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ABSTRACT

Fifty-nine detailed hydrophotometer analyses and twelve pipette analyses were performed on the
same sediment in an effort to assess the precision, reproducibility and comparability of these two fine-
grained size analysis techniques. The data demonstrate differences in mean diameter, standard devia-
tion (sorting), precision and reproducibility, and typically, the hydrophotometer shows a sediment that is
coarser by an average of 0.8 phi units over the same sediment analyzed by pipette. Sediment analyzed
with the hydrophotometer is enriched in silt and depleted in clay relative to the same sediment analyzed
by pipette, while the pipette shows a wider range of particle sizes and fewer modes than does the

hydrophotometer.

A comparison reveals that in this study, the pipette is more consistent and has better precision for
mean diameter, standard deviation, and weight percent determinations for each size interval studied.
The deficiencies in the pipette method include a longer and more tedious analysis, and it is more sus-
ceptible to operator error and changes in laboratory conditions over the time of an analysis.
Deficiencies in the hydrophotometer method include poorer precision and an inability to assess material

in size intervals below 2 .

Based on this study the hydrophotometer is best for assessing trends (finning or coarsening) in the
size distribution of the sediment, especially when the analysis must be performed rapidly, and the sedi-
ment is silt rich (> 80%) and poor in the clay-size component (< 2i1). The pipette method is best suited
for samples rich in clay-size material where analysis time is not a problem, and a more precise determi-

nation of the actual percent clay and size distribution is desired.



INTRODUCTION

A variety of electronic and manual methods have been devised and employed in the analysis of
fine-grained sediment. Since 1922 with the development of the pipette method by Jennings, Thomas
and Gardner (1922) and its refining by Krumbein (1932) for application to detrital sediment, fine-
grained size analysis has evolved from a manual/mechanical mode to an electronic mode. Electronic
instrumentation includes; the hydrophotometer, that employs photo-extinction principles described by
Rose (1954), Simmons (1959) and McKenzie (1963), and Jordan and others (1971); the Malvern laser
sizer that determines particle size from the angular distribution of forward scattered light (McCave and
others 1986); the Coulter and Elzone particle counters that determine particle volume from electronic
resistivity (Sheldon and Parsons, 1967; Swift and others, 1972; McCave and Jarvis, 1973; Stein, 1985);
and the Sedigraph that employs x-ray attenuation principles (Kunst, 1973; Vitturi, and Rabitti, 1980;
and Stein, 1985).

Since the early 1980°s it has become evident that the variety of size-analysis techniques available
are not similarly standardized, give different results for similar samples (Singer 1986), and have varying
degrees of accuracy and precision. Consequently, to attain a better understanding of the hydrophotome-
ter used in our laboratory, specifically its precision, accuracy and comparability to pipette, we per-

formed multiple analyses of the same sediment with both the hydrophotometer and pipette.

The U.S.G.S. Marine Sediment Lab participated in a similar study with Rice University (Singer
1986). In all, twenty laboratories participated in the Rice University study, that was an effort to assess
the standardization of a variety instruments used in textural analyses of fine-grained sediment, by using
both sorted and unsorted silt and clay samples. Singer attempted to assess not only different instru-
ments, but also different laboratories employing the same instruments and methods (Singer 1986). Her
study evaluated a settling tube, Coulter Counter, hydrophotometer, Sedigraph, pipette and two laser par-
ticle sizers. The U.S.G.S. Marine Sediment Laboratory provided one of two sets of hydrophotometer
data used in the study. The results of the comparison revealed some interesting problems in generating

and interpreting the data from the variety of methods available for fine-grained size analysis. Singer



