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Abstract 

The concept of grai n size is critically reviewed and it is demonstrated that the con
ventional sieve method has some serious, system-inherent shortcomings. Sieve 
diameters do in many cases not reflect the requirements set by the theory on which 
they are based. The advantages of an alternative method of size analysis are dis
cussed, in which the settling velocities of sedimentary particles in water are meas
ured. These are then converted into standardized size equivalents and it is argued 
that the hydraulic nature of settling diameters provides more meaningful results 
for the study of depositional processess and animal-sediment relationships. A 
low-cost settling tube system, that is easy to build and simple to operate, is 
presented. lt is extremely fast when compared to conventional sieving and provides 
a significantly higher resolution of grain size distributions. The data is ideally 
suited for the application of moment measures for the computation of grain size 
statistics. 

Zusammenfassung 
Die Sedimentationsröhre - eine hydraulische Methode zur Korngrößenanalyse von 
Sand 

Der Begriff der Korngröße wird kritisch untersucht. Es wird gezeigt, daß die her
kömmliche Siebmethode einige schwerwiegende, systeminhärente Mängel hat. 
Die Siebdurchmesser erfüllen in vielen Fällen nicht die Voraussetzungen, die 
durch die Theorie gefordert werden. Die Vorteile einer alternativen Methode der 
Größenanalyse werden diskutiert, bei der die Sinkgeschwindigkeiten von Sedi
mentpartikeln im Wasser gemessen werden. Die Werte werden in standardisierte 
Größen-Äquivalente umgewandelt. Es wird angenommen, daß die hydraulischen 
Eigenschaften unterschiedlich großer absinkender „Durchmesser" für das Stu
dium von Ablagerungsprozessen und Tier-Sediment-Beziehungen aussagekräf
tigere Ergebnisse liefern. Eine billige, leicht zu bauende und zu bedienende 
Sedimentationsröhre wird vorgestellt. Verglichen mit konventionellen Siebmethoden 
ist das vorgestellte Verfahren extrem schnell, und man erreicht eine signifikant 
höhere Auflösung der Korngrößenverteilung. Diese Eigenschaften sind ideal für 
Momentaufnahmen zur Erstellung von Korngrößen-Statistiken. 
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lntroduction 

Grain size is one of the more obvious physical parameters in the "Umwelt" of 

benthic organisms. There is abundant evidence in the literature of undisputable 

animal-sediment relationships (e. g. BLANC-VERNET, 1958; WIESER, 1959; BOA

DEN, 1962; PRENANT, 1962; JANSSON, 1967 and 1971; GRAY, 1967; FENCHEL, 

1969; WEBB, 1969; RHOADS and YOUNG, 1970; POLLOCK, 1971; JOHNSON, 1971). 
Same studies have pointed out that the significance of simple grain size measure

ments may have been overestimated in the past and that other sediment parameters, 

such as grain shape, pore space, and permeability, should receive more attention. 

lt is unmistakable, however, that the sheer effort and time involved in routine 

grain size analyses utilizing the conventional sieve method has always been a 

major limiting factor in detailed sedimentological investigations. As a result many 

studies avoid size analysis altogether, or are based on inadequate sample densities. 

lt is the aim of this paper to discuss some problems concerning the conventional 

size analysis of sediments and to introduce an alternative method which may 

provide more meaningful results for the study of depositional processess and 

animal-sediment relationships. In recent years an increasing number of sedi

mentologists have resorted to settling techniques for grain size analysis and various 

types of constructions have been described in the literature (e. g. PLANKEEL, 

1962; SCOTT et al., 1963; BUCKLEY, 1964; SCHLEE, 1966; SENGUPTA and VEEN

STRA, 1968; BASCOMB, 1968; COOK, 1969; FELIX, 1969; CHANNON, 1971; SAN

FORD and SWIFT, 1971; GIBBS, 1974). The hydraulic nature of settling procedures 

will yield results that are more closely related to the natural processes of sedi
mentation and probably reflect more sensitively the response of individual particles 

or particles groups to water movement. 

