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INTRODUCTION

This report describes the effects of a drought on water quality
in an estuary and calls attention to the factors responsible for
variations in the water quality of the estuary. The estuary used
as an example is that of the Delaware River, which extends 133
miles from the head of tide at Trenton, N.J., to the Atlantic Ocean
at Capes May and Henlopen (see map below). The estuary is
that part of the river where the ebb and flood of the tide mixes

salt water with the fresh water. This water is of increasing impor-
tance to the many great urban and industrial centers adjacent to
the estuary, especially that part of the estuary from Wilmington,
Del., north to Trenton which is discussed in this report. In time
of drought the estuary water increases in salinity owing to the
influx of ocean water. Water quality also deteriorates because
there is a decrease in fresh water to flush pollution seaward. This
report shows the effects of the drought of 1961 to 1966, with em-
phasis on the last 2 years, 1965 and 1966.
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\\\\ PR ddiiait bcoanseolillow preater thian morital, Thute wisia Hesrsase ter flows. During the drought.of 1961-66 salt water ad.vzfnce.d In the period 1913 to 1960 the flow was less than £,300 cfs 50 per- rainfall. During those 3 years ocean salts had intruded into the vance of the 50-mg/l line during the drought (see map of Sep- Jess W. Malcolm of the Delaware River Basin Commission from Delaware Memorial Bridge the remaining pollutants were
SN \\\ in the deficit in February and March of each year and in April of farther upstream than at any time on record. High salinity is cent of the time and less than 2,750 cfs 10 percent of the time. estuary as far as the Wilmington-Chester-Philadelphia-Camden tember 30-October 2). reported some studies of fish population in the estuary in the at a lower concentration, and oxygen was consumed less rapidly
. N\ Sl G canl. 1965, At theh tisacol sy, Momssare ofien. liosy objectionable because it limits the usefulness of the water for The Schuylkill River also contributes fresh water and converges region, where the water is used by industries as process water ~ On October 7 heavy winds from the south pushed salty water late summer of 1964 (Malcolm, 1964). The dissolved-oxygen so that the dissolved-oxygen concentration increased. A dis-
S than average because melting snow or rainfall does not infiltrate municipal and industrial supply. Concentrations in excess of with the Delaware estuary between Pier 11, Philadelphia, and and as cooling water. Rainfall and increased runoff in December into the estuary and raised the high-tide level 3 feet above normal. concentration decreased from 7 mg/l at Torresdale to about solved-oxygen sag is often observed in the summer months.
frozen ground but runs off immediately to the streams. 250 mg_/l (mllhgram:s per liter) of Ch'_O"dc are undesirable in Chester, Pa. The flow of the Schuylkill River, measured 8 miles 1964 and January 1965 decreased the salinity in the estuary. At When the wind cca.sefi, the excess water in the estuary moved 1 mg/l near Marcus Hook and then the dissolved oxygen in- During the next 10 days the flow at Trenton decreased slightly,
I il - domestic water supplies, and concentrations greater than 50 mg/1 above its mouth, was less than 1,600 cfs 50 percent of the time the beginning of February the salinity was 50-mg/1 chloride be- seaward, and the salinity of the estuary decreased. On October 8 creased rapidly downstream. A greater number of fish species and the water temperature remained 12°C. The dissolved-oxy-
The stream}fl_o»_v dCﬁ(‘:ll :vas 34 lt';nlholn4mllllo;l\ gaf!lons byl Jan- are ur‘lsatlsfacto'ry. for some industrial uses. l|-1 the summer of and less than 360 cfs 10 percent of the time. Sea water, with ap- tween Chester and Philadelphia, 250 mg/l near the Pennsylva- the 2§0—mg/l line apprpac_hed Pier 11, 10 miles belqw Torresdz_lle. were found north of Torresdale than b_etw;cn Torresdal.e and gen concentrations decreased to less than 1.0 mg/l from the