(1986) showed that the Coulter Counter, Malvern Laser Sizer, Sedigraph, and hydrophotometer results
from sorted silt samples were in general agreement. Contrasting, data generated from the analyses of
unsorted silt and clay demonstrated minimal agreement (Singer 1986). Singer also found that in all
analyses, the results of pipetting showed the most variability, and the results from the Spectrex Laser
Particle Counter were not comparable with the other instruments in this study. Major discrepancies in
results were found to exist in the size distribution of samples containing clay-size particles and the
detail with which each instrument analyses the clay fraction. Singer (1986) found that the instruments
fall into two broad categories. The laser based sizers and Coulter Counter do not detect particles below
a minimum size, whereas the hydrophotometer, pipette, and Sedigraph are total sedimentation methods
reporting percentage finer than the lowest analysis point (Singer 1986). The Sedigraph resolves particle
size down to 0.24j (12¢) while the hydrophotometer and pipette method report clay as a single weight
percent (Singer 1986). These differences affect the statical calculations and interpretations derived from
the resulting statistics. Singer also found that the statistics can be misleading especially when the sedi-
ments contain a significant clay fraction, and that mean phi values may be off as much as 2 phi units if

the unresolved components are factored into the calculations.

The study described in this report was performed to assess the reproducibility and precision of the
hydrophotometer used by Marine Geology through triplicate analyses of two of the six samples
analyzed in the Singer report (samples 3 and 4; Singer 1986), duplicate analyses of marine sediment
from the shelf adjacent to the Russian River of northern California, and multiple analyses (59) of
marine sediment from Shelikof Strait, Alaska. Finally, the major focus of this study is to compare the
pipette method that is based on Stokes’ Law of settling to the automated hydrophotometer that is based
on photo-extinction principles as related to Stokes’ law. This is accomplished through multiple ana-
lyses of the same marine sediment with both the hydrophotometer and pipette. This study improves on
the Singer study in that it focuses with more detail on the hydrophotometers’ reproducibility, only two
techniques are compared rather than the variety of techniques assessed by Singer, and finally, all ana-

lyses were performed in the same laboratory allowing for better control during the study.



PRINCIPLES OF OPERATION

Hydrophotometer

The hydrophotometer is a linear photometric device that is based on the photo-extinction theory
(Rose 1954). The theory, principles and early instrumentation were first introduced by Wagner (1933)
for use in measuring silt-sized cement particles. The photo-extinction theory and instrumentation were
subsequently examined both theoretically and experimentally, and improved by Rose (1954), Simmons
(1959), and McKenzie (1963), culminating with the development of the first marketable hydrophotome-
ter for geological lab use by Jordan and others (1971).

The basic working theory of the hydrophotometer is the relation of the change in the percent
transmission of light that is passed through a sediment suspension to differential particle settling as
determined by Stokes’ law (Jordan and others 1971). Rose (1954) shows that the photo-extinction prin-
ciple depends on the amount of light absorption that occurs by the particles in suspension. The hydro-
photometer takes light transmission readings at times that correspond to specific sizes derived from
Stokes’ law. As settling proceeds the sediment suspension clarifies and percent transmission increases.
Thus, the hydrophotometer measures the rate and amount of change of light absorption in a sediment

suspension and that is related by Stokes’ law to particle settling diameter (Simmons 1959).

Stokes’ law is described by the equation:

v = WAP) + 189

where v = velocity; ¥ = gravitational acceleration; AP = the difference between the specific gravity of
the particles and the fluid medium, d = particle diameter and 7 = the viscosity of the medium. Stokes’
law is not applicable to all particles settling in a fluid, and strictly it is only valid under the following
conditions.

1. The motion of the particle in the fluid is streamline.

2. The fluid extends for an infinite distance around the particle.

3. The fluid must be of infinite extent in relation to the particles.

4. Particles must have reached terminal velocity.
5. Particles must be rigid, smooth, and spherical.



6. No slippage or shear must take place between the particle and the fluid.
7. The particles must be greater than 0.5 and smaller than S0y

Two obvious deviations that geological particles present to the above assumptions are their non-
spherical and non-smooth nature. A third deviation is that the size-range over which Stokes’ law is
valid, is somewhat different than the size range of the particles that comprise certain sediment.
Theoretical and experimental studies by Amold (1911) and Krumbein and Pettijohn (1938) have shown
that although in theory Stokes’ law is only valid following the above assumptions, it is also valid in the

range of silt- and clay-sized particles in laboratory situations.

