
Bull. Org. mond. Sanh| 1957, 16, 727-747Bull. Wld Hlth Org.

TRAVEL OF POLLUTION, AND PURIFICATION
EN ROUTE, IN SANDY SOILS

Professor J. K. BAARS
Head, Section on Hygiene of Water, Soil and Air,

Research Institute for Public Health Engineering T.N.O.,
National Health Research Council T.N.O.,

The Hague, Netherlands

SYNOPSIS

The travel of pollution in sandy soils, and the extent to which
purification takes place en route, are discussed, with special reference
to the possible contamination of ground water-a problem which
is of particular importance in the Netherlands, where the water-
supply for many of the large towns is drawn from the water under-
neath the dunes.

Specifically, two types of soil pollution are considered: (a) severe
pollution of the surface layers with matter concentrated in a small
volume of water (e.g., faecal matter from pit privies at camping-
sites); and (b) moderate pollution of the surface layers with matter
contained in large quantities of water (e.g., organic matter and
bacteria in river water used for the artificial recharge of ground
water). It is shown that in both these types of pollution the self-
purification is sufficient to prevent contamination of the ground
water, provided that the soil is very fine and-in the case of the
first type-dry and well aerated, and provided that the ground-water
level is not too high or the rate of infiltration too great.

The pollution of surface water is certainly no less serious in the Nether-
lands than in other countries. The circumstances peculiar to this flat
country necessitate very efficient management of the water resources,
and this-especially in the western part of the country-entails maintaining
a constant rate of water circulation and renewal to keep the water fit for
aquatic life. Seepage of heavily polluted water through the soil to the
ground water has not been observed up to the present; nor have there been
any known cases of ground-water pollution resulting from the disposal of
garbage or of the effluents from purification plants to the soil, although
in a few instances traces of pollution have been detected at points between
the source of pollution and the drinking-water intake.a

a Contamination with salt, which sometimes occurs, is not considered in this paper. Such contamination
is usually caused by over-pumping wells in the coastal area, so that the brackish water underneath the fresh
water rises.
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The possibility that ground water may become polluted should, however,
be given great attention, especially as the drinking-water supply for the
very dense population in the western part of the country is drawn from the
water underneath the dunes. The travel of pollution in fine sandy soil will
therefore be analysed in particular in this paper.

.General Considerations

In considering the travel of pollution in the soil, we have to take into
account the two types of pollution: (a) the chemical pollution, which is
mostly of an organic nature; and (b) the bacteriological pollution.

When we speak of the purifying capacity of the soil, we usually mean the
ability of the soil bacteria to break down the polluting organic matter. In
this decomposition process, oxygen plays an important role.

Let us first consider the basic principle of bacterial metabolism. It
is generally accepted nowadays that the essential reaction in bacterial
metabolism is hydrogen transfer, according to the following scheme:

A H + B - -A + B H

in which B may be oxygen or an oxygen-containing compound.

The reactions involved may be designated as follows
Dehydrogenation with oxygen = oxidation

NO' = denitrification

SO'= sulfate reduction

CO2 = methane fermentation

Although there are types of bacterial metabolism in which organic com-
pounds are decomposed anaerobically-for example, the fermentation
of fatty acids (which gives methane and carbon dioxide)-such processes
can be effected only by very specific bacteria in special circumstances.
Moreover, it is doubtful whether one can consider methane to be an end-
point of bacterial metabolism; one should, perhaps, regard it rather as a
carbon atom, fully loaded with hydrogen, which might be a source of
energy for further transformations. Thus, in fact, all mineralization in
nature is eventually connected with aerobic processes; that is to say, with
reactions in which oxygen plays a part, whether it is present as free oxygen
or in nitrates.

Only the first two types of reaction listed above can be performed by obli-
gate or facultative aerobic bacteria, so these reactions may be expected to take
place only in the upper layers of the soil. If the organic matter has pene-
trated into a region where there is no free oxygen or NO3-oxygen, some
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decomposition may still occur, but for every part of the molecule of the
polluting substance which becomes richer in oxygen content-or, in other
words, is " mineralized " or " oxidized "-another part becomes more
reduced; this is the case, for instance, with acetic acid in the methane
fermentation:

CH3.COOH -*- CH4 + CO2

In sulfate reduction, the H2SO4 acts as a hydrogen-acceptor and is
transformed into the undesired H2S.

