that threatens the Bay--the Influy .

nitrlent:3 from municipal and agricultural wastes.

Nutrients

The nutrients, nitrogen and phosphorous, are necessary for primary produ'-

tivity. They are added to the Chesapeake Bay estuarine system by natural

sources, and as a result of man's activities. They have not only always been

present in the Chesapeake Bay and other estuaries because of their natural

sources, but have probably, because of the dynamic processes in the estuary,

always been present in relatively high concentrations--high relative to other

parts of the marine environment. But, large additional inputs of nitrogen

and phosphorous have been added to the Chesapeake Bay and other waterways

by man's activities. It has been estimated that the total amount of phos-

phorous discharged into United States waterways probably exceeds that of 50

years ago by a factor of 3 or 4 (Man's Impact on the Global Environment, 1970).

Large amounts of nutrients are introduced directly into the Chesapeake Bay

estuarine system through the discharges of municipal treatment plants. In

addition, rivers convey large quantities of nutrients into the Bay; nutrients

which result in large part from man's activities in the drainage basin, per-

haps hundreds of kilometers away. Nutrients are added to the rivers in sevae,

in runoff from fertilized fields, and from animal feedlots.

Both nature and man concentrate their effects on the tributaries and

on the upper reaches of the Br ihese zones have buffered man's impact on the

-- - -,, . . . -. - - . -. .-- -



main bcdy of the Bay, but many of them have been degraded by undesirably

high levels of srcductivity stimulated by high nutrient concentrations.

In the Mar7,l and portion of the Bay the effects of nutrient loading from

m~uiiciral wastes are most apparent in the upper Potomac and in Back River;

the r-2ceiving waters for the wastes from the metropolitan Washington, D.C.,

*L,,r Baltimore areas. '1, dramatic increases in nutrient levels which have

recently been reported in the upper Patuxent (Flemmer, 1971) are a result

of' the wastes from the burgeoning population in the small drainage basin

of that River. The effects of local inputs from the septic field drainage

of largely unsewered land areas are observable in some of the smaller

tributaries including the South, Magothy, Miles, Chester, and Severn

estuaries. In the upper reaches of the main body of the Bay, the Susque-

hanna is the major conveyor of nutrients; nutrients derived from extensive

agricultural areas, and from a population that exceeds one million in the

drainage basin.

Assemblages of primary producers are adjusted to certain ranges of the

concentrations of the essential nutrients, and to certain ranges of their

relative abundances. The limits of the ranges characteristic of "unpolluted"

and "polluted" waters have not been firmly set. Some guidelines are however,

necessary. After examination of the literature, and discussion with several

of my colleagues, the following conclusions were tentatively determined.

In polluted, productive waters the ratio of total N to total P probably does

not fall below 8:1, and the limit may be 10:1. In addition, concentrations of

total P greater than about 3 0g at./l are probably undesirable.



The Potomac River with an average flow of about 310 m3 /sec is the second

largest river discharging into the Chesapeake Bay estuarine system. It i5 a

flashy river with no significant flow regulation; the recorded flow rang i:7

from about 20 m3 /cec to 1,360 m3 /sec. The Potomac drains approximately

2F ,49u km2 of forested and agricultural land above Washington, and 5,l80 km 2

of urban area within the, metropolitan Washington arrt. The traunsition frnm

the Potomac Petuary to the Pntomac River, marked by the upstream limit' I. ,,,

salt, occurs between 8o - 100 km above the mouth of the estuary. This i:

approximately 35 - 55 km below Washington, D.C. The tidal effects extend

farther upstream to the fall line--just above Washington. The freshwater

region between the upstream limit of sea salt and the head of tide is called

the "tidal reaches of the river."

Nutrients are introduced into the upper reaches of the Potomac River

by drainage of agricultural areas, and by additions of sewage. Measurements

made in 1965 - 1966 showed that in the River just above Washington the con-

centrations of' nitrate were 100 - 150 wg at./l during periods of high river

flow, and the concentrations of phosphate about 5 lig at./l (Carpenter, et al.,

1969). During periods of low river flow the concentrations of nitrate were

about 50 - 70 jg at./l, and the concentrations of phosphate about 3 - Wg at./1.

The levels of phosphorous in the River are already at undesirable levels, even

before the River reaches Washington, D.C.

The sewerage systems of the Washington metropolitan area presently dis-

charge about 1.1 x 106m 3/day (290 MGD) into the Potomac River containing more

than 6 metric tons of phosphorous and 10 metric tons of nitrogen, and these

value:; are expected to double within 30 years. Probably more than ha] f of the

-



ciiosphorcus is from phosphate in detergents. These inputs produce very

high local concentrations of nutrients, particularly during periods of low

river flow. For example, with a river flow of about 85 m 3 /sec, the inpit

of sewage would increase the concentrations of phosphorous by about 180 ;g at..

