Reports

Transformations of Nitrogen in a Polluted Estuary:

Nonlinearities in the Demand for Oxygen at Low Flow

Abstract. Oxidation of sewage ammonium in the Potomac River is described in
terms of a simple kinetic model, with growth of nitrifying bacteria limited by the
supply of ammonium ion. The oxidation rate varies inversely with freshwater inflow,
and the associated demand for oxygen varies as the inverse square of the freshwater
inflow rate. Similar behavior is observed for the Delaware River. The model
accounts for the observed concentrations of ammonium and nitrous oxide.

Many large cities are located on rivers
or estuaries. Much of the associated
sewage, treated and untreated, is re-
leased into these systems, often with
deleterious effects on local aquatic life.
The impact on water quality depends on
a series of complex chemical transforma-
tions that in general are not well defined.
This report focuses on a nonlinear aspect
of the chemistry affecting nitrogen. The

rate at which ammonium is oxidized in
estuaries is shown to vary inversely with
freshwater inflow. Oxidation of NHj
represents an important demand for dis-
solved oxygen. The concentration of O,
may respond in an unexpected fashion to
changes in stream flow and variations in
the composition of effluent. The com-
plexity of nitrogen chemistry has impli-
cations for water management and must

Total NH4* (metric tons N)

be recognized in future engineering mod-
els for polluted estuaries.

Our analysis is based on 10 years of
data for the Potomac River estuary (/).
The conclusions are more general, how-
ever, since they are also valid for the
Delaware River estuary (2). The Poto-
mac is particularly simple in that the
sewage supply of nitrogen may be re-
garded as a constant point source of
NHZ (~ 200 g of nitrogen per second) ({,
3). In contrast, the river’s rate of flow
varies widely, even during summer. Be-
tween July and September, flow ranges
from ~ 20 to > 250 m® sec”!, with a
mean of ~ 130 m® sec™! (4).

Ammonium is removed by nitrifying
bacteria, which mediate the reaction

NHI + %02—') NOz_ + 2H* + Hzo
(D

where the free energy change AG =
.—59.3 kecal mole™!. Ammonium is also
used by growing phytoplankton (5). Ni-
trifying bacteria are noted for their rela-
tively slow growth and for inefficient use
of the energy derived from reaction 1 (6,
7). Nitrous oxide (N>O) is a by-product
of reaction 1, and, as discussed else-
where (8, 9), observations of N,O may
be used to obtain direct information on
the rate of nitrification.
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Fig. 1. (a) Total ammonium content plotted against freshwater flow,
Q. Brackets denote observations made when flow was rapidly in-
creasing. (b) Volume of water corresponding to 50 percent removal of
NH7, plotted against Q*. The right ordinate shows locations corre-
sponding to the given volumes for the ideal case, in which NHf
maximum coincides with the source at 18.4 km. (c) Peak concentra-
tions of NHj plotted against flow., The curves are from Eq. 11. A
simple dilution mechanism would correspond to V¢ = 0.
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Figure la illustrates the relation be-
tween river flow Q (cm® sec™!; 1 m®
sec”! = 10° cm® sec™!) and total content
of NH; observed in the Potomac for
water temperatures between 23° and
31°C (10). If removal of NHI were de-
scribed by a first-order rate constant v
(sec™!), the NH} content N would be

given by
N = gw™! (2)

where gy is the input rate (/I). The
content of NHJ appears to increase with
stream flow Q (Fig. la). Thus the data
are not consistent with Eq. 2 if we re-
quire that v be constant. They may be
accommodated, however, with a model
in which v is inversely proportional to Q.

The time rate of change of NH7 due to
reaction 1 may be described by

d[NH;]
dt

where [NHZ] denotes the concentration
of NHf (grams of nitrogen per cubic
centimeter; 1 mg liter ~' = 107%gcm™>),
b is the concentration of bacteria (cm ™),
a is the average mass of NHJ assimilat-
ed or oxidized by an individual cell from
birth to division (2 X 107!! g of nitrogen)
(7), and I" is the growth rate of a cell at
unit concentration of NH7 (sec™! g~!
cm®). Equation 3 assumes that the
growth of bacteria is limited primarily by
supply of NH; (/2). The time rate of
change of b is given by

db = T[NH{16() 4)

dt
Denote the cumulative volume of water
(cm®) at point z downstream from the
point of NHY input z5 by V(z). To the
extent that we may ignore turbulent dis-
persion—justified except for the lowest
flow rates (/3)—then

av .
s o (5)