Both Rose (1954) and Simmons (1959) show how light transmission values can be converted to
weight percents by using an extension of the Beer-Lambert law. Letting I be the intensity of the

incident light and I, the intensity of the transmitted light, then the relation between I and Ip is given

by the equation:
I 2 2
In-——=kCI Y K, Nd;’
o i3

where k is the ratio of the projected area of a particle to its diameter; C is suspension concentration; /
is the length of the light path through the suspension; N is the number of particles of size d, ; and K,
(the extinction coefficient) is the ratio of the apparent projected area of a particle of diameter d, to the
true projected of a particle of diameter d, (Rose 1954, Simmons 1959, and Jordan and others 1971).
For any laboratory situation k, C, and 1 are constant, and the value for K; may be taken from a curve

provided by Rose (1954).
Having values for I, at times tl, t2,...tn as calculated by Stokes’ law, Rose (1954) and Simmons

(1959) show that a plot of lnli- vs d, defines a curve the area of which is proportional to the total
o

weight of the sample. When material in the size range d, to d, is considered Rose shows that:
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is proportional to the weight of the



material in a particular size range. In converting light transmission to weight percent the photo-
extinction theory assumes that:
1. The particles are opaque and there is no reflection between the particles and the walls of
the vessel.

2. The factor K, includes all deviations in light obscuring power of a particle from that
given by the usual laws of geometrical optics.

3. Particle concentration is such that no two particles fall on the same line parallel to the
light beam.

By applying normal laws of optics Rose (1954) was able to show that particles behave similar to
a lens and the assumptions are satisfactorily fulfilled in the size range from 2 to 60yt. The requirements
for opacity, reflection, and particle concentration are met when there is a sufficient difference between
the refractive index of the particles and the fluid medium (as exists between water and sedimentary par-
ticles), the photo-cell is suitably positioned and restricted to limit the angle of light reception thereby
eliminating the reception of scattered light (Simmons 1959), and particle concentration does not exceed
1% by volume. The assumption for the extinction coefficient, K, is fulfilled by the curve supplied by
Rose (1954) that gives values of K, for particles from O to 80p. Rose also provides a method of apply-
ing a correction for the extinction coefficient, which for some particle sizes is appreciable (Simmons
1959). Both Rose (1954) and Simmons (1959) state that the photo-extinction theory breaks down for

flaky transparent material below the 2ut (99) size because a flat slab cannot deviate a light beam.
Pipette

The pipette method is probably the oldest and most widely employed method of fine-grained size
analysis. The pipette method is based on Stokes’ law, and it is a sedimentation technique that deter-
mines sedimentation diameter that is a function of particle size, shape and density. Unlike hydropho-
tometric techniques that are based on photo-extinction principles as they relate to Stokes’ law, the
pipette method involves the withdrawal of sediment samples at precalculated times and depths as deter-
mined by Stokes’ law. In a pipette analysis the first sample is taken at such time and depth that it

represents the total amount of silt and clay. At the time of sampling no particular size fraction has com-

pletely settled past the sampling point. Subsequent withdrawals are taken such that a particular size



fraction has settled past the sampling point. All material remaining in suspension and subsampled is
thus finer than that which has settled past the sampling point. Obvious disadvantages of this method
include a longer and more tedious analysis, a higher chance for operator error and sample disturbance

during subsampling, and a potential for changes in laboratory conditions over the period of the analysis.