PENNSYLVANIA \ uzf\;'y(l)%i. e sltsllg eﬁ;;;iheen;’::sii!ezltudecl::(e)(rlna; gmzfgl'giyr::é |96f5 u wtz;‘s "’_'lf‘t‘c'pgteld }htatk Sa‘!t wl?l:?lr dmllg:'t ,m"_‘t’de ui)stream proximately 19,000 mg/1 of chloride is present at the mouth of nia-Delaware State line, and 1,000 mg/l near Wilmington (map f{\“ interval of srci?lplta?hon a"?h bclow—norn:ial t6'd7°5v .rlesultmg Marcus Hook and the number of species increased again be- Delaware Memorial Bridge to north of Chester and to less than
" Bristol off. On Augu » | g ! . as far as the Torresdale intake for Fhiladelphia's city water sup- Delaware Bay. It tends to move upstream because of its greater of February 2-4). rom strong winds from the northwest, caused a 6-/ mile reces- low Marcus Hook to Delaware Bay. The fish population cor- 4.0 mg/l upstream from Pier 11 (see map of May 1-3). Thus,
& i%’/ ) restricted water use in the Delaware River basin. Federal agencies ply, and arrangements were made to pipe water from farther density and by turbulent diffusion generated by tidal action. Rain on February 8 and an air temperature of 10°C melted sion of the 50- and 250-mg/1 lines. By November 20, however, responds to the increase in dissolved oxygen. Eels and killifish the dissolved-oxygen concentration deteriorated from fair to
N URLINGTON—BRISTOL BRIDGE were directed to assist communities with their \.avater-supply prob- upis'lr.ean:i.to the water purification plant, if it became necessary, Fresh water from the Delaware River at Trenton, from the most of the snow cover and river ice in the upper part of the ba- in response to reduced streamflow, the 250-mg/1 line had returned appear to tolerate some pollution and low concentrations of poor along an extensive reach of the river, and this is not attrib-
/—/ lems and to locate sources ?_f cme!'ﬁ_ency sllipphesi{ By January 1, Sa !mt(); l?rﬂ})t lrtfodchS}) far, anci\the Watfl:f at Torrcsgale Ics Schuylkill River at Philadelphia, and, to a smaller extent, from sin. The streamflow at Trenton increased from 3,700 cfs on Feb- to within 2 miles of Pier 11 and the 1,000-mg/1 line to 3 miles up dissolved oxygen, while other species move up or down the estu- utable to changes in streamflow or water temperature: it is prob-
A eeddile 1?67 e ?eﬁ?nf“l’fs 6"13"' l(éntrl?l :lonugahtonsA d:)(:vevhetr,:fy&a}: g::;ien zznéci:?:;gy »\fe:er (i?rroumsc'the tDsolm:/ ocalt{QVns an nltlnc:cr other _tributary streamflow .and from overland fUﬂOff._ dilutes ruary 5 to 32,800 cfs on February 8 and remained in excess of the estuary from Chester (see map of November 19-21). ary from regions of low di§solvcd-oxygen: An example of sen- ably a continuation of the dissolved-oxygen sag prior to recov-
/ o ﬂoftm: rainta "‘S’OU leirr: ; h‘: . rr(:e irt-b e Rui%'er g g e, u‘: sy © %blan:h tl ert " If r}:‘_ cl: the sallpe water and pushes it seaward. Thus, the chloride con- 20,000 cfs for the following 5 days. This increase in river flow In late December the salinity advance was halted by a release sitivity to oxygen deficiency is the fry of white perch which require ery. .
o : NY—PALMYRA BRIDGE — BESDRIART: IO, SAS s oy y ol SUSEAES, Qe IE 15 DEESIOND (THOs WAEeh 'O HeC centration, which is a measure of the salinity, ranges from less flushed the saline water still farther seaward, as shown in the of 3 billion gallons of water from the Francis E. Walter Reservoir 5 mg/1 or more of dissolved oxygen. As fresh-water flow decreased and water temperatures in-
40 HAHOGNG f the Delaw River for the period December 1, 1964 to No- salinity in the estuary could affect some ground-water supplies : : - : i i
podl o of the Delaware Rive & , . y s g ® Ppics. than 10-mg/1 chloride at Trenton to 19,000 mg/I at the mouth map for February 22-24. The 50-mg/1 boundary line for chlo- on December 21-22 and from rains on December 24-25. This ~ Some quality standards proposed for Delaware River water creased to 22°C on June 1 the dissolved-oxygen sag developed
of the estuary. The salinity increases in the downstream direc- ride concentration receded to Wilmington, and the 250-mg/1 reservoir is in the headwaters of the Lehigh River, a tributary of include a minimum daily average dissolved-oxygen concentra- both in amount of degradation and in longitudinal extent dur-