(Carpenter, et al., 196)). During 1965 the river flow exceeded 85 M 3 /sec

less than one-third o' the time. These high concentrations of nutrients do not

extend very far downstream; they are primarily restricted to the tidal reaches

of the River.

Carpenter et al., (1969) have described the distributions of nutrients in

tfie Potomac, and this discussion is based in large part on their report. The

longitudinal distribution of nutrients in the Potomac varies seasonally, with

concentrations of total nitrogen in the estuory generally being highest

during January, Februar-y, and March, Fig. 17.

The monthly longitudinal distributions of total phosphate show increases

in the tidal reaches of the river during late fall and winter, displacement

of the nigh values downstream into the estuary with increasing flow in the

spring, and then relatively moderate and uniform concentrations in the estuary

throughout the summer and most of the fall, Fig. 18. The concentrations of

inorganic phosphate are hivh in the tidal reaches of the river, and constitute

an appreciable fraction of the total phosphate concentrations. Farther down-

stream in the estuary, however, inorganic phosphate concentrations exceed 0.5

wg at./I only after high river flow.

In the tidal reaches of the Potomac River the concentrations of total

phosphorous are at undesirably high levels, and the ratio of nitrogen to phos-

phorous is lower titan in "healthy" productive waters. Farther seaward, in the

SX .-
_ _
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estuary, the concentrations of Phosphorous fall below 3 jg at./l, and the

ratio of N to P is greater than 10:1. The nutrient patterns are reflected

in the longitudinal distributions of chlorophyll which show very high con-

centrations in the tidal reaches of the River; concentrations which fre-

quentiy exceed 70 lg/]. These high values are produced primarily by

Microcystia aeiruginosa. These organisms collect in mats along the shoreline

producing repugnant conditions. In the estuarine sections of the Potomac

chlorophyll levels are appreciably lower, and are comparable to those in the

upper Chesapeae Lay.

Clearly man has had a major and undesirable effect on the nutrient

levels in the upper Potomac. Historical data are not available to chronicle

the evolution of thLis impact, but one can get some idea of the inputs of

nutrients from the Washington area by examining the population and waste water

records. Th(e Washington metropolitan area treatment plant, the Blue Plains

plant, was constructed in 1938. Prior to this, Washington had a sewerage

system, but did not have a treatment plant. In 1970 the treatment plant

served a population of about 1.8 million, and discharged approximately

1.1 X 10 6 m 3 /day (290 MGD) into the Potomac. This waste water contributed

approximately 6 metric tons of phosphorous and 10 metric tons of nitrogen

to the Potomac each day. In 1970 Washington, D.C. had a population of 756,510.

In 1940 the Blue Plains treatment plant served a population of about 0.8

million and discharged approximately 0.4 x 10 6 m 3 /day (100 MGD). At that time

Washington, D.C. had a population of 663,091. If the concentrations of

phosphorous and nitrogen in the waste water were the same in 19140 as in 1970,

this would represent daily inputs of about 2 metric tons of phosphorous and



metric tons of nitrogen. The concentrations of nutrients wer,- rrobably

less in 19140 than in 1970, but even if they were only 50 percent of the 1-'j_'

values, these lower inputs would result in undesirably high nutrient ."ve>s.

The oxygen data, discussed elsewhere in this paper, also suggest that

of' eutrophication in the upper Potomac are of long standing. Following, the

introduction of soap powders containing phosphorous circa 1938, the coner2.-

tions of phosphates in the tidal reaches of the Potomac probably rose oign.:i-

cantly, but they have probably been at undesirable levels for well over 0

years.

In some other tributaries the Increases of nutrient concentrations; t<

undesirable levels have been much more recent. In the upper Patuxent the

concentrations of inorganic nitrogen increased by 10 to 15 times between 19t)-

64 and 1971, and inorganic phosphorous has also shown substantial increases

over this period (Flemmer, 1971). The concentrations of nutrients i. ttle

upper Patuxent frequently reach levels comparable to those in the upper

Potomac. The standing crop, as measured by chlorophyll, has increased, but

not to the point of nuisance blooms such as those occurring in the upper

Potomac (Flemmer, 1971).