= — al'b()[NH{] 3)

Thus time may be eliminated from Eqs. 3
and 4, permitting solution for [NH7 ] and
b(t) in terms of Q. The concentration of
NHj7 is given by
[NH;] =
(6)
an 1+«
Q 1+ aexpgaI(d + 0)V(2)/Q7]
and
b(r) = by + a”Y{[NH{], — [NHI]}
@)

where a = agy/gn. Here gy is the input
rate (sec™!) of nitrifying organisms, by
(= qu/Q) is the concentration of organ-
isms at zo, and [NH{ ]y (= gn/Q) is the
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concentration of NHZ at z,. Equation 6
implies that the peak concentration of
NH; should occur at the source and
should decline by half at a position corre-
sponding to

QZ

R 2 -1
o~ + T In2Z+a™’)

V=Vi=
8

The total content of NHJ is given by
N=00'In(l + o). This expression
is consistent with the general behavior of
the data presented in Fig. 1a. Oxygen is
consumed at a rate proportional to
dINH71/dt, given by

dINH{]

dt

oY : E
<Q>F(1+a) i+ B

with E = aexp [gn[(1 + a)V]. Con-
sumption of O, reaches a maximum im-
mediately upstream of V = Vy;,, where
demand for O, varies as gn?Q ™ >—as can
be seen by setting E = 1.

The expressions for [NHZ1, b(¢), and
d[NH{)/dt contain two adjustable pa-
rameters, o (or aqw) and I'. The other
variables [gn, Q, and V(z)] can be ob-
tained from public records (3, 4). Mea-
surements of V|, are summarized in Fig.
1b. The solid line represents a fit of the
data to an expression of the form

Vip = AQ2 + B

39

)
where B is included to allow for effects of
dispersion at low values of Q, and A,
according to Eq. 8, is given by
[gn(1 + T In 2 + o7Y). Data for
total NH; content N were fitted to an
expression of the form

N=AQ+B ©)

where A'=T"!'In(1 +a ) =075 =
0.14, with B’ = 0. The solid lines in Fig.
1, a and b, correspond to the values
I'=342and o = 0.1 (gp = 102 sec™}).

Values of N and V;,» depend only weakly

on a: the value for « selected here was
determined by considering individual
profiles for NHf measured in August
1978 (Fig. 2a) (I4). The value for T’
implies a doubling time for nitrifying
bacteria of 2.3 days at an ammonium
concentration of 1 mg of nitrogen per
liter—consistent with growth rates ob-
served for pure cultures in the laboratory
(6, 8). The concentration of nitrifying
organisms at zg is predicted to be about
10* cm™ for Q = 100 m? sec™!, rising
to3 x 10* cm™? at V5, and ultimately to
6 % 10* cm™ (19).

We have assumed so far that NHJ is

removed mainly by reaction 1. The anal-
ysis could be generalized by suitable
redefinition of b(f) to account for uptake
by phytoplankton. There are reasons to
believe, on the other hand, that reaction
1 is indeed dominant, at least for the
Potomac and Delaware rivers. Figure 2b
shows profiles for N,O obtained with a
model in which the gas is assumed to
form as a by-product of reaction 1 at a
rate proportional to ammonia removal
(Eq. 3"). The concentration n (ug liter ™)
of dissolved N,O satisfies an equation of
the form

dn~n) . d e M — He
o Ta T

(10)

where n. is the concentration in equilib-
rium with the atmosphere (about 0.35 ug
liter™!), f denotes the fraction of NHf
removed by reaction 1, Y is the yield of
N,O associated with nitrification (moles
of nitrogen as N,O per mole of nitrite),
and 7 is a characteristic time for ex-
change of gas between water and air,
about 6 days for the Potomac (16, 17).
Figure 2b shows that the model gives
excellent agreement with observation if
SfY is set equal to 2.5 X 1073, Yields
Y measured in the laboratory range from
2% 107% to 3.5 x 107% (8), and in situ
determinations for the Potomac (/8) av-
erage 3.3 X 1073, It appears that be-
tween 70 and 100 percent of NH{ in the
Potomac is removed by reaction 1. Ob-
servations of NO; and NOj are consis-
tent with this view (/9).