It can be seen, therefore, that the presence of free oxygen or NO3-oxygen
is necessary for mineralization. Provided that such oxygen is available, it
is then only the activity of the bacteria that determines whether the hydrogen
atoms in the organic compound can be mobilized or activated to such a
degree that they will combine with the oxygen to form a water molecule.

The carbon is finally transformed into carbon dioxide. The nitrogen
present in the organic compound or in ammonium salts may be transformed
into nitrates, which, if the soil is sufficiently poor in organic compounds,
may pass down the soil unchanged, as they are not absorbed by the sand
particles. We found that the ground water under a sea-gull colony had a
nitrate content of 15-20 parts per million (p.p.m.), whereas the average
value under virgin dune-soil is about 2 p.p.m. If the nitrates are subject to
denitrification in the deeper layers, gaseous nitrogen may be formed.

It is not always possible to bring about this basic bacterial reaction.
For example, studies on the breakdown of synthetic detergents by bacteria
have shown that alkylsulfates with a relatively straight chain of carbon
atoms may be mineralized, but the alkylarylsulfonates, which have a more
branched chain, are not attacked during the activated-sludge process for
sewage treatment; and, without doubt, the same will apply to bacterial
activity in the soil. It is very encouraging that the Dutch Shell group has
now produced a sulfonate which has all the cleansing properties of the
branched-chain sulfonates, but which can be broken down by bacteria.
This opens up the possibility of avoiding contamination of our drinking-
water with detergents in future. The need for further research in this field
should, however, be stressed.

But aerobic decomposition is not merely the most usual way in which
nature combats pollution: it is sometimes the only way in which polluting
substances can be broken down. Hydrocarbons are, so far as we know,
quite stable under anaerobic conditions in the soil, but when they diffuse
upwards into the top-soil they may support the growth of special aerobic
hydrocarbon-decomposing bacteria. In a United States patent, Taggart 9

uses this phenomenon to detect the presence of oil deposits in the soil. It is
owing to the action of these hydrocarbon-oxidizing bacteria that in the
Dutch canals, with their very high density of shipping, spilt fuel does not
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accumulate. There is, however, always a danger that drinking-water may
become polluted with oil. For some months after an aeroplane crash in the
catchment area near the Leyden waterworks, fuel from the damaged
tanks could be tasted in the drinking-water; and many other examples
of contamination of drinking-water with oil could be cited.

This leads us to another point. Although mineralization is sometimes
possible, the necessary flora has to be formed, and this may be a slow
process. On the other hand, we know the results that can be obtained with
Nocardia cultures, which may eventually break down even as much as
1600 p.p.m. phenol. Thus, while it may not be possible to counteract severe
occasional pollution, constant pollution of the same degree of severity may
be neutralized by bacterial action in the long run.

In the following pages, two types of soil pollution will be analysed,
namely:

(a) severe pollution of the surface layers with organic matter and
bacteria concentrated in a small volume of water;

(b) moderate contamination of the surface layers with matter contained
in large quantities of water.

The first type of pollution is often met with in places where there are
temporary dwellings, such as camping-sites. The second type usually
results from the implementation of artificial ground-water replenishment
schemes, an increasing number of which are likely to be put into operation
in the Netherlands in the near future.

Penetration of Pollution in Dry Soil

In the western part of the country with its very dense population-
2300 per square mile (900 per km2)-the need for recreation sites has
increased to such an extent that camping is controlled in the greater part
of the dune area; the authorities have set up camping-grounds with sanitary
installations to keep the situation in hand. At Castricum Camp, the number
of man-camping days increased from 91 000 to 517 000 during the period
1946-50. In all, 120 water-closets and 25 urinals have now been installed
there; these are all connected to one large septic tank, the effluent from
which is carried to a tree nursery, where it is used for irrigation. Castricum
Camp is run by the Provincial Waterworks of North Holland, so it is
likely that all possible precautions have been taken to prevent contami-
nation of the ground water.

There are, however, other places where no such measures have been
taken. It is for this reason that the Research Institute for Public Health
Engineering carried out investigations at a camping-site near Hilversum
where there are only pit privies, which are used during the five summer
months.
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On the camping ground of 50 acres (20 hectares) 450-500 cabins are
erected every spring. These cabins are occupied by families of four to five
persons for a period of five months; during this period the head of the family
usually continues to work in Amsterdam, but lives with his family in the
country.

