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Abstracet: The use of tile drains for subsurface drainage in agrieuttural watersheds has created concern for the
delivery of sediment (o receiving waters and potential undesirable effects on surlisce and subsurface water quality.
Tn this study, transport characteristics of sediment {rom tile drains in an agriculiural watershed of the Thames River,
near Kmtore, Ontartoe, Canada were tested in a 5 m diameter, rotating circular flume Jocated at the National Wit
Research Institute in Burlington, Ontario. Tile drain sediments were collected and mixed with river water at
different speeds in the flume to study transport processes such as deposition, erosion and flocculation as a function of
bed shear stress. During deposition and erosion experiments, water samples werc colleded to determine changes in
the coneentrations of cations, antons and dissolved organic carbon. The resufts show that tile drain sediments have a
tendency te flocculate when subjected to a range of shear stresses. Thb median diameter (D) of the floc s1ze
distribution reached a maximum valuc at a shear stress ot 0.169 Nmi* which can be considered an optimum shear
sress for floceutation for this sediment. The critical shear stress at which all of the initially suspended sediment
deposited Lo the flume bed was measured as 0.056 Nni”. 'The pH and cation concentrations rernained relatively
constant during erosion and deposition experiments. Anion concentrations were more variabie, most likely due to the
presence of bacteria which could have afso played a role in the flocculation mechanism of tile drain sediment.
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1. Introduction

Subsurface drainage is a common agricultural water management practice in areas with
scasonally perched water tables or shallow groundwater. In southern Ontario,
agricultural drainage activity began during the middie of the last century, but since 1960,
it has increased both in extent and intensity (Kelly, 1975). The extent of agricultural
drainage has created concern for its potential undesirable effects on surface and
subsurface water quality. Tile drainage and agricultural runofl are sources ol bacteria
(Panti et al. 1984; Palmateer ef al. 1993), contaminants (Kladviko et al. 1991,
Mostaghimi er af. 1992; Richards and Baker, 1993) and suspended solids (Culley er al.
1983).

Tile drains can selectively transport fine-grained sediment from soils to
receiving freshwater fluvial systems (Grass ef al. 1979). However, there is a lack of
information rcgarding both the delivery and transport characteristics of this material in
agricultural watersheds (Stone and Droppo, 1994). Such information is required to model
the source, transport and fate of cohesive sediment and associated contaminants for
management purposes. In this paper, the transpoti characteristics of tile drain sediment
collected from a southern Ontario agricultural watershed are studied in the laboratory
using a rotating annular flume. Transport characteristics (erosion, deposition,
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flocculation) of the sediment arc measured and related to waler chemistry for a range of
turbulent flow conditions.

2. Methods
2.1 STUDY AREA:
The study area is located 1n a headwater calchment of the Thames River, near Kintore
Ontario. Silt-loam soils at this site have developed in silty alluvial deposits that overlie
calcareous loam till. The study sitc has been drained by tile drains for over thirty vears by
a series of twelve tile drains that ran perpendicular to the stream. Twelve seil pits were
dug at the downslope edge of an experimental plot to sample sediment in the exposed
tiles. The drains connect at a header before discharging into the stream. Approximatcly §
kg of sediment was collected trom tile drains for the flume experiments and additional
samples of soils (directly above the tile drains), as well as river bottom sediment (above
and below the tile drain outlet), were collected to determine sediment geochemistry and
mineralogy. Approximately 100 m upstream from the tile drain outlet, 500 L of river
water was collected for the flame experiments.

2.2 CHEMHCAL ANALYSIS OF SEDIMENT AND WATER:

Concentrations of major clements (Si0-, ALOs, Fe,(Os, MgO. Ca0, K;0, TiQ,, MnO,
P>Qs) and mincralogy of the sediment were determined using X-ray fluorescence (XRF)
and X-ray Powder Lilraction (XRPD), respectively, at McMaster University, Hamilton,
Ontario. Results are reported as percent dry weight. Accuracy of the samples was
checked by running Canadian Reference Standards and comparing the stated reference
valucs for major elements.