The model gives a satisfactory account
for the distribution of NHZ (Fig. 2a),
except when stream flow is less than
~ 80 m> sec™!. The discrepancy at low
Q is to be expected, since the lifetime of
NHy is very short in this case, often less
than 2 days (Fig. 1a). The treatment of
transport must be adjusted at short life-
times to allow for rapid oxidation in the
shallow embayment receiving the bulk of
the sewage discharge. The assumption of
a point source also must be modified as
the width of the NH7 distribution be-
comes less than 10 km. Our complete
hydraulic and kinetic model (/3) ade-
quately accounts for these details.

The maximum concentration of NH}
exhibits peculiar behavior at low flow
(Fig. 1c). Peak concentrations increase
as flow declines from 200 to 100 m> sec™!
but decrease below 100 m? sec™!. Sew-
age ammonia is distributed by tidal cur-
rents over a volume, Vr, which is slight-
ly larger than the volume of water flow-
ing back and forth in a tidal cycle
(1.3 x 107 m® at the Blue Plains Regional

7535



Sewage Plant). The mean residence time The effect of temperature on nitrifica-
for NH{ in V¢ is Vi/Q, and the concen-  tion may be distinguished from the influ-
tration is given by ence of flow by means of observations
made in fall and spring (water tempera-

[NH{lo = (11) ture, 17° to 21°C). Analysis of these data
(gv/O)(1 + a) suggests thatfthe rate of nitzi_ﬁcatc;n is
1+ o exp lgal( + V10 lowered by a factor of ~ 1.6 = 0.4 for a

reduction in water temperature of 10°C,
This expression reproduces the observed  Reported values for this temperature co-
behavior of NH{ shown in Fig. Ic, with  efficient range between 1.5 and 2.2 (6)
I’ and « as derived above and with V¢  for cultures of nitrifying bacteria.
=~ 2 x 10* m3. The reduction in NHJ at In summary, the biogeochemistry of
low flow reflects intense activity of nitri- nitrogen in the Potomac River can be
fying bacteria near the plant, The oxida- described in terms of a simple kinetic
tion rate may be predicted by using Eq. model incorporating representative data

3, for N,O and NH{. The rate of nitrifica-
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Fig. 2. Distributions of NH} (a) and N,O (b) in the Potomac for a range of flow rates. Model
results (dashed lines) were calculated forI' = 3.4sec™ ' g™ em®, a = 0.1, /Y = 2.5 x 1073, and
T = 6 days, except for 4 August 1979, where a = 0.05. Arrows denote the concentration of N,O
in equilibrium with the atmosphere. The source of N>O from chlorination is 0.06 g sec ~1, except
for 4 August 1979, when it was 0.2 g sec™! (/8). Production of N,O from nitrification is 0.5 g
sec™! (= f Y gn). The influence of a finite initial mixing volume (see Fig. 1c) is shown for 28
August 1978.
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tion varies inversely with flow rate. The
rate for O, consumption due to nitrifica-
tion reaches a maximum proportional to
(gn/Q)?, where gy is the rate for input of
NH; . The influence of flow rate on the
oxidation of ammonium is unexpected,
and must be recognized in assessing
projects that affect river flow and nitro-
gen input.
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Lapita Colonization of the Admiralty Islands?

Abstract. Archeological research in the Admiralty Islands provides evidence of
occupation by 3500 years ago and suggests settlement by obsidian-using maritime
colonists, whose Lapita pottery style underwent gradual modification within the

Admiralties.