A pit privy, 16 inches (40 cm) wide and 40 inches (100 cm) deep, is dug
at the back of each cabin. All faecal matter is deposited there. Thus, the
2000 persons living in the camp give to the soil about 3200 kg of nitrogen
as proteins, amino-acids, urea and ammonium compounds, the average
contribution being 1.5 g of N per square foot (about 16 g/m2). It must be
realized, however, that the local concentration will be much higher, as the
total surface of the 450 pit privies is only 605 square feet (56 m2). Through
this surface, 10 000 kg of faecal matter and 400 m3 of urine are disposed
of each season.

The drinking-water supply consists of three wells, which draw their
water from a depth of 120 feet (36 m) below surface level. The water is
examined regularly and for years has been fully up to standard in quality;
that is to say, no fermentation occurs in MacConkey's broth with 50 ml of
water, the NH' content is zero, and the NO' content 4 p.p.m.

The soil is sandy, has an effective particle size of 0.170 mm and a uni-
formity coefficient of 1.65 for the top 80 inches (200 cm). The ground-water
level in the places examined was 10-12 feet (about 3.5 m) below surface
level. The quantity of faecal matter increases during the summer and is
washed into the subsoil by rain; in the year under investigation (1951/52),
the rainfall was as follows:

Inches Millimetres

April ..... . . . . 3 76
May ......... . 1.8 46
June . . . . . . . . . . 251
July . . . . . . . . . . 1.128
August . . . . . . . . . 6 152
September ..... . . 2.5 63.5
October . . . . . . . . 0,7 18
November ..... . . 4.8 122
December ..... . . 1.2 30.5
January ..... . . . 3.3 84
February . . . . . . . . 2.0 51
March ..... . . . . 2.2 56

As the washing of clothes, sheets, etc., is done at special places, faecal
matter is washed into the soil only by urine and rain-water. The spread of
faecal matter around the privy at the end of the camping season (October
1951) and in the following January and March is shown in Fig. 1. Only
I he nitrogen components of the decomposition products of the faecal
matter have been taken into account, the figures indicating the total of
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FIG. 1. MINERALIZATION IN THE SOIL OF A TOURIST CAMP (NEAR HILVERSUM)
WITH PIT PRIVIES
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NH'-N, NO'-N and NO'-N. Determination of the organic matter by
the KMnO4 test gave no spectacular picture of the mineralization.

The degree of decomposition of the nitrogen compounds is considerable,
the process starting immediately with the formation of ammonia, which
can be detected readily with lacmoid or even by smell. In addition, nitri-
fication is intense in this dry, aerated soil. The results of determinations
of the nitrogen content in September, January and March are given in
Table I.

TABLE I. TOTAL NITROGEN CONTENT IN TWENTY 1-g SAMPLES OF SOIL IN
THE UPPER SEVEN FEET * (ABOVE GROUND-WATER LEVEL)

NH,-N NO2-N + NO3-N Total N

(mg) (mg) (mg)

September 1951 2.4434 0.6614 3.1048

January 1952 1.3927 0.5491 1.9418

March 1952 0.5392 0.2108 0.7500

*7 feet - 2 m

Although the penetration of nitrogen compounds into the soil may be
considered to be very important as a simple indicator of faecal pollution,
the presence ofEscherichia coli must be considered as of even greater interest.
A bacteriological analysis was therefore undertaken. Since it was very
difficult to obtain water from the upper layers of soil, the investigations
were carried out on the soil itself.

The bacterial count in general was determined as follows: A 20-g sample
of soil was shaken with 20 ml of sterile water. Three Petri dishes, each
containing nutrient agar, were then inoculated with the supernatant liquid
in a suitable dilution. The colonies were counted after two days' incubation
at 370 C. The presence of E. coli was determined by inoculating five 1-ml
portions of the same supernatant liquid in MacConkey's broth, plating the
fermented tubes on Endo agar, and subjecting the colonies with a metallic
sheen to the Imvic test.

The bacterial counts in the soil at different depths seven months after
the end of the camping season are shown in Fig. 2. It can be seen that
E. coli could not be detected at a greater depth than 60 inches (150 cm)
below surface level. These results are similar to those obtained in January,
four months after the end of the camping season.

Comparison of the counts recorded after seven months with those
obtained in September shows that, although the alien bacteria may at first
penetrate some distance into the soil, the " soil defence", as Caldwell
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FIG. 2. BACTERIOLOGICAL ANALYSIS OF SOIL SEVEN MONTHS AFTER END OF
CAMPING SEASON, SHOWING TOTAL BACTERIAL COUNT PER GRAM OF SOIL

AND NUMBER OF SAMPLES WHICH FERMENTED IN MacCONKEY'S BROTH
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Only the samples in parentheses gave a metallic sheen when transferred from MacConkey's
broth to Endo agar.