NEW JERSEY tion at a rate determined largely by the quantity of fresh-water and 1,000-mg/1 lines receded to just north of Reedy Island. the Delaware River. The streamflow at Trenton averaged 5,810 tion of 3.5 mg/l1 for water near Philade!phia, 5.0 mg/1 for water ing May. In t.he warmer water oxygen was used up faster, and
EN FRANKLIN BRIDGE flow. _ : . In March and early April increased salinit_y again moved up- cfs from December 20 to the end of the month, and on December upstream from Philadelphia, and a minimum of 6.5 mg/l for less was left dissolved in th(? water. About May |5 numerous
‘\§°CAMDEN The chloride concentrations of the Delaware River w?ter at stream while the discharge at Trenton varied between 13,600 22 and 27 there were peak flows in excess of 7.000 cfs. The 250- wat_cr upstream from Philadelphia, and a minimum of 6.5 mg/l1 dead flsh were found near Pier 11 and between the mou{h of the
WALT WHITMAN BRIDGE League Island, Eddystone, and_Marcus. Hook may b§ estimated and 6,180 cfs. In April the 250-mg/l boundary liqc moved mg/l line moved down the estuary 9 miles from Walt Whitman d.umng that part of the year \_avhen fish migrate up or down the Schuylkill River a-nd Marcus Hook. By June 1 the dissolved-
» T T T T T T T T T T T T T T T T T T T T T T from the average flow of the river during the preceding month, through a 6-mile reach near Wilmington. On April 18, the Bridge to Darby Creek. river. In 1965 and 1966 dissolved-oxygen levels approached oxygen concentration in the estuary was less than 1 mg/l between
S 2 as in the table below.. These estimates apply w‘hen the river is at streamflow at Trenton was 14,100 cfs and for the next 4 days the zero and were the lowest recorded in the estuary. The lower lev- Wilmington and the Tacony — Palmyra Bridge (see map of June
Lo ol a steady state and fail wh:cn thc.re are strong winds at the mouth flow was 12,000 cfs or more. On April 19-21 the estuary above els should be expected because of the present pollution loads, but 1-3). Although fresh-water flows remained low and tempera-
Marcus Hook = —:,-' of the estuary, or‘he‘:av_y rau_)fall in the basin a few days before the the Delaware— Pennsylvania State line was rather low in chlo- DISSOLVED OXYGEN increased river flow can dilute the pollutio_n_ and pr_ovide more tures high, there was continued improvement for June and July.
. o Al day for which salinity is estimated. ride concentration, ranging from 50-mg/l chloride at the State Water acquires dissolved oxygen chiefly by its contact with dissolved oxygen. Nevertheless, the anticipated increases in The dissolved-oxygen concentration on August 8 exceeded 1
o Wz : _ line to 250 mg/1 3 miles below the Delaware Memorial Bridge  the atmosphere. Oxygen passes through the air-water interface i it e L e bl M D mg/1, but was less than 4 mg/l, between Wilmington and north
" g z ; Ch}[;)mie c})once;tratmn. at l;;ag;lue Island, Ed}lysDtolne. andRIl_'farcus (see map of April 19-21). into the water. The process is most efficient when the surface lcanlrestlﬂlg. in landmcre:asci in the pollution and in recurring low of Bristol, although the river flow at Trenton was less than 1,900
5394 ook, Pa., for various discharge rates of Delaware River at In May and June the streamflow at Trenton decreased. In is agitated, as by wind or by shipping. Because aeration takes evels of dissolved oxygen. cfs for all of July (see map of August 7-9).
EE——— : ' % Eg Trenton. N.J. May the average flow was 5,209 cfs, with a maximum flow of place at the surface, it is favored in water bodies with a high ratio Although there was little change in fresh-water flow or in tem-
d l xz - 3+ o T ———— 3,880 cfs during the last 10 days of the month. The reduced flow pf surface to volume. Fo'r example, aeration is often more rapid DISSOLVED OXYGEN - 1965 perature _from August 9 to 19, the dissolved—oxygep concentra-
: ) ol . permitted the salt front to advance farther up the estuary. By in shallow marshes than in deeper water bodies. Oxygen is lib- Variations in concentrations during 1965 are shown in the tions again decreased to less than 1 mg/l from Philadelphia to