Water samples collected from the river, tile outlet and flume over a range of
turbulent flow conditions for both the crosion and deposition experiments were analyzed
for cations. anions and dissoived organte carbon (PDOC). The cations including calcium
(Ca), magnesium (Mg), sodium (Na). potassium (K) and silica (Si) were analyzed using
a Thermo JarralAsh Inductively Coupled Spectrometer. The instrument was calibrated
with commercially available EPA certified standards following EPA Contract Laboratory
Protocol. The samples arc filtered (0.45 wm) and acidified (o a pH <2 with trace HCL.
The anions including nitrate (NO;™ ), sulphate (80,7 and chloride (CT) were analysed
using a Dionex System 2000 10n chromatograph. Alkalinity was measured by titrating
the sample to a pH 4.3 end point. The total alkalinity is reported as ppm HCO;.
Dissolved organic carbon (DOC) was analyzed using a Dohrmann DC 190 Carbon
Analyzer. Cation and anion data were uscd to caloulate ionic strength.

2.3 ROTATING FLUME EXPERIMENTS:

2.3.1 Description of the Flume:

The rotating, circular flume is 5.0 m in diameler, 0.30 m wide. 0.3 m deep and rests on
a rotating platform 7.0 m in diameter. The flume assembly consists of a top cover, which
fits inside the flume with close tolerance (~1.5 mm on cither side). The height of the top
cover can be adjusted so that it makes contact with the water surface inside the flume.

By rotating the flume and the top cover in the opposite direction at diffcrent speeds, it is
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possiblc 1o generate nearly two-dimensional flow fields with different turbulent shear
stresses and turbulence intensitics. Complete details of the flume and its flow
characteristics are found in Krishnappan (1993),

2.3.2 Instrumentation:

The fMume is equipped with a Laser Doppler Anemometer (LDA) that operates in the
back-scatter made 1o measure the flow field. The Laser and optics are mounted on an
optical bench, positioned on the rotating platform beside a glass window of the flume.
The optical bench can be traversed both in the vertical and horizontal directions. In this
configuration, the instrument measures the tangential and vertical velocity components
from which the time average velocitics and turbulent shear stress acting on the horizontal
planc in the tangential direction can be extracted. Measurements made using this
instrument were uscd to verify a 3-D numerical model of turbulent flows in rotating
flume assemblies (Petersen and Krishnappan, 1994; Krishnappan er al. 1994),

The size distribution of suspended sediment in the flume is measured with a
Malvern Particle Size Analyzer that operates on the Fraunhoffer diffraction principle
(Weiner, 1984). The instrument is mounted in a cradle beneath the flume and operates
in the continuous flow-through mode. The flow-through cell of the Malvern is connected
to a sampling tube fitted through the bottom of the flume, The tube laces the flow and
extends up to mid-depth at the centre of the flume. The sediment suspension is drawn
continuously from the flume by gravity through the sample cell then returned to the
flume. The sampling tube length to the cell is kept at a minimum to reduce changes in
floc structure due to the flow field that exist within the tube. With this arrangement, the
instrument is capable of measuring the in-situ size distribution of the sediment flocs in
the flume. The flume is also fitted with sampling ports for drawing sediment water
mixture for the purposc of determining the concentration of suspended sediment and for
chemical analysis. The sediment concentration was determined by the filtration method
{Environment Canada, 1988).

2.3.3 Experimental Procedure:

Two types of experiments were conducted in the flume. The first type dealt with
deposition behavior while the second type examined erosion characteristics of the
sediment. For the deposition tests, the sediment-water suspension was thoroughly mixed
by first re-suspending any deposited sediment using a brush and then further breaking-up
flocs with an electric blender. The depth of water inside the flume was adjusted to 12.0
cm. The top cover was then lowered until it penetrated the water surface by about 3 mm
1o ensure proper contact with the water in the flume, Trapped air was removed by
rotating the top cover while the flume was kept stationary. To begin the deposition test,
the flume and the top cover were rotated in opposite directions at their maximum speeds
for twenty minutes to thoroughly mix the sediment and water and to further break up the
flocs. During this high speed operation, sediment samples were collected for sediment
concentration measurements every five minutes and the size distribution was determined
every two minutes with the Malvern Particle Size Analyser. Water samples for chemical
analysis were collected at the 10 minute mark. After 20 minutes, flume speeds were
reduced to a particular bed shear stress and maintained for a period of about five hours.
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Additional water samples were collected for chemical analysis at the 60 minute and 240
minute marik for cach shear stress condition.

