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ABSTRACT: The hydrography of the Broadkill River, a narrow, shallow estuary in southeastern 
Delaware, was studied from July, 1966, through February, 1971. Measurements of current 
velocity, tide stage, salinity, water temperature, dissolved oxygen, pH, and turbidity were made at 
several stations along the course of the estuary. The Broadkill River has characteristics of both a 
partially-mixed and a well-mixed estuary. During normal runoff the system discharges 1.3 X lo5 
m3 of freshwater seaward per tidal cycle. The flushing time of the entire system increases from 
10.3 tidal cycles during high runoff to 24.2 tidal cycles during low runoff. 

For purposes of analysis, the Broadkill River was divided into three sections: the lower and 
upper estuaries, and the tidal river. 

The lower estuary, the most seaward 25% of the system, is sectionally homogeneous during 
90% of each tidal cycle. Homogeneity is maintained by strong tidal currents. Vertical salinity and 
water temperature stratification occurs only during a short interval of simultaneous two-directional 
current flow at the beginning of each flooding period. Salinity, water temperature, dissolved 
oxygen, pH, and turbidity generally reflect conditions in the adjoining lower Delaware Bay. Net 
non-tidal current flow is seaward at all depths. The flushing time of the lower estuary is relatively 
constant and increases from 0.6 to 0.9 tidal cycle with decreasing freshwater runoff. 

The upper estuary, the central 35% of the system, has the most distinct longitudinal and vertical 
salinity gradients. Tidal currents are slower than those in the lower estuary. Net non-tidal flow may 
be either two-directional or seaward at all depths. Dissolved oxygen and pH generally decrease and 
turbidity increases with distance upstream through this section. The flushing time of the upper 
estuary increases from 3.2 to 4.6 tidal cycles with decreasing freshwater runoff. 

The tidal river, the farthest upstream 40% of the system, is rarely invaded by saline water from 
the upper estuary. This section is polluted through the discharge of organic wastes into the river at 
a point 0.5 km downstream from the river’s source, Wagamon’s Pond at Milton, Delaware. 
Downstream from the source of pollution, anoxic conditions are present from spring through 
autumn and are relieved only during the coldest months of the winter. The lowest pH readings and 
greatest turbidities also occur in this section of the tidal river. The discharge from Wagamon’s Pond 
dominates the tidal river upstream from the source of pollution. In this section dissolved oxygen 
rarely decreases below 8 mg/liter. The pH readings are generally higher than those in the anoxic 
section, and the water in this section is the least turbid of any water in the Broadkill River. The 
slowest tidal currents occur in the tidal river, and net non-tidal flow is generally seaward at all 
depths. The flushing time of the tidal river increases from 6.7 to 18.7 tidal cycles with decreasing 
freshwater runoff. 

Introduction concentration fluctuations of dissolved phos- 
The salt marshes of southeastern Delaware P horns and combined inorganic nitrogen. Ap- 

are areas of high algal productivity and seasonal proximately 85% of the Broadkill River, a small 
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estuary in this region, is bordered by salt and 
freshwater marshes. The hydrographic charac- 
teristics of this estuary were studied as part of 
an effort to evaluate the contribution of the 
surrounding marshes to the adjoining coastal 
waters. Beyond its value in assessing the role of 
the Broadkill River in transporting material 
between the marshes and lower Delaware Bay, 
this hydrographic survey is a prerequisite for 
future studies of seasonal and spatial di&ibu- 
tions of nutrients, primary productivity, and 
zooplankton in the estuary. 

Most of the recent surveys of estuaries have 
been conducted on large coastal plain systems, 
and the success of extrapolating the physical 
and chemical characteristics of these systems to 
smaller estuaries has been questioned (Leach, 
1971). The Broadkill River is one of several 
small estuaries which enter Delaware Bay from 
its western shore between Cape Henlopen and 
the Chesapeake and Delaware Canal. Many of 
these estuaries are fed by small freshwater 
ponds near their headwaters and are bordered 
by small towns or cities near their sources and 
their mouths. Most of these estuaries have 
become polluted through the discharge of 
sewage and industrial wastes from the towns 
and from agricultural runoff from surrounding 
farms. The Broadkill River is physically similar 
to many of the other small estuaries in 
Delaware, and extrapolations of its physical and 
chemical characteristics to these other systems 
may be more realistic than extrapolations of 
data from larger estuaries. 

The Broadkill River is a narrow, shallow, 
coastal plain estuary (Fig. 1). From its most 
inland freshwater source, Wagamon’s Pond at 
Milton, Delaware, the river follows a meander- 
ing course for 17.4 km, along which it is joined 
by two small tributaries, Beaverdam Creek and 
Old Mill Creek. The remaining 4.0 km of the 
river’s course is the relatively straight extension 
of the Lewes and Rehoboth Canal, which enters 
lower Delaware Bay with Canary Creek at 
Roosevelt Inlet near Lewes, Delaware. The 
drainage basin of the Broadkill River estuarine 
system is approximately 285 km2 (Rasmussen, 
Ode11 and Beamer, 1966). 

We gratefully acknowledge the assistance of 
C. W. Beattie in the field research. We thank D. 
V. Aurand, H. H. Carter, W. deWitt Jr., V. A. 
Lotrich, and J. R. Schubel for their valuable 
criticisms of this manuscript. 

