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INTRODUCTION

An estimate of the oxygem demand of the sediments which accumulate
in _stxfeam beds is a practlical necessity to the engineer engaged in the -
interpretation of oxygen levels in stream pollution surveys. Evaluating
this variable is a d.ifﬁcult task. Different empirical approaches for : -
estimating the sediment oxygen demand have been reported (1) (2) .
Recently, a benthic respirometer has been developed (3) to mea.suré oxygen
levels over the sediments in situ.

In this study, a pilot plant was erected to operate under controlled
laboratory conditions using bottom sediments tsken from different sites
in .t,he Merrimack River bed downstream of certain municipal sewer ouﬁfalls.
The sediments studied in the piiot plent include those solids which
normally would be removed in a primary settling device receiving raw
mnicipal sewage. The method outlined herein considered the variability
of the rate of blochemical assimilation of the residues and formulates
the findings in terms of the benthic equation of Camp (&) . In addition,
the effect of sediment depth on the areal oxygen demand of these sediments

was studied.
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MATERTALS AND METHODS

Description and Operation of the Pilot Plant

The basic elements of the pilot plant used in this study were a
carbon filter (for chlorine rmya.l), a send filtration tank, galvanized
iron water storsge drums, a seﬁes of five 20-liter glass carboys con-

’ taining the sediments, and five additional carboys to receive the effluent.
These elements were comnected by means of glass and plastic tubing. A
schematic diagram of the pilot plant is given in Figure 1.

After passing through the sand and carbon filters, water ent§red the
storage drums (vhich were filled every day) and equilibrated at room
temperature (20-25°C). This is also the normal summer temperature in the
‘river from which the semples were taken. | T@perature of the water in the
drums was determined by a recording thermometer. From the storage drums
wvater flowed continuously through‘a manifold into the five sediment

carboys and from there discharged into the effluent carboys.

The flow rate from each carboy was individually regulated twice a
day by means of screw clamps on rubber tubing. The rate was set at
approximately 20 liters per day. The effluent volume was determined each
2i-hour period by measuring the height of water in the effluent carboy
with @ yardstick. The sctual volume vas then taken off & calibration

graph relating fluid height and volume.
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Decomposition gases were removed through gas traps which were held

above the water level in the storesge tanks. Gases from the carboy with

10 cm of sediment were analyzed after being measured in a Harvard manometer

in order to check for the presence or absence of anaerobic conditions.

Water Supply and Sediments

" Tap water used in this study originated from the Merrimack River.
Raw river water was treaﬁed at the Lamrencé, Massachusetts, municipal‘
plant by alum flocculation, activated carbon, sand filtration, aeration,
and chlorination.

Two types of sediments from the Merrimack River were used. Although
they are physically and chemically characterized as shown in Tables 1 and 2,
arbitrary terms of "recent" and "aged" were selected to more genmerally
defipe them. Ideally, these sediments could be further characterized in
terms of their percent solids vasewﬁge or ﬁon-sewage origin following a
method such as the organic anai&ses performed by Heukelekian (5) . The
"recent” depqsit was taken 100 yards downstream of a large outfall and was
assumed to cohsist largely of the municipal sewage sediments discharged to
the river. The "aged" sediments were taken several miles dowmstream and
represented deposits in a more advanced stage of decomposition. Since the
rate of diffusion of oxidizable substances into the supernatant water,
rather than simply the sludge depth, is beiieved to control the rate of
oxygen demand of the sediment, no attempt wasvmade in the field to collect
undisturbed sediment samples from different depths. Layering or sediment

depths are transient states affected by many variables such as stream



le
hydraulics, and any reproduction in the laboratory of these layers of
sediments did not seem ,justified. within the scope of this study.

Both sedinenis were mixed by impeller motor and by hand prior to
being poured into the carboys. The sediment type, along with the depth
and volume of deposits in the carboys, is given in Table 1. Physical and
chemical analyses of each sediment type were carried out at the beginning

of the study. These data are summarized in Table 2.

TABLE 1

SEDIMENT TYPE, DEPTH, AND VOLUME
AT START-UP OF PILOT PLANT

Carboy Sediment Type . Depth (cm) Volume (ml)

A recent 1.5 1,180
B aged , 1.5 1,180
c  aged | 20 11,940
D aged _ 15 8,950
B aged 10 5,970



TABIE 2

CHEMICAL AND BIOCHEMICAL ANALYSES OF SEDIMENTS AT START OF PILOT PIART RUN

Residue, gms/50 ml

Sediment PH % Moisture Specific Gravity Total Volatile Fixed
recent 6.6 40.5 1.61 L7.70 1.1k 46.56
aged 6.8 37.5 1.63 50.75 1.ho 49.35
Total Fe . NE3-N ORG-N Total Mn
Sediment mg/g Fixed Solids mg/g Total Solids mg/g Total Solids mg/g Fixed Solids
recent 2,20 0.0 3.30 . 0.0
aged 3.0k 0 0.86 o.01

Biochemical Oxygen Demand¥®, mg 02__(5 Volatile Solids

Sediment t, days: t=2 T =5 T =10 T =15
recent 3.7 17Tk 234 2k8
aged 20.4 bk, 7 4.8 86.7

NOTE: #This test was ca.rried. out by the dilution method given in Standard Methods (Eleventh Edition),
Part IV. The DO determinations were mede using the Winkler Method--azide modification.



