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ABSTRACT. North Rhine-Westphalia, the most industrialized and
densely populated state of Germany, is drained by six major tributaries
of the REine: the Sieg, Wupper, Ruhr, Erft, Emscher, and Lippe. The
first four drain predominantly catchments with Phanerozoic siliciclas-
tic rocks, while the latter two dewater Cretaceous carbonate basins.

Together, the rivers account for ~11 percent of the Rhine water,
and they reflect various stages of pollution, from a moderately polluted
Sieg and Ruhr to the heavily damaged Emscher. The 8'*0Oy,o of —8.5 +
1.5 permil SMOW suggests that summer recharge into local aquifers is
the main source of water in these rivers. Down-stream, the water
becomes enriched in '*0, by ~2 permil, due to low altitude precipita-
tion and because of evaporation, particularly in artificial lakes. How-
ever, thermal fractionation, when water is utilized for cooling in power
stations and smelters, also contributes to this trend.

State-wide, and down-stream within rivers, the increasing pollu-
tion levels are characterized by rising salt concentrations (from normal
riverine values up to a third of seawater), by up to two orders of
magnitude CO, overpressures, oxygen depletion, and enhanced nutri-
ent concentrations. The 3!3Cp;c demonstrate that microbial respiration
of C,, in soil/groundwater systems accounts for about 50 to 100
percent of the entire DIC, with the higher values typical of more
polluted ecosystems. Evasion of gaseous CO, into the atmosphere and
microbial nitrification are the most important processes for the riverine
aquatic cycles of carbon and nitrogen, resulting in more advanced
dissipation of CO; and NH] in the less polluted ecosystems. Denitrifi-
cation may fuel generation of some “excess” CO; only in the highly
polluted ecosystems, such as the Emscher.

INTRODUCTION

From an anthropogenic perspective, the Rhine river represents one
of the most important watercourses in Europe, serving the highly indus-
trialized population of about 41 million people (Kempe, 1982). In terms
of its drainage basin (224,500 km?) and average annual water discharge
(72 km?), it ranks as the 40th largest river of the world (Ambroggi, 1980;
Baumgartner and Reichel, 1975), but in terms of its pollutant load it is
probably among the top ten (Kempe, 1982). In addition, the river is a net
source of CQy, with Py, in the down-river section 10 to 15 times in excess
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of the equilibrium value with the atmosphere (340 ppm). Kempe (1982
and 1988) proposed that this is due to nutrient pollution that causes high
primary organic productivity by photosynthetic consumption of COy in
the upstream lakes (Lake Constance). These organics, swept down-river
and complemented by local anthropogenic input, are then microbially
respired causing an increase in P¢,. Isotopic studies by Buhl and others
(1991) confirmed the biogenic source of the dissolved inorganic carbon
in the lower Rhine. However, from a survey of major tributaries, they also
proposed that the CO, budget of the lower Rhine may in fact be
dominated by its tributaries. This contribution aims therefore at under-
standing the chemical dynamics of the tributaries and the impact of
pollution on their biogeochemical cycles.

North Rhine-Westphalia appears particularly suitable for this type of
studies, because it is the most populous and industrial state of Germany,
including the lower Rhine-Ruhr megapolis with its ~ 12 million inhabit-
ants (Birkenhauer, 1986). The state is drained by six major Rhine
tributaries, the Sieg, Wupper, Erft, Ruhr, Emscher, and Lippe (fig. 1).
These rivers, draining together 16300 km?, or 48 percent of the state (de
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Fig. 1. Geography of North Rhine-Westphalian rivers (Bo: location of the Ruhr-
Universitdt Bochum).
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Haar and others, 1979b), represent a spectrum of geological and anthro-
pogenic environments that should be reflected also in the chemical and
isotopic attributes of river water. Geologically, the Sieg, Wupper, and
Ruhr drain mostly terrains with Devonian and Lower Carboniferous
siliciclastic rocks, although subordinate Devonian carbonates are present
as well. In their down-stream courses, the role of Quaternary sedimen-
tary cover becomes progressively more important. The Erft has a source
in massive Devonian limestones but already at km 11 enters the Tertiary
sands of the Cologne-Bonn embayment. The Lippe and the Emscher
drain mostly Cretaceous carbonate sediments of the Miinsterland, with
some Tertiary sands in their terminal down-stream sections.