& Paar l call it, counteracts the pollution, which decreases in importance
in the course of time.

This very favourable result is undoubtedly due to the type and condition
of the soil in question-medium-grained and well aerated. Moreover, we
are inclined to consider this an exceptionally good result, which should
therefore not be taken as typical.

At another camping-site (Oostvoorne Camp), the ground-water level is
only 3 feet (1 m) below the surface. Until three years ago contamination
of the subsoil was frequent, and 8 out of 12 samples of ground water still
show the presence of typical E. coli. It must be added that the wells are
only 17-27 feet (about 5-8 m) deep. The results of chemical and bacterio-
logical analysis of the water in the wells are given in Table II.

The sanitary conditions at Oostvoorne Camp have now been improved
considerably: measures have been taken to dispose of faecal matter in the
usual way, and drinking-water is brought in from Rotterdam by tankers.

It is evident, therefore, that while mineralization may be very intense
if the conditions are favourable, if they are unfavourable the degree of
contamination may scarcely decrease with time.
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TABLE II. CHEMICAL AND BACTERIOLOGICAL ANALYSIS OF WATER IN WELLS
AT OOSTVOORNE CAMP

* The preliminary isolation was made in glutamic acid medium, but the Imvic test was used
for final confirmation.

Penetration of Pollution in Wet Soil

Let us now consider what happens when moderately polluted water
penetrates into the soil as a result of the artificial recharge of ground
water.

This problem is the more important since the growth of the population
in the western part of the country is giving rise to increased demands for
drinking-water. The large towns such as The Hague, Leyden and
Amsterdam (for the greater part) and the Province of North Holland are

able to obtain from the dune area only 16 inches (410 mm) of the annual
rainfall of 28 inches (710 mm). The dunes were originally formed by the
wind from the deposits of the rivers Rhine and Meuse after the formation
of the English Channel. In the last ten years the drinking-water require-
ments have increased, with the result that the fresh-water reserves under
the dunes have become depleted and the level of the brackish water under-
neath has risen. It was obvious that this situation could not be allowed to
continue, and the only possible solution to the problem of producing
enough drinking-water was found to be the artificial recharge of the ground-
water basin. This procedure made it possible at the same time to force
back the brackish water, which seeps into the polders from the sea.

Well no. NO, NO: NH4 E. coli *

(p p m.) (Ppm.) (p.p m.)

2 0.12 6.0 0.24 +

3 0.50 7.3 0.11

6 trace 0 0.45 +

7 0.24 21 1.8 +

8 0.10 6.8 0.57

9 0.05 50 0.36 +

1 1 0.04 20 0.19 +

14 0 23 0.07

19 0.12 22 2.7 +

20 0.03 31 0.03

21 trace 4.3 0.07 +

0.22 35 1.4 +
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In 1940, the town of Leyden introduced an infiltration scheme aimed at
increasing the drinking-water supply by 264 million gallons per year; 5, 6
in 1954, this scheme was expanded to provide 800 million gallons per year.

The city of The Hague has just put into operation a project, costing
20 million guilders, which will enable the local waterworks to increase the
drinking-water supply from 5000 million to 10 500 million gallons per year.2
The Provincial Waterworks of North Holland will, in the near future, add
another 3500 million gallons to the 4000 million already produced; and the
city of Amsterdam, which has a yearly output of 10 000 million gallons,
will add a further 6000 million.

For their infiltration projects, The Hague and Amsterdam will use river
water, pre-treated to remove suspended matter. The system at the Leyden
works will be explained in detail later.

The sand through which the water will be infiltrated is generally of very
fine grain, the effective size being approximately 0.15 mm and the uniformity
coefficient, 1.4-1.5. The medium is thus much finer than the Swedish
" eskers ", where the grain size is approximately 0.5 mm.4

In view of these proposed infiltration schemes, it was thought that it
would be interesting to find out what happens during the infiltration of the
water, which is usually not of the quality of rain-water. Accordingly, a
start was made by analysing the Leyden infiltration system.

It must first be noted that infiltration through the Leyden dunes takes
place intermittently, water being pumped into the dunes only during the
winter months. At the beginning of the summer pumping for recharge is
stopped and the infiltration ponds lie bare during the summer and part of
the autumn.

Drinking-water which is pumped from the dunes by the classic procedure
must be regarded as rain-water which has filtered very slowly through a
capillary zone to the ground-water area. The rain-water, however, does not
only move straight downwards; it can also flow sideways to the polders,
which are below sea level. If a dune area is not completely covered by
collecting wells, the escaping water can be pumped back into a special area,
surrounded by numerous drains, and the capacity of the catchment system
can thus be increased.