One procedure of size analysis makes it an artificial measurement of the natural size-distribution
of the sediment. In nature, particles of silt- and clay-size material combine to form flocs and aggre-
gates that settle out of the water column. The procedures used in preparing sediment for grain size
analysis destroys the bonds that form the flocs and aggregates, thereby disaggregating the sediment.
Thus, grain size analysis measures the size-distribution of the disaggregated particles and not the flocs
and aggregates that actually comprise the sediment. This method of preparation is performed to stand-
ardize the technique so that each individual investigator and laboratory measures the same thing, thus
making the results and textural parameters more comparable from laboratory to laboratory. The prob-
lem here is that although most investigators measure the size distribution of disaggregated sediment,
they may not measure it in the same way (i.e. pipetting vs hydrophotometer), thereby making results

difficult to compare.

METHODS

To assess the precision of the hydrophotometer, two samples, previously used in an inter-
calibration experiment conducted by Rice University (Singer 1986) were selected. The two samples, #3
and #4, are silts that were prepared by Singer for interlab comparison by decantation. The absolute size
ranges are not known, but the composition and approximate size range is. Sample #3 is a quartz-silt
having an approximate size range of 37-18u (4.75-5.75¢), and sample #4 is a glacial silt having an
approximate size range of 37-25u (4.75-5.25¢). Both samples were analyzed 3 times with a hydropho-
tometer. A second test of reproducibility of the hydrophotometer was performed by duplicate size ana-
lyses of the silt-clay fraction of 10 samples of marine sediment from the shelf adjacent to the Russian

River, California.



The sample used to assess precision and comparability between the hydrophotometer and the
pipette methods is the silt-clay fraction of a marine sandy mud (26% sand, 42% silt and 31% clay) col-
lected in Shelikof Strait, Alaska. The sample was mixed to insure homogenization and 18 subsamples
weighing between 5 and 10 g were taken for analysis; 6 were dedicated for hydrophotometer analysis

and 12 for pipette analysis.

Techniques used to determine the size distribution of the samples are slightly modified from
methods described in Folk (1968) and Carver (1971). Samples were first treated with hydrogen perox-
ide to oxidize organic carbon and disperse the sediment. Following oxidation, excess peroxide was
removed by heating samples to a gentle boil. Solubles were removed by two successive washings

under centrifugation with distilled water.

Gravel (> 2mm), sand (2mm-63p), and silt and clay (< 63) were segregated and removed from
the Russian River samples by wet-sieving. Segregation differed slightly for the Shelikof Strait sediment
in that the sand and coarse-silt fraction (2mm-38p) was sieved off leaving a silt-clay fraction of
material < 38 for size analysis. The silt-clay fraction for each sample was collected in a 1000 ml gra-
duated cylinder in preparation for either hydrophotometric techniques described by Jordan and others

(1971) and Torresan (1984), or pipette analysis as described by Carver (1971).

There is one source of error introduced into the size analysis. Wet-sieving segregates sediment
into the respective size fractions based on their least cross-sectional area while sedimentation analysis
that is based on Stokes’ law, determines the sedimentation diameter based on settling velocity. The use
of sieving to segregate samples introduces size dependent constraints into the sedimentation analysis at
the 63 sand-silt cutoff. Thus, material that physically falls through the sieve as silt-size material, may
have a density such that it settles and behaves like sand. The converse is also true, material categorized

as sand based on sieving may actually settle as silt owing to particle size, shape and density.

Following the transfer of the combined silt-clay fraction to one of 18 graduated cylinders, each
sample was treated with 5-10 ml of a 0.1% sodium hexametaphosphate solution to prevent flocculation
(Carver 1971). Each cylinder was then filled to 1000 ml with distilled water. To insure complete

homogeneity, the fluid-sediment column was agitated with a stirring rod for two minutes.