In the main body of the upper Chesapeake Bay the nutrients are derived

primarily from the inflow of the Susquehanna River. The upper Chesapeake Bay

is the estuary of the Susquehanna River. The Susquehanna with a long-term

average flow of about 985 m 3/sec discharges more than 85% of the total fresh-

water into the Bay above the mouth of the Potomac. The Susquehanna drains

about 71,225 km2 of New York, Pennsylvania, and Maryland. The watershed has

extensive agricultural areas and a population of more than 1 million. These

or _ _70F 1



sinircen o'omt,inr- tr, contribute large quantities of nitrogen and phosphoro..:

to tho it!ver (Carpento:r, et al., 19(9). The inputs are modified along the

cur: ,! of the Rivr by biological removal which occurs in broad, shallow

reac:he:; of tte river, and in the series of reservoirs. When the River

reache:2 the head of the Bay at Havre de Grace, Maryland, the concentra-

tA.ons of total phosphorous range from about 1.5 pg at./l during winter and

spring to about 1.0 pg at./l during summer and fall. Nitrogen levels range

from 8o - 105 pg at./) during spring to about 'O pg at./l during other

seasons. Most of the nitrogen is present as nitrate.

'he spatial dictrihution of nitrate in the upper Bay indicates that

the Susquehanna River is the primary source, Figs. 19 - 20. Nearly half

of the total annual flow of the Susquehanna occurs during a three-month

period in late winter and early spring. Since the nitrate concentrations

are highest during this period, the Susquehanna discharges more than (0 percent

of its total annual nitrate input during these three months. By the middle

of April the Bay has a rather uniform nitrate distribution with concentrations

of about h5 Wg at./l. Throughout the late spring and summer the concentrations

generally decrease, and by September may be less than 1 pg at./l.

The distributions of phosphorous differ markedly from those of nitrogen.

Total phosphate values are relatively uniform and have a range of only about

, to 2 pg at./l. Phosphorous is apparently cycled at least twice between May

and August, since the disappearance of some 45 pg at./l of nitrogen is not

accompanied by changes in phosphate. During the summer more than half of the

total phosphorous is present as dissolved organic phosphate.

In the main body of the upper Bay nutrient levels and phytoplankton

production are high, but the grazing rate is also high thereby preventing an
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,r si rar: u.u dur ;f al 7,ae such as occurs in the tidal reaches of the

:ciac. . uTrient i,'vels are ,rotably near the upper limit for "healthy"

cffidt1rs. Eritohard e,6o) estimated that a doubling of present nutrient

:.ev- vs in ti,: main :cdy of the bay would produce undesirable conditions. A

rnimtnrr -of ujqoer iry's tributaries are already over-enriched, and any adciitionILI

it. its wili t, detrimentai.

'I mrnicina! wastes from Baltimore are treated at the Back River treat-

ment -iant wnlcr, lischarges about U.6 x 106 m/day (150 MGD) of trkted efflu-

.nt each dty. Of this, approximately 0.4 × 10%3 3 /day (100 MOD) are utilized

y Bethlehem Iteel as industrial cooling water and discharged into Baltimore

:iurtcr. Tihe remaining '." x 106m 3/day (50 MGD) is discharged into Back River,

a small estuary that is tributary to the Bay and located just north of Balti-

more Harbor. Hutrient levels in Back River are very high, and blue green algae

thriv, in 1965 chlorophyll concentrations exceeded 00 Jig/l from March through

.,ovember, and reached levels of 400 g/li in October. Eutrophication in Back

River is intense, but the effects are restricted to the tributary and are not

apparent in the adjacent Bay. There are marked decreases in chlorophyll and

total phosphate near the mouth of the tributary; decreases greater than can be

accounted for by dllution. Deposition of algal cells in the sediment Is the

most protahie process of r,,moval. The Back River estuary is acting as a type

<,f tertiary treatment pond, and the sacrifice of this tributary has protected

the main body of the Bay.

The waste ferrous sulfate added to the part of the effluent used as cool-

ing water by Bethlehem 'teel is apparently sufficient to precipitate the phos-

[hate in the Harbor so that little of it reaches the Bay. The nitrate is appar-

4[ •w.
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ently also being rapidly removed either by a component added to the efflu-

ent during its use as a cooling water, or by a constituent in the receiv-

inv waters, tut the process by which this happens is not clear.

,hilr- th,:- effects of the treated -ewage discharged into BaltImore,

Harbor and 1Dack River are readily observable in these tributaries, th,'y are

not apparent in the adjacent Bay. Carpenter et al., (1969) pointed out:

"During the prolonged drought of 1965, discharge of the Susquehanna River

was 14,000 ft 3 /sec (Il m 3/sec) during July, August, and September. The

admixture of' this inflowing freshwater with seawater produced a density-driven

circulation in the Bay off Baltimore with a flow in the upper layer of about

three times the freshwater discharge, or 12,000 ft3 /sec (3h0 m 3 /zec). 'niio

flow would provide a dilution for the sewage discharge of 1 to 50, which

corresponds to a possible increase of 6 .g at. per liter of phosphorous and

36 pr, at. per liter of nitrogen in the mixture. Such increases are not ob-

served in the bay."

in summary, man has had an appreciable effect on the distributions of

nutrients in the Chesapeake Bay estuarine system, particularly in the upper

reaches of the Bay, and of a number of the tributaries. In the Maryland

portion of the Bay, nutrients are at undesirable levels in the upper Potomac,

and in Back River, and are near the upper limit in the upper Bay, the Patuxent

and in many -f th,- smaller tributaries. The discharge of improperly treated

:ewage and mini ipal wastes constitute the most serious immediate threat to

the f:hes aT,.i' Hay estuarine system.