Chemical Analyses

Chemical analyses routinely employed in this study were: dissolved
oxygen (azide modification of Winkler method), nitrite, nitrate (phenol-
disulfonic acid method), ammonia (distillation procedure), organic nitro-
gen, and ferrous and total irom (o-phenanthroline method).

Dissolved oxygen determinations were performed daily on the effluent
from the storage tanks and the effluent of each of the five sédinent
carboys. Analyses for nitrite, nitrate, ammonia, organic nitrogen, and
ferrous and totel iron were performed on 3- to T-day composited samples
after acidification and storsge at 10°C.

All methods and procedures used conformed to those listed in Standard

Methods, Eleventh Editiom (6) .

c%tations

To determine the sediment volume and to compute the surface area of
the sediments, it was necess.a.rj.to know the inside radius of the glass
carboys. This was determined by measuring the volume of water necessary
to bring the fluid level to a specific height. Solving for r in the
formuila of a eylinder (V = 1rr2h) gave a value of r = 13.8 em and a
surface area equal to 0.0596 square meters. A cémction fa.ctor.in the
sediment volume determination was made for a slight irregularity in the
bottom of the carboy. The daily areal oxygen demand (DAOD) was computed

by using the following formla:



T~
moneve‘(noi-noe) 1 B |

vhere: .
DAOD = daily areal oxygen demand, gms Odma/dav

Ve = daily carboy effluent volume, liters/day
DOy = dissolved oxygen of carboy influent, mg/liter
DO, = dissolved oxygen of carboy effluent, mg/liter

A = surface area of deposit, 0.0596 square meters

cdmp's benthic 'equation (¥) includes the term Ldo vhich is defined
as the initial areal BOD of the bottom deposits at the start of decompo-
sition. This definition implies that Ldo is similar to the ultimate
carbonaceous oxygen demand term I, in the familiar BOD equation y =
L (1-107%Y),

Using BOD data from Table 2, the rate constant was obtained by
Thomas's (1) graphical method. After solvimg for L im the BOD .equation,
and kmoving the amount of the initial volatile solids and the voluse and
surface area of the deposit, the initial ultimate areal oxygen demand Ldo
is obtained.

Jmt‘
8

(zvs) (vg) (L) 1A..........2

initial ultimate areal oxygen demand, gn/mZ
initial volatile solids of the sediment, gm/ml

= volume of sludge added to the carboy, ml

ultimate oxygen demand, mg/gm IVS

> r'm'4 aa“?
n

surface area of deposit = 0.0596 m2
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Evaluation of the term Lz, the total areal BOD of the bottom deposits

in Camp's equation

Ldando-lo"‘ht' C e e e a3
requires not only the value of the Ldo but also the value of the areal
demand rate comstant, k).

Values of k; for the various sediment depths vere determined as the
slope b of the line, log y = iog 8 + bx vhere y values were I’d values
obta_ined. by pllot plant and x wvalues were da.ys after start-up of the‘
opera;tion. | o
.f.‘xperinental values of I‘d were obiained as the difference befmn
the in:ltia.i ultimte areal BOD, Ldo’ and the cumulative areal oxygen
demand (L,). This my be expressed as:

Experimental Ly = Lg - Le .

Finally, values of L, calculated from Camp'’s equation and experi-

mental values of Ly obtained by pilot plant were plotted.



EXPERIMENTAL RESULTS

The daily areal oxygen demands of the "recent" and "aged" deposits
at 1.5 cm versus time are shown in Figure 2, while similar.data for the
"aged" éedincnts are presented in Figure 3. Flocculated material (probably
alum) in the storage drums was hoted after 50 days. The pilot plant
operation was interrupted and the drums were cleaned. |

A graph relating the values of the initial ultimate areal oxygen
demand with sediment depth is presented in Figure k. Thué, if all the
sediments of the samé type would be completely oxidized, the oxygen
demand would be directly proportional to depth. Cumulative areal oxygen
demands for the five tests are indicated on Figure 5. )

cdnparisons of the calculated areal oxygen demand at different times,
uSiﬁg the value of k), obtained from the slope of the line of best fit on
a semi-log graph, with the observed results are presente& in Figures-6
through 10. These graphs show any deviations from the normal pattern.
The variation of k), values vith sediment depth is given in Figure 11.