For the erosion experiment, the sediment-watcr mixture was left undisturbed for
a period of 114 hours to allow the sediment to scttlc and age on the flume bed. The
speeds of the flume and top cover werc increased in steps so that the shear stress is
applied as a stair-case function. At cach step, the sediment concentration in the flume
and sizc distribution of the croded sediment were measured as a function of time. Water
samples were also collected at each shear stress level for chemical analysis.

3 Results

3.1 DEPOSITION RESULTS:

3. 1.1 Suspended sediment concentration:

The time variation of suspended sediment concentration during the deposition
experiments are shown in Fig. 1. For a particular shear stress, the sediment concentration
decrcasces at a faster rate at the start of the experiment then gradually reaches a steady
state value. The time to reach steady state value and the magnitude of the steady state
concentration depends on the bed shear stress. The time to reach steady state decreases
as shcar stress incrcascs and the magnitude of steady state concentration incrcascs as bed
shear stress increases, The bed shear siress values in these experiments range from
0.056 Nm™ to 0.324 Nm? and sediment deposition occurred under all shear stress
conditions cxamincd. At the lowest shear stress, the sediment concentration drops from
the initial 250 mgl" to about 30 mgl™ . If the bed shear stress were slightly lower than
this value, all of the initially suspended material would have deposited. Such a shear
stress condition is termed the critical shear stress for deposition. At the maximum shear
stress tested, the steady state concentration is about 150 mgl” which represenis about
60% of the initially suspended material. Therefore, we see that deposition of sediment
has occurred in all shear stress conditions tosted.

3.1.2 Size distribution of suspended sediment flocs:

Changes in the median diamcter (Dy)) of the susponded scdiment distributions plotted as
a function of time are shown in Fig.2, From this figure, we could infer the flocculation
behaviour of the sediment and its dependency on bed shear stress. When the bed shear
stress is low (low turbulence level), the median diameier of the sediment distribution
decreases as a function of time. For example, in the deposition experiment with the shear
stress of 0.056 N/m’, the median size drops monotonically from 20 um to about 10 um
which implics that larger particles scttle out with minimum flocculation leading to a
decrease in median size. But as shear stress increases, flocculation of the sediment in
suspension becomes predominant. For example. when the shear stress is 0.121 Nm?, the
D5y increasces from 20 pm to about 25 wm. With a further increase in shear stross (0.169
Nm™?), the Dy, increases to a high of 47 um. However. the flocs were not able to
withstand the high turbutence level with subscquent increases in shear stress. Hence,
smaller increases in the Ds; can be scen for the shear stress of 0.213 Nm™. For the
highest shear stress (0.324 Nm™®), the D5, remains around the initial value of 20 um.
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This result clearly shows that the tile-sediment has the lendency to flocculate and the
flocculation process is dependent on bed shear stress.

3.2 EROSION RESULTS:

3.2.1 Concentration of the eroded sediment.

The concentrations of eroded sediment for a range of applied shear stress conditions as a
function of time are shown in Fig. 3. Re-suspension of the sediment docs not occur until
the shear stress reaches a value of 0.121 Nm™, which is higher than the critical shear
stress for deposition. Throughout the crosion experiment, higher values of shear stress
levels were needed 10 bring concentrations comparable (o the steady statc concentrations
that were established during the deposition experiment (Fig 2). In fact, at a shear stress
of 0.462 Nm?, the re-suspended sediment concentration is about the same as the sieady
state concentration during deposition under a shear stress of 0.213 Nm™.

3.2.2 Size distribution of eroded sediment

The largest Ds, of sedimeni was observed at lower shear strosses and as the applied shear
stress increased, the Ds; of the eroded sediment decreased (Fig. 3). This seems to imply
that the deposited sediment is flocculated and as the sediment is eroded, the flocs are
dislodged from the bed and with increasing shear stress, the eroded floes break up
causing the size distribution to become finer,

3.3 SEDIMENT AND WATER CHEMISTRY:

The mineralogy and major element composition of tile drain and river sediment collected
down stream of the tile outlet varies from that of surface soils and river sediment
collected upstream of the tile outlet (Table 1). Due (v weathering processes, tile drain
sediment is depleted in Si, Al, K, Fe and P but enriched in Ca and Mg, The tile drains
penetrate into the calcareous loam till which may account for the higher dolomite and
calcite content observed in the drains and in the siream below the tile outlet. Compaicd
to river sediments collected above the tile drain, increased levels of anorthite
(CaAl,Si»0s) and albite (NaAlSi:Og) are present in surface soils, tile sediments and
stream sediment collected below the tile druin. This suggests that finc-grained surface
materials are selectively transported through macropores into the tile drains. During
subsequent irrigation or rainfall events, these fine-grained feldspar minerals will be
resuspended and transporied through the Liles (o the stream.