2ediments

The genpral features of the geology of the Chesapeake Bay and the surrounding

region have been discussed by Ryan (1953) and more recently by Wolman (1968).



ara 2,i:'I. "e r-ottom sediments have been described by Ryan (l953)

:..inents acciurm ulating in the Bay are predominantly fine-

cra i,,d .- . iv,. except in the littoral zone where sand locally derived

....- r, (Ryan, ; Pchube] , 19 6 8 a) The sources of

. .*.., y 2chme (1968a, 1971a) and -Biggs (1970) and

e r.I.-::.. ,: t.i -ircul ution patterns and the sedimentation patter-;

hav, teen i r 'i, ed Ky 2cicubei i'4T

re ar eer' aid uitimate conqueror of every estuary is the sediment

tfat fills t e basi. aiA drives out the intruding sea. Sediments are intro-

duced into the (heapeake hTay by rivers, by shore erosion, by biological

nctivity, anI by the sea. The sources are thus external, marginal, and

Internal. Most of the inputs are poorly known. The only rivers for which

reliale estimates are available are the Susquehanna (Schubel, 1968b, Schubel,

1 7) and to a lesser extent the Potomac (Wolman, 1968). The Susquehanna

dinor ;rges approximately 0.3 - 0.8 × 106 metric tons/year, while the Potomac

rrobably discharges more than 2.3 x 106 metric tons/year. The sedime!nt dis-

c harged by the rivers is fine-grained silt and clay. Most of it is trapped

in the upper reaches of the estuaries by the net non-tidal circulation which

creatx. a very effective sediment trap in the transition zone where the net

upstream flow of the lower layer dissipates until the net flow is downstream

at all depths (Schubel, 1971b). Fine particles that settle into the lower

layer are carried back upstream by its net upstream flow leading to a rapid

accumulation of sediment. The sedimentation rate in the upper Bay is probably

at least an order of magnitude greater than in the middle and lower reaches of

the Pay. Similar patterns exist in the tributary estuaries. Because of the net
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non-tidal circulaticn and the mixing there are also accumulations of

.n.evnded sediment of the upper reaches of the Bay and larger tributar-,

t-stuaries. ,uch features called "turbidity maxima" are characterized ty

turbidities :nd su::pended sediment concentrations that are higjer than

reitner farther urnstroam in the source river or farther seaward in the

estuary. The turbidity maximum in the upper reaches of the Bay has been

descrited by rchub-l (19 6Uc).

.,ince the Susquehanna is the only river that debouches directly int-

the main body of the bay, it is the only major source of fluvial sediment

to the Bay proper (Schubel, 1971a, b). Most of the sediment discharg,,d by

the other rivers is deposited in the upper reaches of their estuaries and

does not reach the Bay proper. In the middle and lower reaches of the Bay,

shore erosion is not only a major source, but probably the most important

source of sediment (Schubel, 196 8a, 1971; Biggs, 1971). The margins of the

Bay are being digested at an alarming rate (Singewald and Slaughter, ]C)4;

Schubel, 1968a).

The remains of the large populations of plankton, nekton, and benthos

contribute little directly to the total accumulation of sediment. Fiter

feeding benthos (Haven and Morales, 1966) and zooplankton (Schubel , 1971;

Schubel and Kana, 1972), however, play an important role in the Bay's sedimenta-

tion. These organisms bind fine suspended particles into larger composite

particles which are ultimately deposited. Without agglomeration many of

the finer particles would not be deposited in the Bay, but would be carried

through the estuary, and discharged to the ocean. Biological agglomeration

is an important geological process.



::'ec Q cf their circulation patterns, the Chesapeake Bay and its

:ributari- tiere effiective sedimentation traps and sedimentation rates

are natilrally 1ird. . But, man has markedly increased the sedimentation rates

uy increasin. the inputs of sediment. With the clearance of forested !and

for agriculture in coborial days, sediment yields increased from an average

of ,s: than i. metric tons/km2 /year to 140 - 280 metric tons/km2 /year

(Wolmas, 1',j,7). lhindreds7 of thousands of acres of forested lands were

c!.erired with axe a'il fire for tobacco farming. After two or three crops,

the nutrients in the soil were depieted and new lands were needed for growing

tobacco. 'he old fields were frequently abandoned and left bare to be

eroded by the Tri.nd and rain. Much of the sediment was carried by streams

and rivers into the estuaries tributary to the Bay.