Materials and Methods 

From July, 1966, through January, 1968, 
current velocities and discharge rates were 
measured at seven stations along the Broadkill 
River (Fig. 1). Measurements of current 
velocity, tide stage, salinity, water temperature, 
dissolved oxygen, and pH were made at 1.5 or 
30 minute intervals for periods ranging from 8 
to 2.5 hours. Current velocities were measured 
from an anchored boat using a set of confined 
current drags (Pritchard and Burt, 1951). 
Velocity measurements were made in the 
deepest portion of the channel at three levels: 
surface, mid-depth, and bottom. Discharge rates 
were calculated as the product of the depth- 
mean velocity and the cross-sectional area of 
the station at the time of the velocity deter- 
minations. Total discharge was determined by 
integrating discharge-time curves, and net dis- 
charge was the difference between the volumes 
discharged during the flooding and ebbing 
periods. A harmonic analysis (Hansen, 1965) 
was utilized to determine the presence and 
magnitude of compensation currents, and fresh- 
water discharge was the net discharge less the 
compensation volume. Salinity and water tem- 
perature were measured at the three depth 
levels using a portable field salinometer 
equipped with a thermistor unit. Dissolved 
oxygen was determined using a modified 
Winkler titration (Strickland and Parsons, 
1968). Measurements of pH were made in the 
field with a portable pH meter equipped with a 
combination electrode. 

The cross-sectional area of each current 
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Fig. 1. The Broadkill River Estuarine System 
showing the positions of the stations used during this 
study. Current velocity monitoring stations are 
marked by a A. 
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velocity monitoring station was determined by 
sounding the bottom at 1.5 m intervals across 
the stream during several slack water periods. A 
staff gage, calibrated in 3 cm intervals, was 
installed at each station, and a curve was 
determined relating the station’s cross sectional 
area to the tide stage as measured by the staff 
gage. Tide level variations at station 1 were 
measured continuously by a water-level re- 
corder. A second recorder was installed and 
operated 9.9 km upstream from station 1 
during November, 1966. 

For purposes of analysis, the Broadkill River 
was divided into three sections: the lower and 
upper estuaries, and the tidal river. The lower 
estuary, stations J, 1, and 2, terminates at the 
mouth of Old Mill Creek. The upper estuary, 
stations 3, 4, and 5, extends from Old Mill 
Creek to the mouth of Beaverdam Creek. The 
tidal river, stations SA, 6, 7, and M, extends 
from Beaverdam Creek to the base of the 
spillway from Wagamon’s Pond. The flushing 
time of each of the three sections was estimated 
as the average number of tidal cycles required 
to replace the freshwater in the section at any 
high tide during periods of constant runoff 
(Ayers, 1956). The flushing time of the entire 
system was the sum of the flushing times of the 
three sections. 

Water samples for slack water surveys were 
collected at eleven stations at approximately 
monthly intervals from July, 1969, through 
February, 1971. On most sampling dates 
surface and bottom samples were collected at 
both high and low slack water. Bottom samples 
were taken approximately 0.3 m above the 
bottom with a 3-liter polyvinyl chloride van 
Dorn Bottle. Bottom samples were not col- 
lected at stations M and WP. Regardless of the 
tide stage, sampling was begun at station 1 and 
proceeded upstream, unless favorable sea and 
weather conditions permitted the sampling of 
station J. Generally, all eleven stations were 
sampled in 2.5 hours per slack water period. 
Samples collected during these surveys were 
returned to the laboratory for analysis. Salinity 
was determined with a laboratory induction 
salinometer. Dissolved oxygen and pH were 
analyzed using the previously described 
methods. In the field, water temperatures were 
measured with laboratory thermometers, and 
turbidity was estimated using a Secchi disc. 

Mean values presented in the following 

section are generally expressed as the mean f 
one standard deviation followed by the number 
of observations in parentheses. 

Results 

MORPHOLOGY AND TIDES 

The morphological characteristics of the 
Broadkill River hydrographic stations were 
determined from sounding data and U. S. 
Geological Survey topographic maps (Table 1). 

The Broadkill River is dominated by a 
semi-diurnal tidal flow along its entire course. 
Wagamon’s Pond, which continuously dis- 
charges freshwater into the river through an 
elevated spillway, is the only station unaffected 
by tidal variations. The mean vertical tide range 
at station 1 is 1.2 + 0.2(318) m, and the mean 
time between tide height extremes is 6.2 + 0.6 
(318) hr. The vertical tide range 9.9 km 
upstream from station 1 is 83 f 8(51) % of the 
corresponding variations at the mouth of the 
system. High water peaks advance upstream 
through the system with a mean velocity of 
10.0 ?r 2.5(5) km/hr, and low water troughs 
move upstream at a mean rate of 7.6 + 3.6(5) 
km/hr. The volume of water in the Broadkill 
River decreases from 2.2 X lo6 m3 at mean 
high water to 1.4 X lo6 m3 at mean low water, 
yielding a mean intertidal volume of 0.8 X IO6 
m3. 

SALINITY 

At high water (Fig. 2) the lower estuary of 
the Broadkill River is occupied by a relatively 
undiluted and homogeneous mass of water with 
salinities characteristic of lower Delaware Bay. 
The mean longitudinal salinity gradient is 0.5 + 
0.3(58) o/o0 per km, and the mean difference 
between surface and bottom salinities is 0.3 + 
0.2(45) o/00. In the upper estuary salinities 
decrease from values characteristic of lower 
Delaware Bay to 1.0 o/00. The mean longi- 
tudinal salinity gradient is 3.0 + 0.9(95) o/o0 
per km, and bottom salinities exceed surface 
salinities by 1.9 + 0.9(47) o/00. The most 
distinct vertical stratification occurs at station 
3, where the mean difference between surface 
and bottom salinities is 4.0 + 1.6(16) o/00. In 
the tidal river salinities exceed 1.0 o/o0 only 
during low runoff or storm tides. The mean 
longitudinal salinity gradient is 0.1 + 0.2( 119) 
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TABLE 1. Morphological characteristics of the 
Broadkill River stations. 