In terms of anthropogenic loading, all these rivers, except for their
near-source sections, are classified as critically to strongly polluted
(“Giteklasse” 11 to 11E; Landesamt fiir Wasser und Abfall, 1990). The
exception is the highly polluted Emscher classified as Giiteklasse 111 to
IV. With respect to anthropogenic influence, the Sieg drains mostly
forested, pastoral, and agricultural areas, with industrial loading cen-
tered mostly around Siegen. Such is the case also for the Ruhr river,
which is heavily protectéd as a source of drinking water for the Ruhr-
Wupper agglomeration of cities and is also heavily dammed, creating a
series of lakes (Ruhrverband, 1992). For the Wupper, it is the tributaries
that are dammed, but this river is also strongly influenced by pollution
from industry, breweries, and especially from a chemical plant (Land-
esamt fiir Wasser und Abfall, 1990). The Erft is dominated by discharge
from strip mines for bituminous coal in the Cologne-Aachen area. The
Lippe flows mostly throygh an agricultural and pastoral area, with some
superimposed impact of mine waters and formation brines. The Emscher
is a special case, since this river was “sacrificed” to be a drainage channel
for the entire industrial-mining-residential complex of the Ruhr region
(Emschergenossenschaft, 1987 and 1989).

SAMPLING AND ANALYTICAL TECHNIQUES

All six rivers and some of their tributaries have been sampled along
their courses twice, at low and high water stands, between March 1991
and April 1992. In total, the sampling involved 178 points, all listed in
app. 1.

Temperature, conductivity, pH value, and oxygen content (normal-
ized to 20°C) were measured in the field using standard methods (Hiitter,
1990). Within 24 hrs the m- and p-values for calculation of CO,, HCOy,
and CO; (DEWAS, 1990) were titrated in the laboratory. In the same
time interval, the ammonia (Merck, 1991a), nitrate (Hach, 1991), phos-
phate (Riedel-de Haén, 1991), and sulfate (Rump and Krist, 1987)
contents were measured using a spectrophotometer (Zeiss PMQ I1). At a
later stage K+, Na*, Ca®*, Mg**, Sr?*, and Fe?* were determined by
ICP-AES (Philips PU 7000). The chloride content was measured with an
instant test (Merck, 1991b). The §'*Cp; and 8'%0yy,, were determined on
a FINNIGAN MAT 251, the ¥’Sr/*Sr on a FINNIGAN MAT 262 mass
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spectrometer. The methods, preparation techniques, and their reliability
are described in Buhl and others (1991). All measurements were done at
the Ruhr-Universitit Bochum.

Overall, more than 3200 measurements were done for all cations
and anions, 260 for 83Cp,, 115 for BISOHz(), and 74 for $7Sr/8Sr. All
analytical data are listed in app. 1. Further details are available in the
“Diplomarbeiten” of Flintrop (ms), Hohlmann (1992), Jasper (1992),
Korte (1992), Podlaha (1992), and Scheele (1992).

WATER BUDGET AND IT$ 1SOTOPIC SIGNATURE

Long term observations show that the rivers studied have a mean
geometric discharge between ~3.15 X 10* m* a~! (Emscher) and 2.55 x
109 m® a~! (Ruhr). These are about two orders of magnitude less than the
water Hlow of the Rhine, and the six North Rhine-Westphalian rivers
contribute ~ 11 percent to its water balance. In general, the water levels
in the Rhine tributaries and their seasonal fluctuations reflect the re-
gional precipitation and evaporation gradient that increases in the north-
west-southeast direction, due to topographic elevation of the Rhenish
Slate Mountains. The observed long-term seasonal fluctuations—hence
the dilution factors—are normally inversely proportional to the size of
the river. In accord with this expectation, the maximal seasonal varia-
tions are up to a factor of 3 for the Rhine and up to 13 for its tributaries
(de Haar and others, 1979a). However, many anthropogenically im-
pacted rivers have about 3 x smaller seasonal fluctuations than their free
flowing counterparts. Such is the case for the Lippe (navigational needs
of the Datteln-Hamm Kanal), Erft (base discharge from strip mining and
spillover into a parallel canal), and the Emscher (base discharge from the
Ruhr megapolis that accounts for up to 80 percent of its water; Em-
schergenossenschaft, 1989).