Even before 1800, siltation was a serious problem in harbors such as

Upper Marlboro on the Patuxent River, Port Tobacco on the Port Tobacco River

(a tributar- to the Potomac), and Joppa Town at the mouth of the Little

Gunpowder. In the early 1700's Joppa Town was the county seat of Baltimore

County, and Maryland's most prosperous and important seaport. By 1750 the port

had declined in importance, primarily because of sedimentation problems, and

in 17(8 the county seat was moved to Baltimore. Stone mooring posts that

cnce held the hawsers of seagoing vessels are now two or more miles from

navigable water (Gottschalk, 1945). Gottschalk (1945) summarized observations

on the sedimentation of colonial ports. According to Gottschalk (1945),

the limit of open tidewater in Baltimore Harbor was seven miles farther inland

in 1608 when John Smith visited the Harbor than it is today.

In more recent years local sediment yields have been dramatically increased

by imprudent land clearance for construction; yields sometimes reach 10,000 or

r ;.,- -I



-ver. rn,'x , metric tons/km2 /year. It has been estimated that sediment from

,rrctruertion :, in tr,e metropolitan Waihington, L.C. area probably accounts

for )5 - t e1ercnrt of' the total sediment load entering the Potol-lac at Wash-

ington (Wolman, iy8). 2ediment derived from constrvntIon sites in th, metro-

politan Baltimor, area is probably a major source Df th(- sediment being dis-

charged into altimore Harbor. After completion of urban construction projct:,

the new asphalt and concrete "land" may reduce sediment yields to lovelc well

below tiose characteristic of forested regions.

',ut man's :t. lvities c,-tr also decrease the masses of' sedim nt di ssrrge

into the Bheapeae Bay ertuarine system. The constrtiction of a series of

lams along the lower courses of the 2usquehanna River has decreased the,

quantities of sediment discharged into the upper Bay.

Thie effect of man's activities during the 18th and most of the 19th

centuries was to increase sedimentation rates in the main body of the

Chesapeake Bay and its tributary estuaries. In the latter part of the 19th

century and during the 20th century, with better soil conservation practices,

less land under cultivation, and the construction of a series of dams on the

lower reaches of the lusquehanna, the overall sedimentation rate was decreased.

In some tributaries, however, which drain areas of urban construction, the

local sedimentation rates were greatly increased. The net effect of man's ae-tiv-

ities has been an increase in the overall "natural" sedimentation rate, but we

can not say by how much.

In addition to the direct effects of filling the estuarine basin and

thereby expelling the intruding sea, the fine-grained sediments have many in-

direct effects on the estuary. While suspended they limit the penetration of

r



icnt, and therefore the depth of the euphotic zone and the primary productivity.

3ecause of tneir high sor-roive capacity, clay particles concentrate heavy metals,

nutrients, _il, pesticides, biocides, and other "pollutants." Since these

r- lutants are "attached" to fine particles, they are concentrated in til, sedi-

ment:;, Loth :usrended and deposited, in the upper reaches of the Bay and its

...... uv stuaries. Filter feeding organisms which ingest these particles :! ,-

cr.ntra-te the contaminants. Butler (1')G) has pointed out the ability of oysters

tr concentrate LDD in their pseudo feces making it available in a more concen-

trated form to deposit feeders. Increases in the concentration of contaminants

at each trophic level are well documented for radioactive elements and pesticides

(Woodwell, 1()7). This phenomenon has been referred to as "biological magnifica-

ti on.

Although tnere are few analyses of pesticides, herbicides and heavy

metals in Ch isapeake Bay organisms it might be anitcipated that the concentra-

tions of these constituents will be relatively high.

Tn summary, sediments are the estuary's natural archenemy and ultimate

conqueror. As they fill in the basin they expel the intruding sea converting

the estuarine system back into a river valley system. At times, man's activities

nave tended to both accelerate and decelerate this process, but their net effect

has been to increase the overall sedimentation rate. The indirect effects of

the sediments, particularly the fine-grained sediments that are accumulating

in the Bay and its tributaries,are of greater significance to man then the long-

term direct effects of filling. These indirect effects are poorly understood.