Distance Main 
Upstream Mean Channel 

from Width of Depth at Depth at 
Station J Cross- Mean Low Mean Low 

(Kilo- section Water Water 
Station meters) (Meters) (Meters) (Meters) 

J 0.0 _ - 
1 1.0 61.0 2; 3.1 
2 3.1 58.0 2.6 3.1 
3 1.2 54.9 2.2 4.0 
4 10.6 41.3 1.8 2.8 
5 13.2 39.1 1.8 2.8 
5A 14.8 38.1 1.1 2.1 
6 11.1 36.6 1.7 1.8 
1 20.1 32.0 1.1 2.1 
M 21.2 29.0 1.5 1.7 
wp 21.4 _ _ _ 

o/o0 per km, and vertical salinity differences 
are generally less than 0.1 o/00. 

At low water (Fig. 2) the mass of Delaware 
Bay water retreats from the lower reaches of 
the Broadkill River, and the system is occupied 
by water of upper-estuarine and tidal-river 
character. Both the seaward extent of fresh- 
water and the longitudinal salinity gradient 
through the lower and upper estuaries increase 
with increasing runoff. Normally, 50% of the 
system is occupied by freshwater, and the 
longitudinal salinity gradient between stations J 
and 5 is 2.9 + 2.2(30) o/o0 per km. During low 
runoff freshwater occupies 33% of the system, 
and the longitudinal salinity gradient between 
stations J and 5A is 1.9 + 0.8(38) o/o0 per km. 
During high runoff the longitudinal salinity 
gradient between stations J and 4 is 4.3 + 
5.0(20) o/o0 per km, and freshwater occupies 
70% of the system. 

The penetration of high salinity water into 
the Broadkill River at high water is a function 
of tidal flow, atmospheric conditions, and 
freshwater runoff (Fig. 2). Regardless of runoff, 
the three sections of salinity distribution can be 
identified. Runoff is generally indicated by the 
magnitude of lower Delaware Bay salinities, as 
well as the penetration of saline water into the 
system. Excursion distances in the Broadkill 
River range from 4 to 7 km and are related to 
tidal flow and freshwater runoff. The longest 
excursions occur during spring tides and low 
runoff, and the shortest excursions occur 
during high runoff and neap tides. 

During this study salinities at station 1 
ranged from 7.4 to 33.3 o/00. The highest 
salinities were recorded during a period of low 
runoff and moderate easterly winds which 
forced high salinity coastal water into the lower 
estuary. High salinity water occupies the lower 
estuary for approximately 80% of each tidal 
cycle (Fig. 3). Bottom salinities rarely exceed 
surface salinities by 0.1 o/o0 during 90% of 
each tidal cycle. Vertical salinity stratification 
occurs at the beginning of each flooding period. 
During this interval, 0.75 + 0.25(13) hr, which 
coincides with simultaneous two-directional 
tidal current flow, bottom salinities exceed 
surface salinities by 5.9 + 1.1(13) o/00. 

Vertical salinity stratification also occurs in 
the upper estuary during each flooding period. 
The degree of stratification appears to be 
directly related to freshwater runoff and in- 
versely related to the distance of the station 
from the mouth of the system. At station 3 
(Fig. 3) a 1 .O o/o0 vertical salinity difference is 
maintained for 50% of a tidal cycle during high 
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Fig. 2. Salinity (o/00) distributions in the Broadkill 
River at high (HW) and low (LW) water during periods 
of low (LR), normal (NR), and high (HR) freshwater 
runoff. 
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runoff and 25% of a tidal cycle during low 
runoff. At high slack water the lower two-thirds 
of the water column is occupied by moderately 
saline water, 9.8 to 28.8 o/00. At station 4 only 
the lower one-third of the water column is 
occupied by medium salinity water, 5.1 to 17.5 
o/00, at high slack water. A 1.0 o/o0 vertical 
salinity difference is maintained for 20% of a 
tidal cycle during high runoff and 10% of a 
tidal cycle during low runoff. Station 5 is the 
farthest upstream station where tidal salinity 
variations can be observed regularly (Fig. 3). 
During this study salinities at station 5 ranged 
from less than 0.1 o/o0 to 10.8 o/00. A 1.0 
0100 vertical salinity difference was not ob- 
served at this station. 

CURRENT VELOCITY 

The strongest currents in the Broadkill River 
occur in the lower estuary. The mean ebbing 
velocity for all depths, 52.7 + 11.3(730) 
cm/set, exceeds the corresponding mean flood- 
ing velocity, 37.5 + 12.8(362) cm/set. Ebb- 
ing velocities generally decrease with depth, 
whereas the strongest flooding currents occur at 
mid-depth. Net non-tidal flow is seaward at all 
depths and decreases from 15.2 + 7.3(9) cm/set 

Surface a n o 

Bottom A n . 

No Difference A q  o 

Flood Ebb 

0 3 6 9 12 
Time in hours Current velocity in cm/set 

Fig. 3. The variation of surface and bottom 
salinities (o/00) during a complete tidal cycle at 
station 1 (A) on July 2.5, 1967, at station 3 (=) on 
August 3, 1967, and at station 5 (0) on June 21, 1967. 

Fig. 4. The variation of mean (n = 3) tidal current 
velocity (cm/set) and tide level (cm) measured at 0.5 
hr intervals during two consecutive and complete tidal 
cycles at station 1 on November 7-8, 196 7. 

at the surface to 10.7 + 5.2(9) cm/set near the 
bottom. The initial rise or fall of the tide occurs 
approximately 1.5 hr before the corresponding 
change in the direction of current flow. 
Simultaneous two-directional current flow 
occurs at the beginning of each flooding period, 
with high salinity water flooding upstream 
beneath an ebbing low salinity layer. Approxi- 
mately one hour is required for flooding to 
occur at all depths. Ebbing appears to com- 
mence at all depths simultaneously. Maximum 
current velocities occur at the tide range 
extremes, high and low water (Fig. 4). During 
similar atmospheric and runoff conditions, 
current velocities are directly related to the 
vertical tide range. 