Following agitation of each of the six graduated cylinders dedicated for the hydrophotometer, 10
representative aliquots were withdrawn with a pipette and analyzed yielding a total of 60 analyses (only
59 analyses were completed owing to one flawed data set). The remaining cylinders were used to per-
form a total of 12 pipette analyses. Both techniques were performed at at 1/2 phi intervals from 63-2p
(4-9¢). The unresolved component finer than 2 (9¢) was summed as percent finer than 2. For the
hydrophotometer analysis, a small aliquot (1-5 ml) was withdrawn and placed into a special cell. Each
cell was then filled to a precise 8 cm fall distance. Sample density was adjusted by the addition of
either sample or distilled water so that the initial light transmission values ranged between 15 and 45%.
The hydrophotometer employed was a Cimax TSS model 800S. This particular model is an automated
version of that described by Jordan and others (1971), in that a microprocessor controls agitation, data
collection and calculation of phi interval weight percent for 10 samples simultaneously. Sample agita-
tion is performed by rocking the sample rack back and forth (from a vertical to a horizontal position
and back) 6 times.

The raw data for all analyses was processed with the U.S.G.S. Marine Geology computerized
sediment size-analysis program (SEDSIZE), that calculates and plots the descriptive statistical parame-
ters used to characterize the grain-size distribution. All grain-size statistics are given in both mm and
phi units, and all statistics discussed are moment measures. Much of the data were also processed using
the statistical routines available on Minitab, a general purpose data analysis system available on the
U.S.G.S Marine Geology computer system.



RESULTS AND DISCUSSION

Hydrophotometer Precision Tests

Two samples (#3 and #4) used in an earlier study (Singer 1986) were analyzed 3 times each with

the hydrophotometer for this study. The results are presented in figures 1 and 2, and appendix 1.

It is evident from figure 1 that sample 3 has similar frequency curves and values for mean phi
and standard deviation. The frequency curves for the three analyses of sample 3 overlap, and the three
mean phi and standard deviation values are within 0.3 phi and 0.09 phi units of each other respectively
(fig.1). The three values for mean phi are within 3.5% of the average mean phi (4.90¢), and the three
values for standard deviation are within 11% of the average standard deviation (.4798), attesting to the
good precision of the hydrophotometer in this phi range using this standard (fig. 1). The greatest
disparity in the results occurs in the ability of the hydrophotometer to reproduce specific size interval
weight percents (appendix 1).

Like sample 3 the three analyses of sample 4 are also similar (fig. 2). The frequency curves
overlap, and the values for mean phi and standard deviation are within 0.2 and 0.22 phi units of each
other respectively (fig. 2). The three values for mean phi are within 2.6% of the average mean phi
(4.81), and likewise the three values for standard deviation are within 3.1% of the average standard
deviation (.4030) reflecting the high degree of precision for this set of data. Similar to sample 3 the
greatest difference occurs in the hydrophotometers’ ability to duplicate the values for weight percent for
each size interval analyzed. This problem will be discussed later upon examining the reproducibility of
data from size interval to size interval using marine sediment rather than artificially sorted sediment.
Summarizing, it appears that the hydrophotometer performs well with artificially sorted standards,
although the data for sample 4 show a higher degree of precision than do the data for the analysis of

sample 3.

A second test of precision was performed by duplicate analyses of marine sediment from the shelf
adjacent to the Russian River of northern California. Raw data, grain-size statistics and histograms of

the size distribution are presented in figure 3, table 1 and appendix 2. The textural parameters



generally agree and in fact, some are exact duplicates (table 1). The mean phi values are within 0.3 phi
units of each other for the duplicate analyses (table 1), and within 3.0% of the average mean phi for
each set of duplicate analyses. Evident from the frequency curves the size distributions also agree as
they have similar shapes and modes (fig. 3 and table 1). The data appear to show a favorable com-

parison between the duplicate analyses, especially in samples with a high percentage of silt over clay.

Comparison of the Hydrophotometer and Pipette Methods

Results of this study show that there are notable differences between the hydrophotometer and
pipette methods used in fine-grained size analysis. The results are summarized in tables 2-4 and were
distilled from the data in appendices 3 and 4.