The settl i ng tube system developed by the authors has been designed to keep 

the constructional costs at a minimum, while at the same time meeting the scientific 

demands of accurate size analyses. The instrument measures the settling velocities 
of individual particles in water and the results are then transformed into a grain 

size equivalent utilizing a computer. The resulting grain size parameter is known 

as the "sedimentation diameter" or "settling diameter" of a sediment particle. 
The hydraulic nature of this diameter is normally quite unrelated to its sieve coun

terpart and it should therefore not be regarded as a simple replacement of the 

latter but rather as a different approach to the grain size problem (KENNEDY and KOH, 

1961). 

The instrument described here is easy to construct and simple to operate. lt gives 
a superior resolution to the sieve method and is considerably less time-consuming. 

A Critique of Methods 

A briet critique of the sieve and settling methods should make it clear that the 
concept of grain size is a highly controversial topic. There is no unique approach 

that would justify the preference of any particular method. The wide use of sieve 

analyses is simply a matter of convention, justifiable by the fact that, for a lang 

time, it was the only practical method available. In principle the sieve diameter 

is defined as the least cross-sectional diameter of a particle and in theory all the 

particles of a sediment should collect on the next smaller sieve as defined by this 

diameter. Strictly this definition can hold for spherical particles only; however, in 

nature this is the exception rather than the rule and sieve diameters are probably 

controlled by a combination of shape and the intermediate diameter of the particle. 
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Experimental work on the accuracy of sieve data has produced some disturbing 
results. SENGUPTA and VEENSTRA (1968) have conducted an instructive experiment 
in which the grains of individual size fractions were stained with different colours 
and then remixed and resieved. Only 88% of the coloured grains reappeared in 

those size fractions to which they originally belonged. LUDWICK and HENDERSON 
(1968) have extensively studied the effects of particle shape on the outcome of 
sieve results and have demonstrated that the common presentation of sieve fre
quency-data in histogram form does not reflect the true size distribution of a sedi
ment. In reality the individual fractions form overlapping bell-shaped distributions, 

the cumulative effects of which are completely ignored. As a result sieve size
distributions can, in extreme cases, be underestimated by up to one whole phi

interval. 

In addition to this serious system-inherent shortcoming of the sieve method, it 
is clear that the vague geometric definition of the sieve diameter can result in purely 
coincidental accumulations of oddly shaped particles of various densities in the 

same size fractions. Such results not only stand in contradiction to the very theory 
on which they are based, but in addition are totally unrelated to any natural process 
of sedimentation. This becomes particularly relevant when dealing with irregularly 

shaped particles, such as skeletal carbonates or heavy mineral concentrates. 

Grain size analysis utilizing settling techniques is guided by the realization that 
most sediments are deposited in the process of hydraulic transport (BAGNOLD„ 
1968). In practice, a sediment sample is introduced into a vertical water column 
and the settling times of the particles are measured as they accumulate on a pan, 
suspended from a transducer, that will measure the cummulative effect of the set

tling particles. The accumulating weight is automatically recorded against time 
through an amplification device, that feeds a pen recorder. In this manner a con
tinuous cummulative curve is recorded, which requires further refinement because 
of its time distortion. The settling velocities are then converted into grain size 
equivalents relative to a chosen standard, usual ly quartz or glass spheres (ZEIG

LER and GILL, 1959; GIBBS et al., 1971). The "size" of each grain, at any particular 
point on the curve, is thereby expressed in terms of the diameter of a sphere that 
has the same settling velocity. All particles that have identical settling velocities 

are regarded as being hydraulically equivalent, as far as settling in still water 
is concerned. 

In computing the size distribution of a sediment, it is essential to record the water 
temperature, because density and viscosity of the fluid will affect the settling 

velocity of a particle. The size distribution thus obtained reflects the hydraulic 
sorting process of particles settling through still water, irrespective of particle 
density and shape. To what extent the natural mechanism of size-sorting is reflected 

by this idealized process, remains to be investigated (SANFORD and SWIFT, 1971). 
However, for the time being, settling procedures are the only means of obtaining 
hydraulically related size data. 

lt will be noted that both methods of grain size analysis are based "per defini

tionem" on the nominal diameters of spheres, whereby density is taken into account 
only in the settling procedure, not in sieving. In theory, therefore, both methods should 
produce identical size distributions for a sample of quartz or glass spheres. This was 
confirmed experimentally by using glass spheres, which were first sieved at 0.25 phi
intervals and then processed in the settling tube. Both curves are very similar (Fig. 