Currents in the upper estuary are generally 
slower than those in the lower estuary and 
increase from station 3 to station 5. The mean 
ebbing velocity for all depths, 36.6 f 9.8(396) 
cm/set, exceeds the corresponding mean flood- 
ing velocity, 30.5 f 7.0(310) cm/set. Ebbingve- 
locities generally decrease with depth, whereas 
the strongest flooding currents occur at 
mid-depth. Net non-tidal flow for the entire 
section is seaward at all deptb.s and decreases 
from 11.9 f 5.8(6) cm/set at the surface to 1.2 
+ 5.5(6) cm/set near the bottom. A net 
upstream flow along the bottom was observed 
at station 3 during low and normal runoff. 
Station 5 had a net upstream flow along the 

Station 1 
Flood 

ll-7&8-67 

Ebb 
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bottom during low runoff and a net seaward 
flow at all depths during normal runoff. Station 
4 had a net seaward flow at all depths during 
both high and low runoff_ Current velocities in 
this section do not vary appreciably throughout 
most of each tidal cycle, and maximum 
velocities are maintained from mid-tide to the 
corresponding tide range extreme (Fig. 5). The 
initial rise or fall of the tide occurs approxi- 
mately 0.75 hr before the corresponding change 
in the direction of current flow. The duration 
of simultaneous two-directional flow at the 
beginning of each flooding period decreases 
from 0.5 hr at station 3 to less than 0.25 hr at 
station 4. Ebbing appears to commence at all 
depths simultaneously. 

The slowest currents in the Broadkill River 
occur in the tidal river. The mean ebbing 
velocity for all depths, 14.6 + 3.4(195) cm/set, 
exceeds the corresponding mean flooding 
velocity, 14.3 + 3.4(117) cm/set. Ebbing 
velocities increase with depth, whereas the 
strongest flooding currents occur at mid-depth. 
Net non-tidal flow for the entire section is 
seaward at all depths and increases from 0.6 + 
1.5(4) cm/set at the surface to 1.5 f 1.2(4) 
cm/set near the bottom. A net seaward flow at 

Station 4 

Flood 

8-8-67 

Ebb 

I r 

40 20 0 20 40 60 

Current velocity in cm/set Current velocity in cm/set 

Fig. 5. The variation of mean (n = 3) tidal current Fig. 6. The variation of mean (n = 3) tidal current 
velocity (cm/set) and tide level (cm) measured at 0.5 velocity (cm/set) and tide level (cm) measured at 0.5 
hr intervals during a complete tidal cycle at station 4 hr intervals during a complete tidal cycle at station 7 
on August 8,1967. on July 11, 1967. 

all depths occurred at station 6 during two 
low-runoff surveys, but during a similar runoff 
period, a net upstream flow along the bottom 
was observed at station 7. During a high-runoff 
period at station 7, a net seaward flow was 
observed at mid-depth and near the bottom, 
and a net upstream flow occurred at -the 
surface. In the tidal river maximum current 
velocities occur shortly after the change in 
direction of flow and are maintained through- 
out most of each tidal cycle (Fig. 6). The 
change in direction of flow, slack water, 
coincides with the tide range extremes. Changes 
in the direction of flow appear to occur at all 
depths simultaneously. During low runoff 
flooding and ebbing periods had approximately 
equal durations, but during high runoff the 
flooding period was abbreviated and was 
separated from the following ebbing period by 
a one-hour interval of slack water. 

DISCHARGE AND FLUSHING 

The highest discharge rates and largest 
volumes of water discharged per tidal cycle 
were measured in the lower estuary of the 
Broadkill River. The mean ebbing discharge 
rate, 63.9 + 16.1(155) m3/sec, exceeds the 
mean flooding discharge rate, 57.9 f 23.5(98) 
m3/sec. The mean volume of water discharged 
per ebbing period, 1.46 + 0.39( 10) X lo6 m3, 

Station 7 

Flood 

7-11-67 

Ebb 
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also exceeds the mean volume discharged per 
flooding period, 1.26 f 0.5 l(8) X IO6 m3. The 
mean net volume of water discharged seaward 
per tidal cycle from the lower estuary is 0.20 + 
0.17(7) X IO6 m3. On the basis of seven 
observations of complete tidal cycles, the net 
volume of water discharged seaward per tidal 
cycle from the lower estuary is inversely 
correlated (r = -0.83) to the vertical tide range 
according to the relationship 

Net Volume Seaward 
(X lo5 m3) 

=6.4 - 3.8(Vertical Tide Range) 
(meters) 

for vertical ranges between 0.85 and 1.34 
meters. The slope of the regression line is 
significantly (P = .Ol) different from zero. 
Approximately 63% of the net volume of water 
discharged seaward from the lower estuary is 
freshwater; the remaining 37% represents a 
compensation volume for the landward trans- 
port of water by the partial progressive-wave 
nature of the tide. Freshwater discharges from 
the lower estuary ranged from 0.4 X 10’ m3 to 
2.3 X IO5 m3 with a normal discharge of 1.3 X 
lo5 m3. 