Excavations at Kohin Cave (I), Admi-
ralty Islands, Manus Province, Papua
New Guinea, have produced pottery and
Lou Island obsidian throughout well-
stratified deposits. Four sherds from
lower stratigraphic layers are decorated
with dentate-stamped impressions, dis-
tinctive of the Lapita style (2, 3). Lou
Island, in the Admiralties, is one source
of obsidian found in Lapita sites further
east (4, 5). The dentate-stamped sherds
from Kohin Cave are the first evidence
of a cultural association between the
Lapita complex and an assemblage of
comparable age from the Admiralty Is-
lands. The sherds are in a secure strati-
graphic context, from layers bracketed
by carbon-14 dates. The evidence from
Kohin Cave suggests that these sherds
and others from the lower layers repre-
sent an early phase in a local develop-

Table 1. Carbon-14 (half-life 5570 = 30 years)
dates from Kohin Cave. The age of sample
ANU-2248 is corrected to the equivalent char-
coal age (I15).

Lay- Age
Number Sample or (vears)
ANU-2089 Charcoal 4 2070 = 120
ANU-2215 Charcoal 4 1910 = 90
ANU-2212 Charcoal 5 2310 = 120
ANU-2248  Shell 10 3450 = 100
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mental sequence, beginning with the set-
tlement of the Admiralties by seagoing
colonists whose pottery was in the La-
pita style.

Two excavations of Kohin Cave, on
the southeast coast of Manus Island, in
1978 () and 1979 covered 11 m?. Exca-
vation followed depositional strata, and
disturbances and discontinuous lenses
were isolated. The stratigraphy of the
two excavations correlates well. Most
layers, although varying in thickness,
are continuous throughout. Excavation
techniques and layer correlations allow
the provenance of cultured materials and
their association with dated samples to
be stated with confidence.

The deposits, in ten major layers, all
contain cultural material and are built up
on a bedrock base at an average depth of
1 m below the surface. Two layers have
special significance. Layer 4, continuous
throughout the excavated area, has a
surface defined by several hearths and
scattered ash and charcoal, indicating a
period of occupation. Layer 10, a shell
midden, is built up on bare rock. Carbon-
14 dates have established the chronology
(Table 1). The layer 4 samples are from
opposite ends of the 1978 excavation and
date cultural features in that Ig er The
charcoal of the layer 5 sample is not as
clearly the product of human action as

are other samples but is stratigraphically
associated with cultural material. The
layer 10 sample (from a small species of
Tridacna) dates the surface of that layer;
stratigraphic evidence indicates that lay-
er 10 was deposited rapidly. There is no
evidence to suggest a chronological hia-
tus between layer 10 and those above it.
Sherds and obsidian flakes and spalls
occur throughout the layers, but there
were no other significant artifacts. The
obsidian derives from several sources on
Lou Island (6). Neither pot forms nor
fabric types can be satisfactorily distin-
guished from the sherds, which are most-
ly very small and eroded or chemically
altered (Table 2). In layer 10, sherds are
rare, even taking into account the much
smaller volume excavated; however,
that layer may have been deposited vir-
tually during a single cultural event.
Distinctive sherds (rims and decorated
pieces) provide a basic ceramic se-
quence, of which the salient features are
as follows: (i) there is overall continuity
of rim forms and decoration; (ii) several
new rim forms and elaborations of deco-
ration appear in layer 4; (iii) the four
dentate-stamped sherds derive from lay-
ers 7, 8, and 9; and (iv) the layer 10
sherds are not distinctive. Figure 1
shows typical decorated sherds, includ-
ing all the decorated body sherds from
layers 7 through 9. Because of fragmen-
tation and chemical alteration, the four
dentate-stamped sherds cannot be clear-
ly associated with others from the same
layers on the basis of either formal or
fabric identity. Each sherd seems to bear
a different motif, each executed with a
tool of different dimensions. The other
four decorated body sherds and decorat-
ed rims from layers 7 through 9 have
shell impressions or linear incisions.
Such decoration is not inconsistent with
the Lapita style (2, 3, 7), but it is not
itself distinctive and occurs throughout
the Kohin sequence. From stratigraphic
associations and position in the ceramic

Table 2. Numbers and types of sherds in
various stratigraphic layers of Kohin Cave.
Totals include all sherds, and rims include
both plain and decorated sherds; decorated
refers to body sherds only. Approximate den-
sities were derived from the area excavated
and the estimated average thickness of the
layer.

Sherd count

Den-

Layer D sity
Ri eco- To- 3

ms rated tal (m)

lto3 30 17 826 376
4 27 23 591 358
Sand 6 9 1 259 173
7t09 28 8 883 370
10 0 0 8 24
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