In addition to water flow regulation, human activities impact also the
precipitation/evaporation budgets of the riverine systems, as reflected in
the oxygen isotopic composition of the water. In the headwater sections,
the 30y, values of —8.5 = 1.5 permil SMOW (fig. 2} are similar to
those of the summer rains in Germany that are about —8 permil (Lawrence
and White, 1991; Sheppard, 1986). This suggests that the 30 depleted
winter precipitation is dissipated as surficial spring runoff, without signifi-
cantly contributing to the recharge of groundwater aquifers. The ob-
served 3 permil spread among different water sources is due to the fact
that the Atlantic moisture that reaches the state from the west is subject to
rainout along the northwest-southeast trending orogenic profile of the
Rhenish Slate Mountains. This causes Rayleigh fractionation effect in the
vapor, resulting in successively more 130 depleted rain- and groundwa-
ter values. The observed 3'®0Oy,0 gradient, from —7.4 permil for the
Emscher to —10.1 permil for the Ruhr, reflects this northwest-southeast
rainout factor as the altitude of the springs increases from 65 to 647 m

(fig. 2).
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Fig. 2. Down-river trends in oxygen isotopic composition of water for the rivers of
North Rhine-Westphalia. The river lengths are normalized. Note that the local anthropo-
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Down-stream, all North Rhine-Westphalian tributaries become isoto-
pically heavier due to a combination of natural and anthropogenic factors
(fig. 2). The major causes of this 'O enrichment are twofold. Firstly, the
low altitude precipitation that was subjected to only an incipient Rayleigh
fractionation (hence less '*O depletion) accounts for ever greater propor-
tion of the overall water volume down-stream. The second cause is
evaporative fractionation. Natural evaporation is enhanced by construc-
tion of dams and reservoirs that increase the residence time of water in
the systems from weeks to about 2.3 to 4.5 yrs (de Haar and others, 1979a
and b). Such trends are therefore exceptionally well developed in the
heavily dammed Ruhr and in the Wupper, the latter having most of its
water from dammed tributaries (fig. 2). The local declines that follow the
5'3OH20 peaks are mostly due to groundwater influx. For example, the
sudden drop in the Wupper at ~ 60 percent of its length is due to a large
discharge of ground water from the wells that supply the local chemical
industry and two breweries. These wells draw their water from a deeper
horizon in the Middle Devonian siliciclastics, the same aquifer that feeds
the Wupper spring. A similar drop for the Erft at ~60 percent of its
length is due to discharge of artesian waters from the Tertiary sands of
the Cologne-Bonn area. This aquifer is recharged in the Eifel Mountains
(Schneider and Thiele, 1965).

Superimposed on the above general trends are local spikes, caused
by smelters and power stations that utilize river water for cooling. This
results in isotopic fractionation and enrichment of the discharged water
in '*O. The Emscher and the Lippe show the most pronounced spikes of
this type (fig. 2). Mine waters, on the other hand, generate more complex
patterns. We were unable to obtain samples of the deep mineralized
waters of the Ruhr area mines. One sample from the shaft “Unser Fritz”
gave 80y o of —3.5 permil SMOW, much heavier than the surface
waters. We do not know the exact origin and source of this deep water.
We can, however, conclude that most of the water pumped into the rivers
from the Ruhr coal mines is only a recirculated surface water, since 80
enrichments at sites where the mines discharge water into the river are
only marginal (fig. 2). In contrast, the Erft shows a clear 3'%0y,, peak at
57 percent of its length (fig. 2), due to the discharge of large quantities of
40°C warm water from the open pit coal mines. This water accounts for
up to 48 percent (13.74 m3s~!) of the river flow (Erftverband, 1990), and
the O enrichment is probably a result of thermal isotopic fractionation.

CHEMICAL 'TTRENDS OF POLLUTION

The overall characteristics of the rivers studied can be visualized on
the triangular diagrams that normalize their major anionic and cationic
compositions (fig. 3). The first observation apparent from this presenta-
tion is the predominance of chloride in the most polluted rivers (compare
also Meybeck, 1987), the Lippe and the Emscher. A detailed inspection of
the figure suggests that the rivers can be grouped into three endmem-
bers based on a combination of anthropogenic and geogene factors.
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The first group contains the rivers that drain predominantly siliciclas-
tic terrains with subordinate carbonates (Ruhr, Erft, Sieg, Wupper).
These rivers originate as calcium bicarbonate streams, with subordinate
sulfate and chloride. Their down-stream evolution is typified by the Ruhr
(figs. 3, 4, and 5), which shows that despite increases in concentrations of
all the above ionic species, Na* and Cl- become progressively the
dominant ions. The final products for these rivers are waters of mixed
chloride/bicarbonate/sulfate type similar to those of the lower Rhine. In
the Ruhr, the highest concentrations for most ions coincide with the
Ruhr megapolis that commences at about km 100 and spans the entire
down-river course. This clearly points to anthropogenic pollution as the
major cause of the trends.