In the upper estuary discharge rates and 
volumes of water discharged are generally less 
than those in the lower estuary. No gradient 
with distance upstream, similar to the increase 
of mean current velocity, can be demonstrated 
for either discharge rates or volumes discharged. 
The mean ebbing discharge rate, 29.6 + 
8.1(124) m3/sec, exceeds the mean flooding 
discharge rate,26.9 + 3.3(91) m3/sec. The mean 
volume discharged per ebbing period, 0.55 -I 
0.21(7) X lo6 m3, also exceeds the mean vol- 
ume discharged per flooding period, 0.43 f. 
0.12(6) X IO6 m3 _ The mean net volume of 
water discharged seaward per tidal cycle from 
the upper estuary is 0.14 * 0.12(6) X IO6 m3. 
A significant correlation cannot be demon- 
strated (r = -0.42) between the net volume 
discharged seaward per tidal cycle and the 
vertical tide range in the upper estuary. The 
percentage of the net volume discharged sea- 
ward per tidal cycle attributable to freshwater 
increases from 82% at station 3 to 100% at 
station 5. Freshwater discharges from the upper 
estuary ranged from analytical zero to 3.1 X 
lo5 m3. The normal freshwater discharge was 
1 .O X 10’ m3 per tidal cycle. 

The lowest discharge rates and smallest 
volumes of water discharged were found in the 
tidal river. The mean ebbing discharge rate, 7.3 
+ 0.6(67) m3/sec, slightly exceeds the mean 
flooding discharge rate, 7.2 +_ 0.7(40) m3/sec. 
The mean volume discharged per ebbing period, 
0.17 + O.Ol(5) X lo6 m3, also exceeds the 
mean volume discharged per flooding period, 
0.12 + 0.07 (4) X IO6 m3. The mean net 
volume discharged seaward per tidal cycle is 
0.05 _+ 0.03(4) X IO6 m3. A significant 
correlation cannot be demonstrated (r = tO.08) 
between the net volume of water discharged 
seaward per tidal cycle and the vertical tide 
range in the tidal river. 

The calculated flushing time of the entire 
Broadkill River ranges from 10.3 tidal cycles 
during high runoff to 24.2 tidal cycles during 
low runoff, During normal runoff the flushing 
time is 14.5 tidal cycles. 

The flushing time of the lower estuary is 
extremely short, increasing from 0.6 tidal cycle 
during high runoff to 0.9 tidal cycle during low 
runoff. During normal runoff the flushing time 
is 9.7 tidal cycle. 

During normal runoff the flushing time of 
the upper estuary is 4.0 tidal cycles. The 
flushing time increases from 3.2 tidal cycles dur- 
ing high runoff to 4.6 tidal cycles during low 
runoff. 

The tidal river has the longest flushing time 
of the three sections of the Broadkill River. The 
flushing time ranges from 6.5 tidal cycles 
during high runoff to 18.7 tidal cycles during 
low runoff. During normal runoff the flushing 
time is 9.8 tidal cycles. 

WATER TEMPERATURE 

Water temperatures measured in the Broad- 
kill River during this study ranged from -2.5 C 
at station 1 on January 20, 1970, to +28.5 C at 
station 7 on July 16, 1969. During 1970 station 
1 had the lowest mean temperature of all 
stations, 13.3 +_ 9.3(46) C, and Wagamon’s 
Pond had the highest mean temperature, 16.1 
f 9.6(24) C. The mean difference between tem- 
perature extremes encountered during each 
survey is 4.1 * 2.0(18) C. During the winter and 
summer, water temperatures generally increase 
with distance upstream, and temperature dif- 
ferences are small, 1.5 to 4.0 C. During the 
spring and autumn, temperature differences 
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increase, 5.0 to 9.0 C, and temperatures often 
decrease with distance upstream. 

Water temperatures in all three sections of 
the Broadkill River are influenced by season 
and tidal flow (Fig. 7). The mean temperature 
variation due to changes of tidal flow decreases 
from 3.0 + 0.4(14) C in the lower estuary to 
2.1 + 0.3( 10) C in the tidal river, with summer 
variations being slightly greater than those in 
the winter. In the lower estuary during the 
summer, temperatures decrease during the 
flooding period and increase during the ebbing 
period. These conditions are generally reversed 
during the winter. The water column in the 
lower estuary is thermally homogeneous during 
90% of each tidal cycle, with a short interval of 
stratification coinciding with the simultaneous 
two-directional current flow and salinity strati- 
fication at the beginning of each flooding 
period. In both the upper estuary and the tidal 
river, a 1 C mean temperature difference 
between the surface and bottom of the water 
column is present at high water. Vertical 
temperature differences are less than 0.5 C at 
low water. Stations 6 and 7 are the only 
stations in the system where the mean tempera- 
ture at high water exceeds that at low water. At 
the sewage outfall near Milton, the water 
temperature on July 17, 1967, decreased from 
28.0 C at the surface to 22.5 C near the bottom 
(2 meters). The effluent discharged at this point 
may be one of the factors contributing to the 
high-water temperature stratification in the 
tidal river and the peculiar temperature varia- 
tions at stations 6 and 7. 

DISSOLVED OXYGEN 

Dissolved oxygen concentrations in the 
Broadkill River ranged from analytical zero at 
stations 6 and 7 from mid-spring to mid- 
autumn, 1967-1970, to 30.3 mg/liter at station 
5 on January 20, 1970. During 1970 the mean 
oxygen concentration for the entire system 
ranged from 12.5 t 6.24(16) mg/liter during 
January to 3.69 + 3.60(40) mg/liter during 
September. Wagamon’s Pond had the highest 
mean oxygen concentration during 1970, 10.6 
+ 2.09(23) mg/liter, and the lowest mean 
concentration appeared at station 6, 2.65 f 
3.32(45) mg/liter. 

In the lower estuary the highest oxygen 
concentrations appear at high water during the 
winter, and the lowest concentrations occur at 
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Fig. 7. Water txmperature (“C) distributions in the 
Broadkill River at high water (HW) and low water 
(LW) on February 23,1970, and August 27,197O. 

low water during the summer (Fig. 8). Water 
entering this section from Delaware Bay had a 
mean oxygen concentration of 9.72 ? 2.51(24) 
mg/liter during 1970. The water column is well 
mixed during most of each tidal cycle, except 
at station J .which is not dominated by the 
strong tidal currents found at stations 1 and 2. 
A longitudinal gradient of decreasing -dissolved 
oxygen with distance upstream__is more ap- 
parent at low water, when this section is 
occupied by water of upper-estuarine character, 
than at high water, when the lower estuary is 
dominated by bay water. 