The chemical characteristics of river water, tile drain water and stored river
water are shown in Table 2. The higher Ca concentration in tile water is related to higher
parual pressures of carbon dioxide (Pcop) ticaswred in soils which cffectively lowcers the
solubility of calcite and promotes weathering of Ca from soils (Morel and Herring,
1993). The threefold increase of nitrate in tile water is attributed to leaching of chemical
fertilizers and liquid manure appticd L suils at the study site. River water collected for
the flume experiments was stored at low temperature (4 °C) for 24 days. The chemistry
of the river water changed during storage and lower concentrations of nitrate, sulphate
and chloride wete observed (Table 2). Analysis of the chemnical data with the chemical
equilibrium model MINEQL' showed that precipitation is not a removal mechanism for
nitrate and sulphate from the water for the measured conditions
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Table 2: Chemistry of River and Tile Drain Water

Concentration
{mg/L)
Sample Ca Mp™ Na* K° & Cr NO;  SO2 HCOy

River Water 86.20 2230 9381 116 424 2230 1130 3320 306
Tile Drain Water 106,00 2140 740 073 498 1230 4420 20.90 305

Stored River Water 8190 2000 712 121 287 555 000 345 202

of pH and temperature. A second possible explanation for the observed ditferences 1s
related to the reduction of nitrate and sulphate by bacteria. In waters initially containing
oxygen but lacking a mechanism for reagration, organic matter can be oxidized by,
successively, dissolved O,, NO, |, and SO,° (Bender ef al, 1977).

The chemical composition of flume water was measured at intervals for
conditions of varying shear stress to examine potential effects of variable solution
chemistry on depositional characteristics of cohesive sediments (Table 3). For all
deposition experiments, the pH and concentrations of Ca, Mg, Na, K, Si, HCO, did not
vary (coefficient of variation, CV) by more than 5%. However, concentrations of NOy',
$0O,™ and CI” were more variable {CV > 70%y). This variability results from the fact that
initial concentrations of NOy, SO, and Cl" measured in river water decreased by 100%.,
90% and 75%, respectively during storage. Variation in water chemistry is also related to
the order in which the depositional experiments were conducted. The first two deposition
experiments were conducicd on June 24 and 235, 1996 at a shear stress of 0,213 and 0,324
Nm?, respectively. During these two experimental runs, the concentration of the three
anions were low (Table 3) but with successive flume runs on june 26, 27 and July 3 at a
shear stress of 0.056, 0.121 and 0.169 Nm™, respectively, concentrations of NOy", SO~
and CI’ returned Lo levels approximating the original chemical composition of the water
(Table 2). This is likely due to reacration of flume water where oxidation of ammonia
and hydrogen sulphide would increase levels of nitrate and sulphate.

Changes in the chemical composition of flume water during erosion
experiments are shown in Table 4. During this experiment, concentrations of Ca, Mg,
Na, K, 5i, HCO;” were relatively stable and generally did not vary by more than 5%.
However, the concentrations of NOy, SO, and CI” were more variable (41 to 49%).

4 Discussion and Conclusions

Deposition and erosion experiments in the rotating flume give quantitative information
on the mode of transport of tile drain sediment when it enters the stream. 1f bed shear
stress in the stream is less than the critical shear stress for deposition (0.056 Nm ), then
all of the (ile sediment entering the siream will be deposited ot the stream bed. But, if
the bed shear stress in the siream is greater than the critical shear stress for deposition,
then only a portion of the sediment entering the stream is transported in suspension.
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Tablc 4; Water Chemistry During Erosion Experiment

Flume Run Concentration
{mg/L)
ShcarSztress pH Ca®* Mg Na° K Si ¢ NO; SO HCOy DOC
{Nm")

0.090 240 8050 2130 706 1.02 294 1230 811 2450 280 3.94
.169 840 7930 2070 688 <1060 287 4400 22.70 6330 290 3.60
06.259 841 7610 20.10 668 <160 266 2070 11.60 31.20 28l 3.88
0.390 7.39 7860 2030 692 <100 294 2200 I11.20 3190 282 415
0.460 844 77.50 2040 704 1.03 282 22.00 1200 3280 240 4.14

Thus suspended tile sediments will be carried fong distances within the stream
depending on variations in shear stress along the length of the stream and the textural
composition of the stream bed. The erosion experiments give quantitative information
on the erodibility of the deposited sediment which is useful for the development of
transport models of sediment in receiving streams. A modelling framework that employs
such information is developed by Krishnappan (1996).