The local situation at Leyden makes it possible to mix surface water
from a small canal with this " second-hand" dune water. The canal in
question has an open connexion with the last section of the River Rhine before
it reaches the North Sea. Thus, a mixture of these two kinds of water is
used by the Leyden waterworks for the artificial recharge of the ground-
water reservoir. The chemical and bacteriological analyses of the recharge
water and of the drain water from the old infiltration basin are given in
Table III.

Some technical data relating to the infiltration basins are given in
Table IV and Fig. 3.
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TABLE 1II. RESULTS OF INFILTRATION THROUGH
WATERWORKS *

FINE DUNE-SAND AT LEYDEN

Chemical analysis Bacteriological analysis

influent effluent influent effluent

Colour (Pt-scale)

KMnO4 (mg/I)

Cl'

NO2

NO,

SO:

HCO3

C02

P04

NH,

Organic NH4

Fe

Mn

02

Hardness (degrees)

Suspended matter
(P p m.)

70

63.2

154

trace

6.2

210

320

9.3

1.1

3.1

0.07

1.00

0.30

10

25.6

5.0

36

26.4

128

0

trace

116

310

16

0.090

0.08

0.30

0.90

0.10

1.0

20.6

Total bacterial
count per ml, after
incubation for
48 hours at 37°C in
nutrient agar

E. coli count

1000-5000

100-200
per ml

10

absent in
100 ml

* Distance to nearest drains: 460 feet (140 m); detention time: about 100 days

TABLE IV. CHARACTERISTICS OF THE LEYDEN INFILTRATION BASINS

Characteristic Old basin i New basin

Height of basin floor above wells (feet) 29 28

Minimum horizontal distance from basin to wells
(feet) 460 830

Average horizontal distance from basin to wells
(feet) _ 2006

Minimum detention time in soil (days) 73 239

Average detention time in soil (days) 90 920

Area used for infiltration (acres) 25 62
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POLLUTION AND SELF-PURIFICATION IN SANDY SOILS

We know from sewage-treatment techniques how intense the biological
purification can be in the activated-sludge process, in trickling filters,
in subsurface filters 8 and, recently, in unsubmerged filters, in which consider-
able quantities of NH3 may be oxidized to nitrates (10 p.p.m. is completely
converted into nitrates within half an hour). Research at our Institute
has shown that the rate of oxidation depends principally on the oxygen
supply, which is usually the limiting factor. Bearing in mind that the puri-
fication of moderately polluted water, such ts that available for infiltration
at Leyden, must be effected by oxygen, it is evident that intermittent infiltra-
tion will result in maximum use of the oxygen.

It must first be emphasized that during its stay in a storage basin, water
is subject to a certain degree of self-purification. This can be seen clearly
from the figures of the Metropolitan Water Board, London, concerning the
Thames water stored in the Walton reservoir over the years 1947-52.7
These figures show that if a given volume of the intake water contains 1000
bacteria, 2.5 % of which are E. coli, 14 days' detention in the storage reservoir
will effect a reduction of 90% in the total bacterial count and of 93.7 % in
the E. coli count. Similar figures are obtained at the Leyden waterworks:
after 12 days' detention in the infiltration basins, a volume of water in which
1000 bacteria (including 1.7 % E. coli) were present initially contains only
120 bacteria (12%) and of these only 0.9% are E. coli (see Fig. 4).

FIG. 4. SELF-PURIFICATION OF WATER IN STORAGE RESERVOIRS

3 --- -- 1O % ---- o E Total bocisriol count
after 48 houws' .j.j:1- 2 %.--'

. t incubation at 37° C

WALTON.0.THAMES LEYDEN
2.5% 14 DAYS 1.6% 1.7% 12 DAYS 0.9%

t, .. ! S!:~~- M ". .tW*.[~Ji......... 6.3 X-~1- -.E. coli count 6.3 % . .s..
. to 7063

It is our impression that the intensity of self-purification increases with
the temperature.

Another fact which should be mentioned is that algal growth will take
place in the stored water. The phosphate content of the infiltration water
at Leyden is about 1100 y per litre (1.1 p.p.m.), and in late spring the water
turns green and a layer of algae forms on the bottom of the basins. The con-
centration of phosphate in the water decreases, but as the algae die off the
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phosphate is set free again. The infiltration is stopped at the beginning of
the summer and the algal formation, which is slippery and wet, dries up
within two weeks and decays completely. The only advantage of the algae
is that they produce free oxygen in the water, as one can often find oxygen
present in a concentration amounting to 100% supersaturation. This is
important because, as soon as the water enters the soil, bacteria and organic
matter from the water are vigorously adsorbed by the soil particles.