Heavy Metals

The so-called heavy or trace metals (transition metals) are of con-

siderable interest because certain of these metals are highly toxic to

plants and animals, including man, but are, of course, also essential

4' V _ _ _ _ _ _ _ _ _ _ _ _ __ _



for ife. They are hiphly persistent and retiin their ocxiilties for

prolonged pi-riods of time. Most heavy metals are concentrated in the boules

of organinm:; wtr.r tKey remain for prolonged periods of tme and funct! Fi-

cumuJ rtiv,. ni:ro. -},-re are approximately two dozen m.fta).] w.,,-h ar -i ' v

toxji t1 iFi , ax.mals, hut the most toxic, persistent., an] alh'lt',Jit

heavy mtalc in t. marine environment include mercury (Hg), alcenxc (A:;,'

cadmium (C(), 1-ad (I ) , 2hromium ((r) , and nickel (Ni). Since heavy met'lis

are present in th, earth's crust, they are carried both in solution and in

sunpenz;on ty rivern ,tnd streams into the Chesapeake Bay estuarine system,

and the rest of the marine environment. Man also contributes heavy metals

to the Bay. 2ome heavy metals have been used extensively as pesticides and

biocides and hav been introduced into the environment from these sources.

There are very few data on the temporal and spatial distributions of

any of the heavy metals in the Chesapeake Bay estuarine system or its

tributary rivers. The most extensive studies have been made by J.I{. Carpenter

of The Johns Hopkins University's Chesapeake Bay Institute. He has kindly

permitted me to summarize some of his unpublished results. Carpenter analyzed

samples of Susquehanna River water collected at approximately weekly intervals

from April 1965 through August 1966 at Lapidium, Maryland located about one mile

downstream from the dam at Conowingo. Using atomic absorption techniques, the

samples were analyzed for the concentrations of iron, manganese, zinc, nickel,

copper, cobalt, chromium, and cadmium in both the dissolved and suspended

states. Carpenter distinguished between the solid material that was deposited

by gravity settling after 10 - 14 days, and the solid material remaining in

suspension after this settling period, but which could be removed by filtration

through membrane filters with an average pore size of 0.2 'p. The heavy metals

i



w-i- xtr.',ed from the parti-:ulate matter in normal HCl at 60 C with

r-nFant agitation for '7 h~urs.

,:ie river flow, t:'e concentration of total suspended solids (suspended

7,-,lfment) and the total C'o'entraton, -,' the several] heavy metals were. ,til

.! gh ly var le dtiring the rperiod of observation, Figs. 7]-j . 'ihe pattern

of river flow shown in Fig. .1 illustrates the characteristic seasonal

v;,ariation of fLow of the Susquehanna and other rivers in this region--high

ischarge in thr. spring followed by low to moderate flow throughout the

s mmjr and most of the fall. 'ihe obvious positive correlation between river

flow Fnd the concentration of suspended sediment illustrated in Fig. 21,

If w-11 documented. The most striking thing about the heavy metal analyses

is trheir marked variability. In general, high concentrations of the heavy

metals were associated with high concentrations of suspended sediment, but

there were some exceptions; notably zinc, nickel, and cobalt during January,

1966.

The partitioning of iron, manganese, zinc, nickel and copper among the

soluble, filtered solids, and settled solids fractions showed marked seasonal

variations. The occurrence of manganese in a soluble form, for example,

appears to be seasonal with the necessary conditions being present during

winter and early spring, Fig. 214. The seasonality of both the total concen-

tration and the solubilization of many metals suggests the significance (. f

organic matter and metals derived from decaying vegetation (Carpenter, personal

communication). Vegetation in the drainage basin then appears to be a major

source of heavy metal "pollution" to the Susquehanna and to the upper Chesapeake

Bay.
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Fig. 21. Flow of the Susquehanna River and concentration of

suispended sediment between April 1965 through
August 1966 (J.H. Carpenter, personal communication).
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Fig. 22. Concentrations of total iron and manganese in
Susquehanna River samples (J.H. Carpenter,

personal communication).
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Fig. 23. Concentrations of total Cu, Ni, and Zn in
Susquehanna River samples (J.H. Carpenter,
personal communication).
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It is cc vious from 'arTenter's data that estimates cC the inputs

of th3 s vora1 metas 'aust take into account the variablity -f the source.

Fstimates tbased or, one samnle (Turekin and Scott, l)6"), or even on several

scmries are naive and are apt to be very misleading. 'Table 1 provides

comiarison of estimates of the annual inputs of sevs.ral heavy metals based

sample (Turekin and Scott, 1967) with estimates based on weekly

samr]p-: (Car,enter, 1971, personal communication).

Table I

Heavy Metal Input to Chesapeake Bay

From the Susquehanna River

Estimate Based on Estimate Based on

One Sample Collected 52 Weekly Samples
' nstitunt in June of 19661 Collected during 1965_1)6C2

(tons/year)

Manganese 120,000 5,300

Nickel 3,000 215

Cobalt 1,500 88

Data from Turekin & Scott, 1967. Turekin and Scott filtered their water sample
through an 0.h5 p APD Millipore filter, ashed it, and analyzed the residue spectro-

graphically. This procedure results in a determination of something close to the
concentrations of the total particulate fraction of the various metals.