The shear stresses measured from the flume experiments can be translated into
easily measurable hydraulic parameters such as the average flow velocity or the flow rate
if some simplifying assumptions are made regarding the flow in the natural system. If
we assume that the flow is rough turbulent and uniform, then the relationship between
the average velocity and the bed shear stress becomnes:

o R
—=2504p(11.0—) hH
Vi Dgs
where U is the average flow velocity (ms™), /n is the nawral logarithm, R is (he hydraulic
radius, Dgs (M) is a representative size of the bed sediment and V- is the shear velocity
(ms™), which is related to the bed shear stress as follows:

Ve = wa% o)

Here, 1, is the bed shear stress (Nm™ ) and p is the density of water. Therefore, given the
bed shear stress, hydraulic radius and a representative size of the bed material, the
average velocity that corresponds to the bed shear stress can be calculated using
equations 1 and 2,

The rotating flume experiments show that tile drain sediment has a tendency to
flocculate when subjected to turbulent shear stress. This can be seen from the size
distribution data measured during deposition and erosion experiments. Tn addition, the
dual role of the turbulent shear stress in the flocculation process can also be inferred. For
example, as sediment deposits in flows with low shear stress, the size distribution of the
suspended sediment becomes finer and finer. This suggests that the sediment settles as
individual particles resulting primarily in the scttling of coarser fractions, thus leaving
finer particles in suspension. As shear stress is increased, the size distribution of
suspended sediment becomes coarser, which suggests that sediment particles in
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suspension collide and form flocs. The degree of flocculation reaches a maximum at a
shear stress of 0.169 Nm™? . With a further increase in shear stress, the flo¢ sizes become
smaller suggesting that the flocs are breaking up beyond the optimal shear stress for
flocculation, Size distributions measured during the erosion experiments suggest that
sediment eroded at lower shear stress values are coarser and as the shear stress is
increased, flocs will break up causing the distribution to become finer. At high shear
stress during the erosion experiment, the median size of the sediment floes approach the
size distribution established during the start of the deposition tests. The latter was
produced by blending the sediment watcr mixture by an clectric blender. This suggests
that at the highest shear stress applied during the erosion test nearly all the flocs break
up and the resulting size distribution can be regarded as that of primary particles.

The shear stress and the turbulence level created in the flume provide the
collision mechanism, which is onc of the two building blocks in the flocculation process.
The second building block, namely, the coagulation mechanism is provided by either
chemical coagulation or biological coagulation or both. Chemical coagulation is due to
the balance between Van der Waals force of attraction and the electrostatic force of
repulsion (Stumm and Morgan, 1981). The latter force is a function of the ionic strength
of the suspending medium. With increasing ionic strength, the electric double layer is
compressed and the electrostatic repulsion between particles is decreased (Stumm, 1992).
Biological coagulation is due to potymeric fibrils secreted by bacteria which represent the
dominant bridging mechanism of organic and inorganic components of flocs (Leppard,
19935; Liss et al. 1996). Chemical data from both deposition and erosion experiments
show that pH as well as concentrations of DOC and cations remained relatively constant
while the anions were more variable at various shear stress levels (Fig. 4). Tonic strength
of the flume varied during erogion and deposition experiments. However, it is difficult to
determine to what extent the observed changes in ionic strength can be attributed to
changes in shear stress and the presence of bacteria. Still important and yet to be
determined is the relative importance of bacteria and changes in solution chemistry an
flocculation of the tile sediment for a range of turbulent shear stresses.