The second group is represented by the more strongly polluted
Lippe which drains predominantly carbonate terrain and evolves from a
purely calcium-bicarbonate type into calcium/sodium-chloride one (fig.
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Fig. 3. Triangular diagrams of normalized compositions, based on major cations and
anions, for the North Rhine-Westphalian rivers. The Rhine from Buhl and others (1991).
The upper diagrams contain point samples for all rivers. The lower diagrams are schematic
down-river trends for the three representative river types discussed in the text (R-Ruhr,
L-Lippe, E-Emscher).
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3). As for the first type of rivers, all the above ionic species increase
down-stream, albeit at differing rates.

The third group is represented by the entirely polluted Emscher.
This river is dominated by NaCl already near its source (km 22) and
persists in this mode until the terminal stretch, where it turns into
calcium-sulfate type (fig. 3).

4
4 | Ruhr
mmol | Cations

— fall Na'
2 |— — spring

source mouth
km

Fig. 4. Down-river variations in major cations for the Ruhr river.
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Fig. 5. Down-river variations in major anions for the Ruhr river.
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All the above anfiong and within river gradients are less pronounced
in the spring than in the fall due to dilution effect of the spring runoff.

Salt pollution.—The parameters discussed in the previous section
demonstrate that Na* and CI~ are the dominant polluting ions. The
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crossplot of alkalies (Na*, K*) versus chloride clearly shows that input of
NaCl and to a lesser degree KCI are the major controlling factors of
chemical composition for all rivers (fig. 6). The upper section of the
Emscher and the middle section of the Lippe are an exception from this
pattern, having either an excess of chloride or deficiency of alkalies. We
have no explanation for this apparent anomaly.

The sources of these salts are mostly anthropogenic, ranging from
road salting to industrial and communal effluent, to water treatment
plants (utilize alkalies as ionic exchangers for water softening), to highly
mineralized waters from deep mines (Michel, 1990; de Haar, 1979a). The
latter are discharged predominantly into the Lippe and particularly the
Emscher. The irregular influx of such brines causes sudden large varia-
tions in river water chemistry. For example, Kempka (1981) and Wester-
mann (1981) observed hourly and daily Na* variations in the middle
section of the Lippe that ranged from 19.5 to 44 mmol 1-!. The brackish
character of the lower Lippe is so pronounced that it enabled its coloniza-
tion by marine ostracods (Ant, 1971). In the Emscher, the salt loading
reaches approximately a third of that of seawater. For potassium, an
additional source may be agriculture that utilizes K fertilizers.

Alkaline earth.—In the rivers studied, the concentrations of Ca®*,
Mg?*, and Sr?* increase down-stream (fig. 4). Ac a first glance, this could
be related to changing geology of the drainage basins, particularly to
weathering of carbonate rocks (Wollast, 1990; Berner and Berner, 1987;
Brehm and Meijering, 1982; Berner, 1992) that are usually more wide-
spread in down-stream sections. We believe, however, that the observed
trends reflect more the increased bicarbonate contents down-stream (fig.
5) and between rivers (fig. 7), a consequence of enhanced biochemical
activity in the riverine and groundwater systems. Such activity is, in turn,
stimulated by nutrient pollution. Both these assertions, the role of
bacterial respiration in generation of the bicarbonate and the stimulating
effect of nutrient pollution, will be discussed in the subsequent sections.

In detail, the Ca2* concentrations for most rivers are somewhat in
excess of saturation with respect to calcite (fig. 7). In the less polluted
rivers, this excess Ca?* appears to be compensated for by sulfate (fig. 8),
but for the Emscher and Lippe the excess still persists and may be
compensated for by chloride or by some other—as yet unaccounted
for—complexing. Since sulfate and chloride are both of anthropogenic
origin, the excess of calcium over bicarbonate in the rivers of North
Rhine-Westphalia should be considered as an indicator of pollution.

In contrast to Ca®*, Sr** concentrations and Sr isotopic ratios reflect
mostly the watershed geology and do not appear to be modified signifi-
cantly by pollution. They will not be therefore further discussed.

Sulfate and iron.—The assertion that anthropogenic sources play a
dominant role in sulfate balance of the studied rivers is based on the
following considerations. The sulfate concentration in European rain
water is about 0.01 t0 0.08 mmol 1"! (Berner and Berner, 1987), although
the measured values in Koblenz in 1984 have been as high as 0.25 mmol