2 Data from J.11. Carpenter, personal communication. Carpenter's methods result in

determinations of the dissolved fraction, and the "extractable" particulate fraction.
The extractable part of the particulate fraction may be less than the total particu-
late fraction, but it is probably never less than 50 percent of it.

For each of the three heavy metals for which there were common analyses,

Turekin and Scott (1967) estimated annual discharges were more than an order of

magnitude higher than Carpenter's. Turekin and Scott (1967) attributed the high

jI



concentrations of heavy" metals to industrial contamination, and suggested

that the injuts were s.ufficiently large to be of possible economic interest.

!he .,7 sjuehanna River, supplying more than 90 percent of the total

freshwater irl4ut to t., Bay north of the Potomac, is the major source

freshwater and fluvial sediment to the upper Chesapeake Bay. Tidal currents7

Trvide most of thf energy for the mixing of the fresh river water with the

alty estuary water. Thero are very few reliable data on the spatial distribu-

io.; of heavy metals in the waters of the Bay itself, and data on temroral

,flstrihutios are not available. To assess man's affect on the distributions

,f heavy metal one must examine the only historical record that exists--the

sedimentary record. Jnfortunately, that record has received only meager

examination.

Sediment samples taken on a cross-section near the Chesapeake Bay Bridge

,t Annapolis show variations in the concentration of both iron and zinc of more

than an order of magnitude. The variations are associated with chanols in

the grain size of the sediments; the coarser grained sediments are impoverisheJ

in heavy metals relative to the finer sediments. There are also local spatial

variations associated with spoil deposits which are enriched in certain of

the neavy metals.

There are a few data that suggest there is a longitudinal gradient of

heavy metals in the fine sediments of the Bay. Concentrations of heavy

metals tend to be higher near the head of the Bay than farther seaward in the

estuary. This might have been anticipated since the fine sediments in the

upper Bay are derived primarily from the Piedmont, while the fine sediments in

the middle and lower reaches of the Bay are probably derived primarily from

rope: Z i
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the shore erosion of 7castal Plain sediments--sediments originally derived

from the 7iedmont anc. now impoverished in heavy metals relative to their

source rock-Ks. N'.e differences in the sources of organic matter may also

be imfortant in producring this gradient. This is an important problem; ,-e

wnicli deserves further study.

Analyses of the -.onrer-term sedimentary record are even more scarce.

Recently a ] cm long core was taken in the upper Bay off Howell Point.

Since the sedimentation rat, in the area is probably between 5 and 10 nm/year,

the core represents 1%5 - P70 years of sedimentary history. The core was

analyzed for extraptable 3 iron and zinc at the surface, and at 20 cm incre-

merits to the bottom of the core. One might have anticipated that the concen-

trations of iron and zinc would decrease with depth since man's impact has

presumably increased with time. The results showed however, that below the

surficial layer the concentrations were nearly uniform with depth. The con-

centration of zinc was about 70 ppm (dry weight) and the concentration of

iron about 20 ppt. The uniformity may be attributable in part to the homo-

genization of the sediment by burrowing organisms. The core may not have been

long enough to pass through the sedimentary horizon corresponding to tile

initiation of mining in the Susquehanna drainage basin about 130 years ago.

Theive scant data do not demonstrate however, that man's activities have in-

creased the levels of iron and zinc in the upper Bay off Howell Point. Fur-

thermore, they do not Violate the hypothesis that the concentrations of these

heavy metals have al:rays been naturalZy high at this location, and that man

has not had a measurable effect on their concentrations.

3

Using techniques described previously.
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Tt might be anticipated thit the industrial enrichment of heav'$ metals

i:. the sediments of the Maryiand portion of the Bay would be most obvious iI.

-altimore {arbor. Canpies of surface sediment from Baltimore Harbor show

large variations in their concentrations of heavy metals. Local areas

are enriched iy more than an order of magnitude in certain of the heavy ::,el,'i.-,

such as Zn, O, and "d, over contiguous areas where levels are approximately€

"i:ia. to tiic-e in the open Bay. Man has almost certainly increased tne

concentrations of heavy metals in Baltimore Harbor, but the magnitude of :

impact is not clear. Thle pertinent data are being compiled for a report tc

the 2Zubmerpied Lands Commission of the State of Maryland (J.H. Carpenter,

ptrsonal communication).