1-8). The effects of shape and density are illustrated in Fig. 1-A and Fig. 1-C 
respectively. 
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The effect of shape and density on the size distributions of sieve and settling results 

From the experimental results it can be concluded that grain size distributions 

obtained by these two methods will diverge progressively with increasing diver

gence of shape from a spherical diameter, as well as increasing divergence of 

density from a monomineralic quartz assemblage. Since most natural sediments 

are composed of polymineralic as well as multi-shaped particles, it can be con

cluded that the "settling diameter" is a more meaningful grain size parameter 

when studying dynamic animal-sediment relationships. Fig. 2 illustrates the prin

ciple of hydraulic equivalence of settling particles as opposed to their respective 

sieve diameters. 

Constructional Aspects 

The mechanical design of the settling tube (Fig. 3) consists of four main parts: 

a tube, a funnel section, an introduction device, and a suspended collecting pan. 

Strictly controlled experimental tests concerning the accuracy of settling tubes 

were carried out by GIBBS (1972). He came to the conclusion that the minimum 

dimensions of a settling tube should be 140 cm in length, with an internal diameter 

of 12 cm, in order to achieve accurate results. Accuracy is here understood to be 

a function of the dimensions of the system. Thus, the length of a tube will define the 

time that a sediment sample will have to separate its size components into their 

hydraulic fractions with sufficient resolution for continuous recording purposes. 

The diameter of a tube, on the other hand, will define the maximum quantity of 

material that can be processed without being too strongly affected by wall effects 

or density currents. 
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Figure 2 
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The principle of hydraulic equivalence: Definition Sketch. Particles A, B1, and C1 have the same 

intermediate diameter, but different settling velocities (Vs 
= 40 cm/sec; V1 

= 62 cm/sec; V2 

24 cm/sec). Particles A, B, and C are hydraulically equivalent, i.e. they have the same settling 

velocity (Vs 40 cm/sec) although their intermediate diameters differ considerably (Ds 
= 3.2 

mm;d1
= 2mm;d2

= 11.5mm) 

GIBBS (1972) derived at his minimum tube diameter by achieving accurate results 

with 1-3 g of sediment in a 12 cm diameter tube. This means simply that not more 

than 0.01-0.03 g/cm2 should be settled. The above mass/diameter ratio should 

always be observed when designing a settling tube. 

The funnel section seals off the bottom of the tube and a stop-cock with sufficiently 

!arge diameter will allow the accumulated sediment to be flushed from the system

whenever required.

The introduction device consists of a short tube section, slightly smaller in diameter 

than the settling tube itself. Across one end a double layer of nylon mesh is glued 

to form a tight surface. The outer layer should have a mesh size below 63 1J,, whereas 

the inner mesh can be coarser. The authors prefer this arrangement to plain disks 

used in some systems, because the dry sediment will immediate,ly fluidize from 

below through capilliary action when poured onto the mesh. The mesh surface 

should be slightly conical in order to avoid air bubbles from trapping sediment 
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when introduced into the column. The sediment is spread evenly across the surface 

and surface tension will hold the particles in place when inverting the introduction 

device. In its inverted position it is lowered into the tube until the sediment touches 

the water surface. The sudden break of the surface tension immediately releases 

the entire sediment layer. 

The collecting pan consists of a disk with a slightly smaller diameter than the tube. 

In order to give the pan centering stability a small flotation chamber underneath 

the disk is compensated with just enough lead shot to achieve negative buoyancy. 

The pan is suspended from two threads attached at opposite sides of the rim. The 
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authors found nylon threads inadequate for this purpose, but good results were 

achieved with thin whipping twine. Above the tube the two threads are held apart 

by a solid crossbar, from where they converge towards the hook on the cantilever. 

The electronic design of the settling tube system consists basically of a mass indi

cator which can be separated into three units: a transducer unit, an amplifier, and 

a transducer power supply. 