i = o at Trenton for (mg/1) i . ; : . . 3 ] 5
EXPLANATION | <o 2 IR ) Eddystone Marcas Hook June 1 the 50-, 250-, and 1,000-mg/I boundary lines had advanced ~ erated by plants in photosynthesis. Most organic pollutants are lower strip of eight river maps. The daily average river tempera- Souh oflikseous Hunts by AENse 19 (s fok 4 gt 15-21).
QR CE CAWARE, MEMSANIL ‘BRiREE 3 DEL, =) : 1~ ‘ (cfs)* Niox itaan] Min | Shox [Been] 8in | Miax [Mean] Sin 13, 7, and 10 miles beyond their positions on April 20 (see map oxidizable; they consume oxygen and are converted to carbon tures are plotted below these maps. The flow rate, the temperature, and the dissolved-oxygen con-
v i Cape Henlopen % £ = e —11 o 19:" = l4|n 57“2 s fa “:; &1 e of June 1-3). dioxide and water. Warm water dissolves less oxygen from air The large flows in the river during February flushed out the centrations were stable through most of September.
Sampling station - 0O ‘ ‘ o] . ., . During May, June, and July of 1965, the streamflow in the than does cold water (9.1 mg/1 at 21°C, 12.8 mg/1 at 4°C), and estuary and filled it with water of relatively high dissolved-oxy- By October 6 the temperature had decreased to 21°C. The
FE s A R N RN N R NN N N NN N NN, 3,000 55 | e |9 4l a0 IR L2 ) TSR UG | Delaware River at Trenton and in the Schuylkill River at Phila-  the oxidation process consumes oxygen more rapidly at higher gen concentration, but the concentrations were less downstream lower temperature and a small increase in fresh-water flow re-
CHESAPEAKE » J A J O J A J O J A o J A J O J A J O J A 4ipeg wediak 85 i 442| 323 253 delphia was the lowest of record for each of these months. The temperatures. Both the fresh water flowing into the estuary at from Philadelphia. The minimum daily dissolved-oxygen con- duced the extent of the dissolved-oxygen sag in the estuary (see
DEfgs/ARE N 1961 1962 1963 1965 1966 1967 Z.ggg ;? |2:; :2 ;: 22 f; iz " ‘;0 average flow at Trenton during July was 1,548 cfs, the lowest for Trenton and the sea water entering the estuary from the ocean centration on February 22-24, 1965 is shown in the first map at map of October 6-8). Further improvement was forthcoming
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AR SCALE 1:500000 GRAPH OF ACCUMULATED DEFICIT IN RUNOFF OF DELAWARE RIVER AT TRENTON, N. J. ke 2 Ve Wl s A sl 2= | o any month since the record began in 1912. The salinity invasion, have relatively high concentrations of dissolved oxygen. These the left of the strip. At these minimum concentrations the water when the temperature dropped to 14 C by the end of the moqth.
10 0 10 20 MILES 8‘000 | 12 |0 w!| 1w 13 %! 19| 15 which started in May, continued through June, July, August, inflows help replenish oxygen in the reaches of the stream where was 100, 97, 90, 70, 60, and 65 percent saturated at Trenton, During November 1‘3. the dissolved-oxygen concentration
' : : : = 9‘000 2 10 sel s 1~ 13 | 46 2R Il and September. During June the 50-, 250-, and 1,000-mg/1 lines it has been depl@teq by‘ oxidation. A low DO concentration may Bristol, Torresdale, Pier 11, Chester, and the Delaware Memo- exceeded 1 mg/l, and a dlSSOlVCd-OX)’gCn_ sag of less than 4 mg/I
Reedy Island a e sl el ol wal Tl i 5 moved up the estuary 16, 13, and 9 miles, respectively. At the the_rcfore be an indication of pollution. In the winter and early rial Bridge, respectively. This shows that oxygen is consumed extended from the Tacony — Palmyra Bridge to south of Marcus
39°L ‘ s A 7 : - : end of June 1965 salt water had advanced beyond any June ad- spring the water temperature is low, and the capacity for dissolv- more rapidly in reaction with pollutants from the more heavily Hook, nearly as extensive as on August 8 (see map of November
2 | | * one cfs (cubic foot per second) for 24 hours equals 646,317 million gallons. vance since 1930 (see map of July 1-3). ing oxygen is increased, the rate of oxidation is slow, and the oxy- populated and industrialized Philadelphia and downstream areas. 1-3).
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THE DROUGHT