Part of the oxygen demand attributéd to the sediments vﬁs thbught £O<
resﬁlt from the oxidation of nitrogenous éompounds. Graphs of the calcu-
lated oxygen demand derived from the oxidation of ammonia to nitrate are
presented in Figures 12 and 13, along with the observed daily oxygen
demand of the sediments. The nitrate-nitrogen oxygen equivalents were
based on the difference in nitfate-nitrogen vaiues obtained on.the
‘influent cdntrol water and the effluent. The chemiéal analysés were
carried out on composited samples. The observed oxygen demand§ are

based on averages of the daily demand for the same time period.
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DISCUSSION

The graphs of the daily areal oxygen demand in Figure 2 indicate
that, except for the initial phase in the recent deposit, both of the
1.5 cm sediments followed a roughly parallel course, increasing in oxygen
demand up to 75 days and then tépering off. The recent deposit consist-
ently shoved a daily demand of sbout 0.25 gn/m2/day higher than the aged
sediment. The daily areal oxygen demands of the deeper sediments in
Figure 3 show some fluctuations but tend tc remain in the fairly narrow
range4of 0.7-1.0 gm/ha/day. There was practically no difference in area;
oxygen demand in the 15 and 20 cm depths.

One factor influencing the observed fluctuations in daily oxygen
consuﬁption could have been the oxidation of nitrogenous materials. When
the oxygen demand believed to have resulted from nitrification was plotf
ted along with the observed oxygen demand (Figures 12 and 13), there was
a definite correlation in the location and magnitude of the peaks. In the
two shallow deposits, the nitrate-nitrogen oxygen equivalent approached
nearly 37 to 4l percent of the total areal oxygen demand at the maximum.
Both of these maximums occurred 7O to 80 days after start-up of the tests.

Although nitrification appeared to play an important role in the
areal oxygen demand of the shallow sediments, it did not appear to be
significant in the deepér sediments. For example, the nitrate-nitrogen
oxygen equivalent reached a maximmm wvalue of 5 percent of the total areal

oxygen demand in the 10 em depth.
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Periodic release of gases of anaercbic decomposition from the deeper
sediments indicated a reducing enviromment. This was confirmed by analysis
of gases from the 10 cm sediment depth. These gases may have moderated
nitrification to the extent shown in the minor fluctuatiopé of the areal
oxygen demand rate in _Figure 3. |

The plot of the cmmlat;ve areal oxygen demand of the aged deposits
(Fi@m 5) shows that there~1s a fairly marked increase in demand with
sediment depth.

. Consideration of Figures 6 through 10 indicates that in the deeper
sq@ntg (10 to 20 em) the benthj.c oxygen demand i’d as calculated from
the anthic éqnation elose]q,; approximates the experi.nen'.ba.l values of Ly
throughout the test period. “ | |

In the 1.5 cm "recent" sediment, the benthic equation closely
appm;ingtes the ‘benthal‘ demand obtained only betv'_een 15 and 55 days.

For the ﬁist 15 days ,~£he high valueé of L, may have been due to the
oxidation of readily biodcgradablé'smge llolids prior to the development
of benf.hic conditions. After S5 days, nitrificstion may have been the
cause of the increasing rate of demand (Figure 12). |

In the 1.5 cm "aged" deposit, the 'benthic equation closely approxi-
nates the benthic demand obtained in the pilot plant only for the first
4o days after which nitrification may have been the cause of the increas-

ing rate of demand (Figure 13).
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The effect of sediment depth is shown clearly im Figure 11 where
the benthic rate comstant k, decreases mrked_ly' with an increase of
depth up to about 10 cm. Above § depth of 15 cm, however, practically
no decrease in k) was observed.  In the recent deposit, the presence of
more biodegradable solids probably resulted in the higher value of k.

A decrease of k) with an increase in sediment depth was also observed by
Fair et al (8) « The change obsefrved in the present study was much more
pronounced. - | | |

A comparison of Figures 4 and 5 indicates that after 100 days omly a
small fraction of the initial ultimate oxygen demand had been exerted in
thé deeper sediments. .Th:ls observation is similar to that of Fair who
found that the ultimate oxygen demand was npt approacﬁed until after a
year.

The k), values obtained in this study are believed to be applicable
to other deposits 1f such deposits are of similar origin (primarily
domestic sewage) and if the BOD as determined by the Winkler method is

in a similar range.



SUMMARY

The areal oxygen demend of bottom sediments taken from the Merrimack
River in Massachusetts was determined by a small pilot plant similar in
design to that of Fair et al (8) . Parameters in the benthic rate egua-
tion of Camp (4) were evaluated on the basis of the data obtained, and
the effect of sediment depth on the benthic rate constant k) was studied.:
Chemical analyses of the influent and effluent water were carriéd out.

The effect of nitrification on the oxygen demand 1s discussed.

CONCLUSIONS

l. The.value of the benthic rate constant kh varies with the age and
depth of the deposit.

2. A marked decrease of kh ‘Wwith increase in sediment depth occurred
between 1.5 and 10 cm. Above 15 em no significant decrease in k)+ :
was observed.

3. Only the upper 15 cm of sediment had any significant effect on ‘the
areal oxygen demand.

L. The observed data were closely approximated by the equation Ly =
La, 107¥4% gt @11 sediment depths except the 1.5 cm depth.

5. Nitrification was believed to play a role in the oxygen demand of
the sediments and was especially significant in the shallow depths

studied.
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