Once 10 samples have been placed into the hydrophotometer minimum analysis time for a 4 cm
fall distance and the same sample interval employed in this study is 3 hours and 20 minutes. An
equivalent pipette analysis requires a minimum of about 9 hours. Unlike the pipette the hydrophotome-
ter does not disturb the settling process during sampling, thereby reducing potential operator error.
Once a hydrophotometer analysis is initiated all sampling and data tabulation is automated. In contrast,
pipetting requires that the operator withdraw specific sample volumes at predetermined times and
depths. The samples must then be dried and weighed before the data can be tabulated, thereby introduc-
ing a variety of potential errors including the disruption of settling, improperly placed and timed sample
withdrawals and weighing errors. Thus, with respect to analysis time and ease of operation, the hydro-
photometer is significantly faster, easier to use and has a lower potential for operator error over the
pipette method. This agrees with the findings of Rose (1954), Simmons (1959) and Jordan and others
(1971).

The range in weight percent values (max% - min%) for each 1/2 phi sample interval is larger and
more variable for the hydrophotometer than it is for the pipette (figs. 4 and S; tables 2 and 3). The
values determined by the hydrophotometer for weight percent in each sample interval ranged from 7%
to over 16% within any one sample interval (fig. 4 and table 2). Contrasting, the range in the same

values for the pipette analysis is smaller and less variable than the corresponding hydrophotometer data
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(fig. 5 and table 3). Pipette values have a minimum range of 1.7% and a maximum range of 8.2% for
any one sample interval, showing that a higher degree of precision is attained with the pipette. This
observation is corroborated by the standard deviation values for mean weight percent presented in tables
2 and 3. These data show that the standard deviation of the mean weight percent in each 1/2 phi sam-
ple interval ranges from a low of 1.37% to a high of 4.86% for the hydrophotometer (table 2), whereas
pipette values range from a low of 0.48% to a high of 2.06% (table 3), implying better precision for the
pipette analysis.

Figure 6 is a plot of the average mean diameter (average mean phi) vs the minimum and max-
imum mean diameter (mean phi) values for each individual set of ten hydrophotometer analyses
(524A-524F), for all 59 hydrophotometer analyses, and for the pipette data. Figure 6 shows that the
hydrophotometer analyses have a larger range of mean phi values than does the corresponding pipette
data. Again, the data show that the pipette method results in a higher degree of precision. Likewise,
comparing standard deviation values for the average mean phi (table 2 and 3) it is evident that the
hydrophotometer value is three times larger than the corresponding pipette value (0.25¢ vs 0.06¢), veri-

fying its lower precision.

Similar observations are made when comparing the cumulative curves derived from the two tech-
niques (fig. 7). The six representative pipette curves exhibit 8 much narrower range of dispersion than
the corresponding hydrophotometer curves, confirming the better precision of the pipette method in this
study. These results are in direct contrast with similar studies performed by Jordan and others (1971)

and Singer (1986), that show a higher precision was attained with the hydrophotometer.

Perhaps the higher degree of variability shown by the hydrophotometer in this study reflects the
way light transmission values are converted to sedimentation diameters by application of photo-
extinction principles described by Rose (1954) and Simmons (1959). Rose shows that the precision and
validity of the photo-extinction principles decay below 2j1 (9¢) owing to the nature and shape of clay-
size particles and the way they deviate and transmit light. Possibly, the amount of clay present in the
sample affects the precision with which the hydrophotometer performs. Rose (1954) and Simmons

(1959) both believe that the hydrophotometer is best applied to silt-size particles between 63 and 2.

11



Another major difference observed in this study is a disparity in the percent silt and clay calcu-
lated by each technique for the same sediment (tables 2-4). Similarly, the values calculated for average
mean phi, standard deviation, skewness and kurtosis reflect this difference: that is for the same sedi-
ment, the hydrophotometer consistently determines a larger value for percent silt, a smaller value for
percent clay, portraying a slightly coarser and better sorted sediment than does the pipette (table 4).
This observation is in general agreement with data presented by Simmons (1959) and Singer (1986).
For this study the hydrophotometer determines that clay averages 14.63% of the sediment whereas the
pipette averages 37.90% (table 4). The disparity in percent silt and clay determined by each technique
is also evident in the average moment measures (table 4). The average mean phi for the hydrophotom-
eter is 7.69 phi with a standard deviation of 1.90 phi (table 4). Notably disparate are the pipette data
that average 8.48 and 2.55 for mean phi and standard deviation respectively (table 4). Simply, the
pipette data averages 0.8 phi finer than the same sediment analyzed with the hydrophotometer, and the
larger average mean phi and standard deviation values reflects the apparently higher amount of clay

present as determined by the pipette method.