Experiments made by the Netherlands Government Institute for Water
Supply with a small-scale model of the Leyden irrigation works showed that,
in completely water-filled soil, a speed of infiltration (K), calculated accord-
ing to Darcy's Law, of 35 feet (about 10.5 m) a day could be obtained.
However, in the old infiltration basin of the Leyden waterworks, the speed
is considerably lower-namely, 12-16 inches (30-40 cm) per day. This is due
to the fact that the pores between the sand grains are not all completely
filled up with water, so that the resistance of the layers is much greater.
When the water level in the old basin is raised, still more air is trapped in the
soil, and the speed of infiltration finally decreases to only 3 inches (about
8 cm) per day.

Plotting the Cl' content of the infiltrated water, as collected at the drains,
against the number of hours the infiltration system is in operation reveals an
average detention time of about 90 days for the water in the soil of the old
infiltration basin.

In the new basin, where the wells are at a distance of about 550 yards
(500 m), infiltration starts at the low speed of 3 inches a day. In this
way maximum use can be made of the oxygen present in the air which is
trapped in the soil.

Now, if a medium with a certain bacterial population is polluted with
organic matter and other bacteria, there is every possibility that the autoch-
thonous bacteria will break down and partly assimilate the organic matter
and thus take away the nutritive substances from the alien bacteria, which
then die off. After a while, the bacterial count, which was increased on
addition of the polluting matter, begins to decrease, and the original condi-
tions may be re-established in the soil.

In the infiltration basins at Leyden, counts of 400000 and 500000
bacteria per gram of soil were often made at a depth of 10 inches (25 cm)
below the surface level. Now the bacteria cannot have been present in such
large numbers in the water itself, since one gram of soil will not hold more
than 0.2 ml of water and, according to the analysis, this amount of water
contains -only about 200-1000 bacteria. The same applies to the content of
organic matter determined by the KMnO4 test.

The bacterial counts obtained at different depths under the old and new
infiltration basins and in virgin dune-soil are shown in Fig. 5. In the virgin
dune-soil most of the bacteria were found in the upper 12 inches (30 cm);
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FIG. 5. BACTERIAL COUNTS AT DIFFERENT DEPTHS IN SOIL UNDER NEW AND
OLD INFILTRATION BASINS AND IN VIRGIN DUNE-SOIL
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at a depth of 20 inches (50 cm), no E. coli could be detected. In the infiltra-
tion basins not only did the bacterial count decrease much more slowly,
but also E. coli were found sporadically as far down as 10 feet (3 m). In
the sand near the drains, which yield water with less than 10 bacteria per ml,
counts of about 10 bacteria per gram of soil were obtained.

When the infiltration is stopped, the water sinks below the surface level
and the upper layers fill with air. When the moisture content of the sand has
decreased from 20% to 10% or less, we find that the content of organic
matter, as measured by the KMnO4 test, in the sand has decreased by about
50%. The decrease in the bacterial count is shown in Fig. 6, where it is
plotted against time.

After the free oxygen has been used up for oxidation, the NO3-oxygen may
come into action, with the result that the ultimate oxidation products of
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FIG. 6. DECREASE IN BACTERIAL COUNT
WITH TIME IN DRIED-UP SOIL
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the organic matter are N2 and C02-the end products of the process of
denitrification. The NO' content of the drain water is indeed very low
(about 1 p.p.m.) and oxygen is practically absent. The decrease in the NHi
content is undoubtedly due to intensive adsorption by the sand grains and
oxidation to nitrates. We know from the results of operation ofunsubmerged
filters that NH' may be oxidized readily by spraying once over a "dry" filter.

When analysis shows that the organic-matter content, as measured by
the KMnO4 test, decreases by infiltration from about 60 to 20 p.p.m., this
means that a quantity of 10 p.p.m. of oxygen is used per litre.