During the period 1961 to 1966 precipitation in the Delaware
River basin was deficient, and streamflow decreased until record
low flows were experienced for many streams. The major source
of fresh-water flow into the estuary is the Delaware River at
Trenton. Over a 50-year period the average flow of fresh water
at Trenton was 7,642 mgd (million gallons per day). During most
of the drought the flow at Trenton was less than normal. The
deficit in flow is shown in the graph below, where the monthly
departures from normal flow are cumulated from October 1,

vember 30, 1965. “Weather and streamflow records indicate
that a drought of this severity over a 4-year period has not oc-
curred since at least 1820 and probably even long before that
date. It has been estimated to be an event that might be expected
on the average of only once in a 200 - 1,000 years.”” Consequently,
salinity intrusion, to the extent that it occurred from 1961 to
1966, is not expected frequently.

SALINITY

The salinity or salt concentration of the Delaware estuary has
been observed to be greatest when the flow of fresh water into the

Those responsible for the management of water resources in
the basin need to know the conditions which cause the salinity
to advance or retreat so that they may assess the need for fresh-
water releases from upstream reservoirs, for restricting pumpage
from wells, or for the timing of other actions or regulations to
minimize the effects of salt-water intrusion. Two principal fac-
tors responsible for fluctuations in the salinity of the estuary are
change in the quantity of fresh-water flow and change in the tidal
conditions.

For a 50-year period the average yearly flow of the Delaware
River at Trenton was 11,830 cfs (cubic feet per second) or 7,642

SALINITY - 1965

Salinity changes during 1965 from Trenton, N.J., to Reedy
Island, Del., are shown in the upper strip of eight river maps.
Trenton is 133 river miles upstream from the mouth of the Dela-
ware Bay, and Reedy Island is 55 miles upstream. Below the
eight chloride concentration maps is a hydrograph which shows
the flow of the Delaware River at Trenton and of the Schuylkill
River at Philadelphia for each day of 1965.

At the beginning of 1965 the Delaware River basin had under-
gone a 3-year drought. From August 1961 to January 1965 pre-

In July salt water advanced at about half the rate for June,
and in August and September the chloride lines continued to
advance, but at a rate of only 2-4 miles each month. The aver-
age flow at Trenton was 1,808 cfs in August and 2,088 cfs in
September. By August 8 the 50-mg/l line was at the Tacony —
Palmyra Bridge and the 250-mg/l line at the mouth of the
Schuylkill River. Between August 20 and September 1 there
was little change in flow, and the salinity advanced farther up
the estuary, especially the 250- and 1,000-mg/l lines (see map
of August 19-20).

At the end of September the 50-mg/l line was about 1 mile

gen concentration of the water is increased. Consequently the
dissolved-oxygen concentrations are greatest in the winter and
early spring and lowest in the summer and early autumn.

When streamflows at Trenton decrease to 7,000 — 9,000 cfs
and water temperatures rise to 11-14°C, dissolved-oxygen con-
centrations at Pier 11 Philadelphia, often decrease at rates of
1 mg/l per day. This usually occurs between mid-April and
mid-May.

Natural waters with a deficiency of dissolved oxvgen fail to
support fish life, are of limited value for the disposal of sewage

Delaware River water was 8°C warmer on April 19 than it
had been on February 22-24. Dissolved oxygen was depleted
rapidly because of oxidation and by April 19-21 the minimum
dissolved-oxygen concentrations at Trenton, Bristol, Torres-
dale, Pier 11, and Chester corresponded to 100, 90, 80, 50, and
25 percent saturation, respectively (see map of April 19-21).
The dissolved-oxygen concentration was lowest in that part of
the river from the mouth of the Schuylkill River to the Delaware
Memorial Bridge. The rate at which oxygen was restored to the
water by aeration was less than the rate at which it was consumed
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