In summary, because of their persistence, and their toxicity at high

concentrations, heavy metals are potentially dangerous pollutants. Hieavy

metals are introduced into the Bay, in solution and adsorbed on fine particles,

as a result of the natural processes of weathering and erosion. They i-e

also introduced into the Bay as a direct and indirect result of man's activities.

Man's use of heavy metals in pesticides, biocides, and industrial applications

have tended to increase the inputs of heavy metals to the Bay, as have mining

and agriculture in the drainage basin. Man's dam building activities have

tended to decrease the inputs. Dams on the lower Susquehanna trap large amounts

of sediment and heavy metals, thus preventing them from reaching the Bay. The

extent of man's impact on the spatial and temporal distributions of heavy metals

in the Chesapeake Bay estuarine system is obscure.

The spatial and temporal distributions of heavy metals should be deter-

mined in the water, in the bottom sediments, and in selected organisms. Filter

41 - ,.



feedin d i, ro_ :, .. feeding orwani =s wn.ich ingest fine sedimentary particles

may be extcosd tc dlt2 witi relatively .Ig,- coner.trations of adsorbed hea' vy

metals ]iks many ot-er estuarine rolluticn problems , the problem of heavy°

metaIs s nct anuenaile to facile solution. This is an impcrtant area of

r-.-earcl; on-> which. has received far too little attention. It will reauire

sampi ing Trograms to establish the inputs of heavy metals to t:;e

Bay, and to delimit their routes, rates, and reservoirs within the estuary.

SUMuM.ary

This paper describes the prevailing physical and chemical conditions of

hesapeake Bay, and attempts to assess man's impact on these conditions.

'ilne properties which are considered are temperature, salinity, dissolved

oxygen, nutrients, sediment, and heavy metals. Other important items are

pesticides, herbicides, and oil.

There are marked natural spatial and temporal variations of water

temperature throughout the Bay. Superimposed upon these are the "excess"

temperatures which result from the discharge of condenser cooling water

from Iot,!er plants. The inputs of heated discharges from present pow-rer

plants, and from those now under construction do not appear to pose a threat

to the Bay. Man's power "requirements" however, are increasing at an

alarming rate, and the Bay does have a limit on its capacity to receive waste

heat.

There are marked natural temporal and spatial variations of salinity

in the upper reaches of the Bay and its tributaries. Man has had little

effect on the distribution of salinity in the Chesapeake Bay system. Flow



r ti: n -f the Lusquehanna would decrease the fluctuations of salinity

"r. a, and would have a serious effect on the flushing of a

nL- im rilhitary estuaries.

.!,.r- at. r-a : v,_.y irge natural spatial and temporal variations

!1. Ii. :c' .d , -w levels of dissolved oxygen have always occurre"

. q_ c. ;-r- -2 the main body of the Bay during the summer

., a f tura rocesses. But man's activities

r.ave certain'Ly increased the frequency, extent, and duration of low oxygen

;:-nes in tnc_' Ipper rea-hes of a number of the tributaries.

Mar. has dramatically increased the inputs of nutrients to the Chesa-

rcake Bay estuarin- system. The effects of the increased nutrients are

crn-!ntrated in the upper reaches of the tributaries, and in the upper

79J.csapeake B ay. In the Maryland portion of the Bay, nutrients are at un-

:(scirauLo levels in the upper Potomac, and in Back River, and are near the

uipper limit in the upper Bay, the Patuxent, and in many of the smaller

tributaries. The discharge of improperly treated sewage and municipal

wastes constitute the most serious immediate threat to the Chesapeake Bay

estuarine system.

Sediments are the estuary's natural archenemy and ultimate conqueror.

Man's activities have, at times, tended to both increase and decrease the

natural sedimentation rates, but his net effect has been to increase the

overall sedimentation rate. The indirect effects of the fine-grained sediments

are of more immediate concern than the direct effects of the infilling of the

basin. These are poorly understood.

There are marked variations of heavy metals in the water, and in the sed-

iments of Chesapeake Bay. The sources of heavy metals, the routes and rates of



.ransport, aind thu- patterns and rates of accumulation in the sediments are

very p1,orly .nown. This is an important area of research.

tiere is very little published data on the occurrence of pesticides

aid herbicides in the waters, sediments, or organisms of the Chesapeake

BIay sstuarine system. It might be predicted however, that the concentra-

tions would he relatively high in some of the filter feeding and deposit

,eding organisms.

'There have been a number of oil spills in Chesapeake Bay, but all

nave been relatively minor. Oil from illegal pumping of bilges, oils

and greases in municipal wastes, and oil from filling stations that are

washE:d into storm drains and eventually into the Bay pose an increasing

threat.

Most of the serious sources of pollution that threaten the Bay can

be reduced to acceptable levels by existing technology if sufficient

funding is provided, and if efforts are directed to the "real" problems.
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