Now the question arises how much oxygen is available. The chemical
analysis has shown that the oxygen content of the water in the reservoirs at
Leyden is about 10 p.p.m.; to this we may add the oxygen that is present
in the nitrates, which gives us another 5 p.p.m. Also, as has been mentioned
earlier, in springtime the growth of algae may add a considerable quantity
of oxygen to the water, so we may take it that, with an efficiency of 50%
(the figure given by Imhoff 3 for subsurface filters), enough oxygen is avail-
able in spring for the oxidation of the organic matter. When the water
level sinks during the summer to a depth of 25 dm below the surface, a
volume of 1 x 1 x 25 x 0.3a dm3, i.e., 7.5 litres, is sucked in through 1 dM2.

a The actual pore volume in the sand
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This volume of air contains approximately 1800 mg of oxygen, since one
litre of air weighs 1.29 g and about one-fifth of this weight is due to the
oxygen present. Hence, if the infiltration is started in the autumn at a speed
of 4 inches (10 cm) a day, during 180 days an additional 10 p.p.m. oxygen
will be available.

It can thus be seen that the alternation of a dry period with air in the
soil and a wet period with algal growth gives a very high degree of safety
for the purification of the water by oxidation.

CO2 is the only really new product of oxidation or denitrification, and
as it may escape into the air it is not possible to determine the amount
produced. Fresh CaCO3 may be dissolved from sea-shells. The decrease
in hardness of the infiltrating water cannot amount to much.

During the winter, when ice is formed in the supply canals and ponds,
infiltration is stopped; however, as on the average the water remains in the
soil of the old basin for about 100 days and in that of the new one for about
920 days, it is practically at a constant temperature of 10°C in the soil all
the time. This creates an ideal and constant medium for the purification
of the infiltrating water.

For the continuous infiltration systems to be used at The Hague and
Amsterdam, the river water will have to be clarified, as the content of
suspended matter is too high. Once the water is clear, it will be infiltrated
at a low speed.

In continuous infiltration the additional oxygen supply obtained from
the soil while the basins are dry is not available, and the utmost care has to
be taken not to create anaerobic conditions in the soil; this imposes a limit
on the permissible amount of polluting substances in the water to be
infiltrated.

In new infiltration systems in virgin soil there is another danger which
is worth pointing out here. The adsorption of bacteria by the sand grains
may be very intense, as is shown in Fig. 7. Samples of wet sand (moisture
content about 20%) were agitated gently and the supernatant liquid thus
produced was analysed bacteriologically after storage in an ice-box for one
day. The bacterial counts in the sand from which the water had been
removed were also determined. In this way, the decrease in the bacterial
content of the water during its passage from an infiltration pond to the
drains was analysed. The results showed that the adsorption of the bacteria
took place in the first 25 feet (about 7.5 m), which are passed in only one
day. As this is also the area in which the bacterial decomposition has to take
place, it is quite understandable that the effluent collected at the drains
after three days still contained taste-producing substances. The bacterial
content of this effluent, however, was good. This provides further con-
firmation of the theory that mineralization requires time, and that if the
available time is too short, purification will be insufficient.
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Infiltration of Water of Unsuitable Quality

If water of an unsuitable quality were to be brought back into the soil,
serious complications might arise. In Schoonebeek (in the eastern part
of the country) there are many oil wells. The oil, which is very heavy,
comes up with salt water (12% NaCi), so that it has to be separated by
flotation. The water which comes up with the oil from 3000 feet (about
1000 m) below ground ,level is oxygen-free and contains iron compounds.
Oxidation starts during flotation, and as the water is brackish, the problem
arises of how to dispose of it. The local conditions are such that the only
possible course of action is to return it to the oil-bearing strata. Before
doing so, however, the iron has to be removed completely to prevent
clogging of the wells; this is effected by aeration and filtration. Then, the
oxygen, which might cause ferric compounds to be precipitated in the
soil around the infiltration points, has to be eliminated; this is done by first
spraying the water into a vacuum and afterwards adding a small amount
of SO2, to fix the last traces of oxygen. In this way, the water is made fit
for infiltration and can be reintroduced into its original medium. The cost
of this treatment, however, is 0.25 Dutch florins per cubic metre, which
is about twice the cost of producing drinking-water.

Several cases of severe clogging of wells with ferric compounds have
arisen from the reintroduction into the soil of ground water which had
been used for cooling purposes. In these cases, the trouble was due to the
fact that the ground water, which was free from oxygen at the start, became
oxygenated during its use as a coolant.

Conclusions

Serious pollution of the subsoil may be counteracted by the self-purifying
capacity of the soil, provided that the latter is dry and contains a sufficient
amount of free oxygen; under such conditions, mineralization may be
intense. In addition, vigorous adsorpiion of bacteria by the sand particles
takes place. Unless accompanied by a considerable quantity of water,
bacterial contamination will not penetrate far. If the ground-water level
is high, however, contaminants which have once reached the ground water
may stay there practically unchanged for a long time.