Average skewness and kurtosis values also mirror the disparity in percent silt and clay calculated
by each method (table 4). Skewness and kurtosis values for the hydrophotometer show the size-
distribution to be apparently coarser and more peaked than the pipette data. The coarser skew and
more peaked nature of of the hydrophotometer data implies a silt-rich and clay-poor sediment relative
to the pipette data, Conversely, the relatively higher clay content of the pipetted sediment is expressed
by lower skewness and kurtosis values, reflecting a broader, more finely-skewed range of particle sizes
relative to the hydrophotometer data. Similarly, the representative cumulative frequency plots and his-
tograms of the particle size-distributions show the pipetted sediment to have a broader and finer range
of particle sizes than the same sediment analyzed with the hydrophotometer (figs. 7 and 8).

Representative histograms of the pipette analyses are bell-shaped, and have an even distribution
of material between 31 and 2u (5 and 9¢) when compared to the hydrophotometer histograms (fig. 8).
Also evident is the polymodal nature of the hydrophotometer histograms when compared to the pipette
data. Not only are the hydrophotometer histograms enriched in silt and depleted in clay relative to the

pipette samples, but individual modes are more numerous and more distinct than those derived by

12



pipette analysis,

Typically, histograms representing the hydrophotometer data all start with an initial mode of 3 to
5 percent of the population in the 63 to 44 | (4 to 4.5¢) range. This drops off to near zero between 31
and 15.6u (5 and 6¢). The drop is followed by a strong jump to between 15 and 20 percent in the 20.8
to 10.4p (5.5 to 6.5¢) size-range as evident in figure 8. Analogous results were observed in the hydro-
photometer analysis of samples 5 and 6 in the study by Singer (1986). Contrasting, the pipette histo-
grams display a stepped and progressive increase of material from 63 to 20.8u (4 to 5.5 and 6.5¢)
where the primary mode appears. Similar observations are made when comparing the cumulative fre-

quency curves derived from the two techniques (fig. 7).

Summarizing, the data shows the pipette to portray a finer and more poorly sorted sediment than
the same sediment analyzed with the hydrophotometer. Pipette data in this study is less variable and
more reproducible attesting to better precision. This contrasts with data presented by Simmons (1959),
Jordan and others (1971) and Singer (1986) who show that pipette data of similar sediment is less con-
sistent, more erratic, more variable, and less reproducible than corresponding hydrophotometer data.
With respect to the interlaboratory study conducted by Singer (1986), operator technique and laboratory
conditions can strongly influence the results. Since the pipette method relies more on laboratory condi-
tions and operator technique, it is not unexpected that there is more variability in the results of her

interlaboratory study than this intralaboratory study.
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CONCLUSIONS

Based on a review of literature, an intercalibration study by Singer (1986) and the results of this

study, certain observations and conclusions are evident.

1. Rose (1954) shows that the photo-extinction method upon which the hydrophotometer is
based apparently decays below 2 (9¢). Rose (1954) and Simmons (1959) therefore believe that
the photo-extinction method is best suited for the analysis of silt-size particles between 63 and

2

2. The hydrophotometer is faster and easier to use than the pipette.

3. Pipetting is more tedious, slower and more susceptible to operator error and laboratory condi-

tions.

4. The hydrophotometer consistently calculates a coarser mean diameter (by 0.84) and portrays
a sediment that appears enriched in silt and depleted in clay relative to the same sediment
analyzed with the pipette.