102 M. STONE AND B.G. KRISHNAPPAN

Deposition Experiment {240 minutes) Erosion Experiment
= 160 ' ‘ 50 =120
[¢} i [2)
E 140 A £100
§ 120 _ 5 s0f
£ 100 - E & ‘0
3 s nS 38T
% e c g0
2 A ~F20 2 0
@ 90 t + Jy 10 © 0 ¥ + + 25
005 01 015 0.2 025 03 035 o] 0.1 0.2 0.3 04 05
Shear Stress (N/mM*2) Shear Stress (NfmM*2)
—*—  Suspended Sediment —*- D50 ¥ Suspended Sediment  —* D50
100 i 100
| [P TN W —— J—
80 RN SO i oy e B 80+ .___"—ﬁ.;'—,.__.——— - |
- &0 : . 60 =
= = [ S . R
£ anf 4 - £ 40 S - - e —
20 R R B s i e - 204 'i
a ;’_'—_—g::ﬂzﬂ——r———'—x a T 3 +
0.05 0. 0.15 Q0.2 0.25 0.3 0.35 0 a1 0.2 0.3 0.4 0.5
Shear Stress [Nfm*2) Shedar Stress (N/m*2)
- Ca T Mg & Na K —= DOC - Ca v Mg = Na T DOC
350 I I
_ : - ! 300 ;
300 r I
R V. p i . . H H
250 ; 250 :
= 200 bt , ‘ : o 2007 P
D : :
£ 150 e EOT T
100 100 i
50 501 “'/ - .
0~ — - 0 "’é 1 ¥ i: i
0.05 0.1 0.15 0.2 0.25 0.3 0.38 a 01 0.2 0.3 0.4 0.5
Shear Stress (N/fM*2) Shear Stress (N/mM*2)

-l — NO3 O ' 504 = HCO3 =l = NO3 - 504 = HCO3



TRANSPORT CHARACTERISTICS OF TILE-DRAIN SEDIMENTS 103

Acknowledgements
The authors wish to thank Robert Stephens of Aquatic Ecosystermn Protection Branch of
National Water Rescarch Tnstitute for assistance with sample collection and conducting
the flume experiments. The comments of Dr. H. Saunderson, Dr. G. Wall and two
revicwers were greatly appreciated. Funding was provided by a Natural Sciences and
Engineering Research Council (NSERC) of Canada Operating Grant held by M. Stone.

References

Bender, ML, Fanning, K. A, Froclich, P.N. and Maynard, V.: 1977, Science, 198, 605-
608,

Culley, J.B.. Bolton, E.F. and Bernyk, V.: 1983, J. Environ. Qual. 12(4), 493-503.
Environment Canada.. 1988. Laboratory Procedures for Sediment Analysis, Inland
Waters Directorate, Ottawa.

Grass, L., Willardson, L., Lemert, R.: 1979, Transactions of ASAE. 1054-1057.

Morel, F.M. and Hering, 1.G.: 1993, Principles and Applications of Aquatic Chemistry.
John Wiley and Sons, N.Y.

Kelly, K.: 1975, Canadian Geographer. 4, 279-298.

Klavidko, E., Van Scovog, G., Monke, E., Qates, K. and Pask, E.: 1991,J. Environ.
Qual 20, 264-270.

Krishnappan, B.G.: 1993, J. Hydraunlic Engineering, ASCE. 119 (6), 738-767.
Krishnappan, B. G., Engel, P., and Stephens, R.: 1994, National Water Research
Institute, Environment Canada, Report: 94-102

Krishnappan, B.G.: 1996. National Water Research Institute, Environment Canada,
Report: 96-160.

Leppard, G.; 1995, 8ci. Tot. Environ, 165,103-121,

Liss, S., Droppo, 1.G., Flannigan, D. and Leppard, G.: Environ. Sci. Technol, 30(2),
680-686,

Maostaghimi, 5., Younos, T.M. and Tim, U.; 1992, Water Resources Bull. 28(3), 545-
552.

Palmateer, G., McLean, D., Kutas, W. and Meissner, M.: 1993, In: Particulate Matter
and Aquatic Systems. Ed. S Rao, Lewis Publishers.

Panti, N.K., Toxopeus, K., Tennant, A D., and Hore, F.R.; 1984, Water Res. 18(2}, 127-
132,

Petersen, O. and Krishnappan, B.G.: 1994, J. Hydraulic Research, 32 (4) 483-494
Richards, R. and Baker, D.B.: 1993, Environ. Tox. and Chem. 12, 13-26,

Stumm, W.; 1992, Chemistry of the Solid-Water Interface, Wiley, NY. p. 428.

Stumm, W. and Morgan, 1.: 1981. Aquatic Chemistry, Wiley, NY. p.656

Weiner, B.B. 1984.: In Modern Methods of Particle Size Analysis, Ed. H.G.Barth. John
Wiley and Sons.