On the other hand, when moderately polluted water is infiltrated in large
quantities, as happens when ground water is artificially replenished, organic
matter and bacteria are vigorously adsorbed by the sand in the upper
10 feet. The polluting substances are mineralized by the free oxygen or
NO3-oxygen present.

In the intermittent infiltration method, oxygen is introduced into the
soil when the ground-water level sinks on cessation of infiltration. In
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springtime, an additional supply of oxygen in the water is provided by
algae; these algae are mineralized completely during the dry period and
do not clog the basins. Calculations have shown that there is thus plenty
of oxygen available for purification by oxidation.

Another advantage of the intermittent system is that the presence of air
in the sand results in a very low speed of infiltration, so that optimum
conditions for mineralization are created.

For self-purification to be effective, it is essential that the sand should
be very fine (effective particle size, about 0.15 mm).

RIRSUME'

Le relief geographique peu accentue des Pays-Bas exige que soit constamment maintenu
un courant de circulation de l'eau et un renouvellement permettant la vie aquatique.
Jusqu'a maintenant, on n'a pas observe l'infiltration des eaux de surface polluees vers les
couches profondes. Mais l'eventualit6 d'une contamination n'est pas exclue, surtout
dans l'ouest du pays oui l'eau necessaire a une population tres dense est tiree des nappes
sous-jacentes aux dunes.

L'auteur rapporte les resultats d'etudes sur les consequences possibles d'une pollution
de surface vehiculee vers la profondeur par un faible volume d'eau, et, au contraire,
celles dt la penetration d'une pollution moderee entrain6e par un fort volume d'eau.
Le premier cas est represente par la pollution provenant d'etablissements humains
temporaires, telles que les places de camping, le second par 1'alimentation artificielle des
nappes souterraines au travers des dunes; cette methode se generalise aux Pays-Bas,
particulierement pres des grands centres dont les besoins en eau potable ont considerable-
ment augmente. Le systeme applique par la ville de Leyde a fait l'objet des etudes de
l'auteur, qui a suivi le cheminement des eaux polluees 'a travers le sable fin et expose
les divers types d'oxydation et de mineralisation qui s'y produisent. I1 conclut que la
pollution grave du sous-sol peut etre evitee grace au pouvoir auto-epurateur du sol lui-
meme, qui, s'il est sec et contient assez d'oxygene, peut provoquer la mineralisation des
substances organiques. En outre, le sable adsorbe fortement les bacteries. La contami-
nation vehiculee par un faible volume d'eau ne p6n&re pas tres profondement. Dans la
zone de camping particulierement etudiee par I'auteur, on ne rencontrait plus E. coli au-
dela de 1,5 m de profondeur, quatre et sept mois apres la fin de la saison de camping.
Toutefois, si le niveau de la nappe souterraine est relativement eleve et que les substances
contaminantes y penetrent, elles y demeurent sans subir de modifications appreciables.

D'autre part, lorsque d'importants volumes d'eaux polluees s'infiltrent i travers le
sable, comme c'est le cas lors de l'alimentation artificielle des nappes souterraines par
1'eau de riviere, les matieres organiques et les bacteries sont vigoureusement adsorbees
par les trois premiers metres de sable. Les substances polluantes sont mineralisees par
l'oxygene libre ou par les nitrates. Dans les cas oui, comme a Leyde, on applique la methode
d'infiltration intermittente - l'enrichissement en eau n'etant pratique que durant l'hiver
- l'oxygene penetre profondement dans le sol lorsque la nappe souterraine baisse, au
moment ous cesse l'infiltration. Un apport supplementaire d'oxygene est fourni au prin-
temps par les algues, qui se developpent dans les bassins de reserve d'eau. Elles ont
l'avantage de produire de l'oxygene libre, dont elles saturent parfois l'eau et contribuent
ainsi a assurer la purification par oxydation. Durant la saison ou les reservoirs sont a
sec, elles se mineralisent, disparaissent, et n'obstruent donc pas les reservoirs. Un autre
avantage de la methode intermittente est de permettre une infiltration lente, grace a l'air
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emprisonn6 dans le sable. Des conditions optimums de mineralisation sont ainsi cr6ees.
Pour que l'auto-purification du sol soit efficace, le sable doit etre tres fin. Dans les exemples
cites, le diamrtre des grains etait de l'ordre de 0,15 mm.
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