Dissolved oxygen concentrations in the 
upper estuary are generally lower than those in 
the lower estuary (Fig. 8). High water oxygen 
concentrations exceed those at low water. At 
both high and low water, oxygen concentra- 
tions decrease approximately 2 mg/liter be- 
tween stations 2 and 5. Vertical oxygen 
gradients have no consistent pattern. At high 
water, station 3, which has the greatest mean 
vertical salinity difference, has no vertical 
gradient of mean dissolved oxygen. Station 5, 
which has no vertical mean salinity gradient at 
high water, has a large vertical difference of 
mean dissolved oxygen. 

The most apparent seasonal and tidal varia- 
tions of dissolved oxygen occur in the tidal 
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Fig. 8. Dissolved oxygen (mg/liter) distributions in 
the Broadkill River at high water (HW) and low water 
(LW) on February 23,1970, and September 26, 1970. 

river (Fig. 8). Most of the oxygen entering this 
section from Wagamon’s Pond is removed from 
the water during its passage between stations M 
and 6. Although the oxygen minimum occurs at 
station 6, the greatest decrease of oxygen, 5.74 
+ 2.16(22) mg/liter, occurs between stations M 
and 7, a distance of 1.1 km. Dissolved oxygen 
at station 7 exceeds that at station 6 by 1.20 + 
2.62(43) mg/liter. Dissolved oxygen generally 
increases at stations 5A and 6 during the 
flooding period and at stations 7 and M during 
the ebbing period. During 1970 the mean 
dissolved oxygen concentration at stations .5A, 
6, and 7 decreased from 9.80 f 2.17(12) 
mg/liter on February 23 to 3.93 * 2.15(12) 
mg/liter on March 14. During the same period, 
the mean water temperature increased from 6.3 
+ OS(12) C to 7.3 + 0.3(12) C. 

HYDROGEN ION CONCENTRATION 

Measurements of pH in the Broadkill River 
ranged from 9.4 in Wagamon’s Pond during 
July, 1969, to 5.6 at station 7 during Decem- 
ber, 1967. Station 1 had the highest mean pH 
reading of all stations during 1970, 7.6 f 
0.4(44). A longitudinal gradient of decreasing 
pH with distance upstream encompasses the 
upper estuary and the tidal river. The lowest pH 

readings appeared in the tidal river, with station 
6 having the lowest mean pH reading of all 
stations during 1970, 7.1 + 1.0(43). Tidal and 
seasonal pH variations are not apparent in the 
Broadkill River except in the tidal river, where 
35% of the readings are below 7.0. Most of the 
low readings coincide with dissolved oxygen 
concentrations of less than 1 mg/liter. Waga- 
mon’s Pond has the greatest diurnal pH 
variations of all stations in the system. The 
lowest readings, approaching 6.0, appear during 
the early morning and late evening, and the 
highest readings, approaching 9.0, occur near 
noon. 

TURBIDITY 

Generally, the lower estuary of the Broadkill 
River is occupied by relatively clear coastal 
water, and turbidity increases with distance 
upstream from station 2 through station 7 (Fig:” ’ 
9). The greatest turbidity in the system is in the 
section between stations 5A and 7, where the 
limit of visibility is generally 15 cm throughout 
most of the year. Station M has the maximum 
limit of visibility of all stations, with the 
deepest reading 1.67 m, recorded during 
December, 1970. Secchi disc readings were not 
taken in Wagamon’s Pond, but the clarity of the 
water at station M commonly indicates the 
clarity of the pond water. A small ditch 
entering the Broadkill River between stations M 
and 7 appears to be the source of much of the 
suspended matter creating the excessive 
turbidity in the tidal river. During high runoff, 
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Fig. 9. Secchi disc readings (cm) in the Broadkill 
River at high and low water on August 27, 1970. 
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water from Wagamon’s Pond occupies the 
section of the tidal river from the spillway to 
the mouth of the ditch at both high and low 
water. At high water a distinctly visible 
interface between clear and turbid water can be 
observed at the mouth of the ditch. At low 
water, clear pond water moves seaward and 
mixes with turbid water at station 7, increasing 
the limit of visibility at that point to 30 cm. 
During low runoff, turbid ditch water pene- 
trates upstream to the base of the spillway at 
high water, and the mixing of clear and turbid 
water reduces the limit of visibility at station M 
at both high and low water. 

Discussion 

The results of this study are applicable to 
several estuarine classification procedures and 
are discussed in these terms to facilitate 
comparisons with other estuaries and to evalu- 
ate qualitatively the importance of advection, 
diffusion, and turbulence to the hydrographic 
regime of the Broadkill River. 

The flow ratio (Schultz and Simmons, 
1957)-the ratio of the volume of freshwater 
entering an estuary per tidal cycle to the 
estuary’s tidal prism-is one of several classifica- 
tion procedures based upon the relative im- 
portance of tidal currents and river flow in 
producing the circulation pattern of an estuary. 
During periods of mean tides and normal 
runoff, the flow ratio of the Broadkill River is 
0.11 and places this system between the 
well-mixed and partially-mixed classes. The 
flow ratio ranges from 0.32, partially-mixed, 
during high runoff and neap tides to 0.02, 
well-mixed, during spring tides and low runoff. 
The Ythan Estuary, a shallow estuary in 
Scotland, is well-mixed during normal runoff, 
with the flow ratio decreasing from 0.1 during 
neap tides to 0.06 during spring tides (Leach, 
1971). 