Several solutions for transducer units are discussed in the literature, although the 

least expensive system is without doubt a simple cantilever to which four strain 

gauges are cemented (Fig. 4). In this case the quality of the metal is important. 

lt must have a lovv Young's modulus and a low hysteresis, i. e. it must bend easily 

and return to its original position after bending. Two strain gauges are cemented 

to the top and two to the bottom of the canti lever. They are connected in a bridge 

configuration. 

str�in ga�ges

/ 

-

mounting 

0 

canti lever 

Figure 4 
Cantilever and strain gauges 

The signal from the strain gauges is fed into a suitable integrated-circuit operational 

amplifier, e. g. of the 725 type. The output of the strain gauge units is of the order 

of a millivolt, which means that a gain of 1000 is needed in order to produce the 1 

volt or so required to drive most pen recorders. A feasible electronic design is 

illustrated in Fig. 5. The strain gauge output is thus amplified and fed into a pen 

recorder. The cable between the strain gauges and the amplifier, as weil as that 

leading to the pen recorder, should be shielded in order to avoid hum pick-up. 

Operational Procedures 

A sediment sample is split down to about 10 g using a bulk sample splitter. The 

subsample is then further reduced with a microsplitter of standardized design 

(e. g. HUMPHRIES, 1961). Prior to introduction the water temperature is recorded 

and the pen recorder set at a suitable speed. For coarse sediments a high initial 
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Full circuitry of the strain gauge system with amplifier and power regulator 

paper feed rate is advisable (e. g. at least 240 mm/min), whereas fine sediments 

can be run at lower chart speeds (e. g. 60 mm/min or even 20 mm/min). lf the 

sediment is poorly sorted, then a run can be started at a high speed and switched 

down to a lower speed when the curve begins to level oft appreciably. The point 

at which a speed change is undertaken should be carefully annotated in order to 
allow the correct calculation of settling velocities from this point onwards. The 

pen recorder is conveniently triggered at the time of introduction by means of a 

micro-switch. 

Temperature effects on the settling process can be eliminated by placing the whole 

system into a temperature-controlled casing. However, this would result in con

siderable additional expense and the tube should therefore be placed in a rea

sonably temperature-stable room. In addition, any computer program used for 

velocity-size transformation can be adapted to cope with a wide range of expected 

room temperatures. 

When the curve has reached its maximum amplitude the recording process is 

interrupted and the next run is prepared. lf the strain gauge amplifier is fitted 

with variable resistors then it is not necessary to clear the pan after each run and 

several samples can be accumulated on top of each other. 

The recorded curve represents a continuous cumulative display of the mass of 

the particles as they settle onto the pan. The amplitude is in each case equivalent 

to 100% by weight, whereby the settling velocity for any point on the curve is a func

tion of the time that has passed since introduction, the height of the water column, 

and the density and viscosity of the fluid as determined by its temperature. Using 

the tables compiled by ZEIGLER and GILL (1950) or GIBBS et al. (1971) the size 

in mm of the hydraulically equivalent quartz or glass sphere is looked up and then 
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converted into its phi-equivalent (PAGE, 1955). Alternatively, the whole procedure 

of transforming settling velocities into grain sizes can be accomplished by com

puter. Manual calculations are extremely time-consuming and prone to operator 

errors. A complete computer program for this purpose is available from the authors 

on request. 

Discussion 

The simple strai n gauge system described above was subjected to a series of 
stringent tests in order to establish its accuracy, reproducibility, and comparability. 

After the important study of GIBBS (1972) it has become unnecessary to conduct 

extensive accuracy tests in terms of dimensional constraints, as long as the dimen

sions of the tube are chosen such that they lie within the accuracy limits defined 

by his experimental results. 

Reproducibility was tested by running several splits of individual samples. In each 

case excellent reproducibility was achieved. This is particularly well illustrated 

in standard deviation values of the reproducibility of individual statistical para
meters. An example is presented in Table 1. 

Table 1 

Results of Reproducibility Tests on Splints of the same Sample. 