Tidal currents influence the circulation 
pattern of an estuary through the turbulence 
they produce, and their effect is influenced by 
the physical dimensions of the estuary 
(Bowden, 1967). A relative index of the 
possibility of completely mixing the water 
column through turbulent flow at any point in 
an estuary is the ratio of its mean depth to the 
mean current speed. This ratio has a mean value 
of 7.4 for the entire Broadkill River. Integra- 

tion of data from the Ythan Estuary (Leach, 
1971) indicates that the ratio of mean depth to 
mean current speed is approximately 5.0. In 
both estuaries the ratio decreases with distance 
upstream. 

Hansen and Rattray (1966) proposed a 
method for classifying estuaries based upon 
patterns of circulation and stratification, as 
determined from current velocity and salinity 
measurements. Classification is based upon the 
ratio of the net surface velocity, u,, to the 
depth-mean velocity, U,, and the ratio of the 
mean difference between surface and bottom 
salinities, &S, to the depth-mean salinity, S,, 
where all values are averaged for a complete 
tidal cycle. The Broadkill River, excluding the 
tidal river, is a type 2a estuary with mean 
ratios us/U, equal to 1.75 and &S/S, equal to 
0.067. Type 2a estuaries are partially mixed, 
with slight vertical salinity stratification, net 
flow reversing with depth, and both advection 
and diffusion contributing to the upstream salt 
flux (Hansen and Rattray, 1966). 

Although an entire estuary may be placed in 
a single category, various sections of the same 
estuary may have characteristics of different 
estuarine classes (Hansen and Rattray, 1966). 
Lateral salinity gradients are not apparent in 
the lower estuary of the Broadkill River (Daiber 
and Beattie, 1969), and vertical gradients are 
transitory. During most of each tidal cycle the 
lower estuary approaches the class of sec- 
tionally homogeneous estuaries. This class is 
characterized by strong tidal currents in rela- 
tion to river flow, a shallow channel with a 
width sufficiently narrow to inhibit the estab- 
lishment of lateral salinity gradients through 
the Coriolis effect, and net seaward flow at all 
depths (Bowden, 1967). The lower estuary is 
also a type la estuary with mean ratios us/U, 
equal to 1.17 and as/S, equal to 0.020. Type 1 
estuaries are well-mixed with salt balance 
maintained through diffusion (Hansen and 
Rattray, 1966). In the lower reaches of the 
Columbia River, a short interval of intense 
vertical salinity stratification, coinciding with 
simultaneous two-directional current flow at 
low water, permits a net upstream advection of 
salt through the shear effect, even though mean 
current flow is seaward (Hansen, 1965). The 
shear effect arises in estuaries from density 
gradients and from velocity shear induced in 
tidal currents by bottom friction (Hansen, 
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1965). These conditions are similar to those 
observed in the lower estuary of the Broadkill 
River and indicate that advection, as well as 
diffusion, participates in maintaining salt 
balance in this section. The ratio of mean depth 
to mean current speed in the lower estuary, 5.4, 
is the lowest value of the three sections of 
the system and indicates that this section has 
the greatest possibility of being completely 
mixed through turbulent flow. A similar section 
of homogeneous salinity distribution and strong 
tidal currents appears in the lower reaches of 
the Ythan Estuary (Leach, 1971). However, in 
the lower reaches of the Penobscot River, 
Maine, which is approximately six times deeper 
than the lower estuary of the Broadkill River, 
the water column is highly stratified (Haefner, 
1967). 

The existence of sectionally-homogeneous 
estuaries in nature has been questioned 
(Pritchard, 1967). This estuarine class has been 
regarded as a special partially-mixed estuary in 
which salinity and current velocity variations 
are so small as to be impractical to measure 
accurately (Bowden, 1967). Transitory salinity 
stratification, of the magnitude 0.1 o/00, may 
permit a significant upstream advection of salt 
(Bowden, 1967). The lower estuary of the 
Broadkill River is not truly sectionally homo- 
geneous because of the intense salinity stratifi- 
cation at the beginning of each flooding period. 
Homogeneity of the water column is estab- 
lished and maintained by strong tidal currents 
which disrupt the vertical salinity gradients 
associated with gravitational circulation. 

The flow ratio (Schultz and Simmons, 1957) 
of the upper estuary during mean tides and 
normal runoff is 0.37, characteristic of a 
partially-mixed system. The flow ratio de- 
creases from 0.87, moderately-stratified, during 
high runoff and neap tides to 0.09, well-mixed, 
during spring tides and low runoff. The upper 
estuary is partially-mixed with vertical mixing 
rather than entrainment (Bowden, 1967). This 
estuarine class is characterized by an equilib- 
rium between tidal mixing and river flow, a 
two-layer net flow separated by a surface of 
no-net-motion, and an increase of salinity from 
surface to bottom with the maximum gradient 
near mid-depth (Bowden, 1967). Although 
longitudinal and vertical salinity gradients are 
conspicuous, lateral salinity variations are not 
apparent (Daiber and Beattie, 1969). The ratio 

of mean depth to mean current speed in the 
upper estuary is 5.9, indicating that the 
possibility of mixing the water column through 
turbulent flow is slightly greater in the lower 
estuary than in this section. The ratio of mean 
depth to mean current speed decreases from 8.1 
at station 3 to 5.3 and 4.4 at stations 4 and 5 
respectively. The tendency for stratification to 
be maintained also decreases with distance 
upstream, as indicated by a similar decrease of 
the ratio as/S,. As a unit, the upper estuary is 
type 2b (Hansen and Rattray, 1966), with 
mean ratios us/U, equal to 2.44 and X/S, 
equal to 0.122. However, each station in this 
section appears to belong to a separate class. 
Station 3, at the seaward end of the section, is 
type 2b, with mean ratios us/U, equal to 3.47 
and as/S,, equal to 0.322. Station 5, at the 
upstream end of the section, is type 2a, with 
mean ratios u&J, equal to 2.01 and X,/S, 
equal to 0.011. Both of these stations share the 
characteristics of partially-mixed systems. In 
contrast, station 4 is type la, well-mixed, with 
mean ratios us/U, equal to 1.33 and &S/S, 
equal to 0.034. Salt balance in the upper 
estuary is maintained by advection and dif- 
fusion. 