SPLIT MEAN MEDIAN SORTING SKEWNESS 

1 3.588 3.608 0.295 0.048 

2 3.579 3.544 0.314 + 0.077

3 3.550 3.514 0.275 + 0.131

4 3.500 3.459 0.274 + 0.226

5 3.515 3.502 0.264 + 0.110

X 3.546 3.525 0.284 + 0.099

s 0.039 0.055 0.020 0.099

X mean of each set 

s standard deviation of each set 

The comparability was tested by comparing the results obtained on this system 

with those recorded on another system operating on a different principle. In all 

cases the respective curves lay within the normal scatter range of reproducibility. 

Further evidence for good performance is given by two other examples, where 

theoretic expectations were confirmed experimentally. The settling curve of glass 

spheres virtually coincides with the sieve curve (Fig. 1-B) and the modal shift of 

garnet sand by 0.5 phi-intervals (Fig. 1-C) compares well with the 0.6 phi calculated 

by RITTENHOUSE (1943). 

Several other tests were conducted in order to assess operational errors. System

atic as well as operator errors can enter the investigational procedures at various 

points of each subroutine and the discussion of analytical techniques would be 

incomplete if the limits of potential errors were not carefully estimated. Potential 

errors can enter the process in the course of the following subroutines: sediment 

sampling, sample preparation, splitting, introduction into the water column, re

cording of water temperatures and fall heights, evaluation of the resulting time

velocity curve. The final result will thus always contain an inevitable cumulative 
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error. The magnitude of this errors was carefully estimated by simulated computer 

experiments. Fig. 6 convincingly demonstrates the irrelevance of cumulative errors 

that may under normal operational conditions enter into the final results. 
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An important advantage of settling tube results is the continuous nature of the 

recorded curve and theoretically it would be possible to convert settling velocities 

into size equivalents in an almost infinite number of discrete steps. For practical 

reasons, however, the curve is sampled at a limited number of intervals. Tests 

of different resolution levels have demonstrated that computation and presenta

tion of size frequency-data at o.1 phi-intervals provide the most practical solution. 

In addition the results are ideally suited for the application of moment measures 

when computing statistical size parameters. By this procedure the whole curve 

is considered and not only a selected part of a size distribution as is the case with 

graphic measures. 

In order to demonstrate the systematic difference between sieving and seetling a 

number of selected sediment samples were first sieved at 0.5 phi-intervals and 

Figure 7 
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then processed in the settling tube. lt was found that the deviation between the two 
methods increases with increasing grain size. In terms of hydraulic equivalence 
sieve results increasingly overestimate the average grain size of sediments 
towards the coarser size classes, while sorting values are progressively under
estimated towards the poorer sorting categories. Skewness values, on the other 
hand, do not seem to vary systematically. The observed deviations between the 
two methods are generally assumed to be caused by differences in shape and 
densities of the particles. Together they control the hydraulic response of the in
dividual grains (MAIKLEM, 1968; BRAITHWAITE, 1973). Extreme shape effects 
can be expected especially in skeletal sands in which fragmentation is to a large 
extent controlled by the mineralogical structure and micro-architecture of the 
shell material (FOLK and ROBLES, 1964; FORCE, 1969). 

To illustrate the bulk shape effects on particle size distributions a number of ex
periments were performed in which the bulk settling behaviour of individual sedi
mentary components were compared to the results of sieving. A pure skeletal 
sand was sieved at 0.25 phi-intervals and subsequently processed in the settling 
tube (Fig. 7). The sieve results characterize the sediment as poorly sorted with 
a mean diameter of about 1.8 mm, whereas the settling results qualify the same 
sediment as being weil sorted with a mean diameter of only 0.6 mm; i. e. the hy
draulic equivalence of the particles in this sediment record a mean diameter, 
that is 66% finer than their geometrically defined size. 

These results leave no alternative but the conclusion that sieve data obtained from 
irregularly shaped particles should be treated with great caution. lt seems doubtful 
that they contain any significant information about the hydrodynamic processes 
involved in their deposition. Considering the present instrumental capabilities, 
it would seem that settling procedures are the only practical and reliable means 
by which hydraulically related size parameters can be obtained. 
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