The flow ratio (Schultz and Simmons, 1957) 
of the tidal river ranges from 1.0, highly- 
stratified, during high runoff and neap tides to 
0.20, partially-mixed, during spring tides and 
low runoff. During normal runoff and mean 
tides the flow ratio is 0.50, indicative of a 
moderately-stratified system. These values are 
similar to those in the much deeper, lower 
reaches of the Columbia River, a highly- 
stratified estuary (Hansen, 1965). The tidal 
river has the largest ratio of mean depth to 
mean current speed of the three sections of the 
Broadkill River, 11.7, indicating that it has the 
lowest possibility of mixing the water column 
through turbulent flow. Application of the 
circulation-stratification procedure of classifica- 
tion (Hansen and Rattray, 1966) to this section 
is tenuous because of the low salinities and 
peculiar vertical distribution of current 
velocity. The tidal river appears to be type la, 
with mean ratios u&J, equal to 0.96 and as/S, 
equal to 0.040. The movement and dispersion 
of pollutants introduced into this section are 
maintained principally through diffusion 
(Hansen and Rattray, 1966). 

The Broadkill River can also be divided into 
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four aquatic habitats imposed upon it through 
the interaction of the hydrographic regime and 
human activity. The four habitats are the lower 
estuary, the upper estuary, the tidal river 
between stations 5 and M, and the short 
pond-dominated section between stations M 
and WP. These four habitats are defined by 
spatial distributions of salinity and dissolved 
oxygen. Except for the distinct decrease of 
turbidity between stations 7 and M, distribu- 
tions of water temperature, pH, and turbidity 
are relatively homogeneous throughout the 
system. 

Throughout most of each tidal cycle the 
lower estuary is an extension of lower Delaware 
Bay. This section is generally occupied by a 
mass of water having uniform temperature, pH, 
and turbidity, as well as high salinity and 
dissolved oxygen. The strong tidal currents 
which dominate this section import highly 
oxygenated water from the bay, oxygenate the 
water through turbulence, and thoroughly mix 
the water column to prevent oxygen stratifi- 
cation. Dissolved oxygen in the lower estuary 
generally exceeds the 4 mg/liter minimum 
recommended for estuaries (Mackenthun, 
1969). Pollutants discharged into this section 
are rapidly dispersed by tidal currents and 
diluted by large volumes of saline water. The 
short flushing time prevents the physical con- 
centration of pollutants in the water column 
and reduces the exposure time of organisms 
inhabiting this section to wastes. 

The upper estuary is a transition zone 
between lower Delaware Bay and the upstream 
freshwater habitats. It is also a zone of recovery 
(Mackenthun, 1969), in which dissolved oxygen 
increases to acceptable concentrations as water 
entering this section from the tidal river is 
mixed with moderately oxygenated bay water 
and flushed seaward. Although oxygen con- 
centrations in the lower reaches of the upper 
estuary approximate those in the lower estuary, 
during short periods of high runoff in the 
summer, the entire upper estuary has been 
overrun by freshwater with oxygen concentra- 
tions of 1 mg/liter. Turbulent oxygenation and 
mixing are not as great in the upper estuary as 
in the lower estuary. Organisms inhabiting the 
upper estuary are exposed to pollutants and 
low oxygen concentrations for several days. 

The tidal river between stations 5 and M 
encompasses zones of degradation, where 

wastes are mixed with and diluted by river 
water, and active decomposition, where wastes 
are broken down through biological activity 
(Mackenthun, 1969). Anoxic conditions are 
generally present from mid-spring through 
mid-autumn. During this period increases of 
dissolved oxygen coincide with increases of 
freshwater runoff. Low oxygen concentrations 
are associated with the lowest pH values and 
greatest turbidity in the Broadkill River, a 
situation similar to that in the Penobscot River 
(Haefner, 1967). Organic wastes entering this 
section from the drainage ditch between sta- 
tions 7 and M are not dispersed and exported 
seaward with sufficient speed to prevent the 
establishment and maintenance of anoxic con- 
ditions. Turbulent oxygenation and mixing are 
insignificant. 

The tidal river between stations M and WP 
has not been grossly polluted and is a highly- 
oxygenated freshwater habitat. Water entering 
this section is thoroughly oxygenated as it 
passes through the spillway from Wagamon’s 
Pond. Further oxygenation occurs through 
photosynthesis by phytoplankton and rooted 
aquatics. Dissolved oxygen concentrations are 
seasonal but rarely decrease below 8 mg/liter. 

Organisms inhabiting the Broadkill River 
must adapt to conditions imposed by the 
hydrographic regime and human activity. The 
system may be divided into three hydrographic 
sections: the lower estuary (marine), the upper 
estuary (estuarine), and the tidal river (fresh- 
water). Human activity has divided the tidal 
river into an anoxic and an oxygenated section. 
The discharge of wastes into the tidal river is 
critical to the degradation of the entire system. 
The extended residence time of the wastes in 
this section permits the establishment and 
maintenance of anoxic conditions, which in- 
fluence water quality in the upper and lower 
estuaries. Water quality improves downstream 
from the tidal river as pollutants are dispersed 
by strong tidal currents and turbulent flow, and 
diluted by large volumes of water from lower 
Delaware Bay. 
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