5. The hydrophotometer has a lower precision for mean diameter and weight percent values

than does the pipette.

6. Individual modes are more numerous and more distinct in the hydrophotometer histograms
relative to pipette histograms of the same sediment, showing that the hydrophotometer character-
izes a sediment that is apparently coarser and more polymodal in nature that the corresponding

pipette data,

7. Based on the lower precision and apparent polymodal nature of the hydrophotometer data in
this study, inferences made on population modes would appear to be more tenuous for the

hydrophotometer data than carefully collected pipette data.

8. Comparing the studies by Simmons (1959), Jordan and others (1971), Singer (1986) and this

14



study, it is apparent that interlab comparison of the hydrophotometer are more consistent and
reproducible than interlab pipette analysis. However, intralab or intraoperator hydrophotometer
and pipette analysis can show the opposite results- higher precision is realized with one operator
comparing different methods. Thus, comparing the inter- and intra- lab/operator results is tedi-

ous.

9. More detailed testing employing both standards and natural sediment, combined with a
detailed statistical analysis is required to obtain a better understanding of the differences and
strengths and weaknesses of both techniques. Testing will help assess the effects of natural sam-

ple variability, and systematic instrument and operator error,
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IMPLICATIONS AND RECOMMENDATIONS

Based on the results of this and other studies, it is evident that the use of either the hydrophotom-
eter or pipette methods for fine-grained size analysis should be dictated by several situations. First, the
hydrophotometer should be used when comparing data from other studies that also employed the hydro-
photometer. Because the hydrophotometer employs photo-extinction principles as they relate to Stokes’
law, the hydrophotometer determines lower values for percent clay than the pipette method, thereby
making comparisons between methods unfavorable. As a result of this disparity in percent clay the
hydrophotometer may deliver an artificial size distribution because it may not include a substantial pro-
portion of the material finer than 2 p in its size-distribution curve. As demonstrated here and in a study
by Singer (1986), the hydrophotometer generally does not compare favorably to pipette analyses, espe-
cially when the sediment analyzed has a considerable component of material finer than 2). Therefore,
the hydrophotometer should be used when comparing to other size data generated with a hydrophotome-

ter.

If speed in analysis and general sedimentary trends are required (i.e. coarsening or finning across
a study area or down core) then the hydrophotometer may fulfill your requirements. Since this study
and Singers’ study show that the hydrophotometer compares best with other hydrophotometer data and
that precision apparently decreases with increasing clay content, it is suggested that the hydrophotome-
ter be used for silt-rich samples containing < 20% clay. Rose (1954) and Simmons (1959) also state

that the hydrophotometer is best suited for the size-analysis of silt particles between 60 and 2} in size.

Contrasting, should time requirements not constrain the study; should the size analysis require
determinations of size-distribution information below 2j; should comparisons be made to size-
distribution data determined via pipette analyses; and should the samples to be investigated have sub-
stantial quantities of material finer than 2, the pipette or other methods (i.e. Coulter Counter) is sug-

gested as the size-analysis technique.
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Rice Sample 3
run mean stdev sk kt
rice3dA  5.0472 .4349 1.0345 17.0608 A
rice3B 4.9228 .5195 2.5552
rice3C 4,7245 .4850 3.2645
avg mean phi 4.898 +/- 3.5%
avg stdev .4798
| 1 |
1 2 3

GRAIN SIZE (¢)

P:IGUI_{E 1. Frequency curves and histograms showing 3 replicate runs of sample 3, a quartz-
silt with an approximate size range of 37-18 (4.75-5.75¢) . Also included are the mean ¢,
standard deviation (stdev), skewness (sk) kurtosis (kt), the average mean, % error for the aver-
age mean, and avcrage standard deviation.
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56

Rice Sample 4

run mean stdev sk kt 4C
ricedh  4.9300 .4127 1.2759 22.2490

49 |- rice4B  4.7500 .4060 0.9250 07.7754 A/
rice4C  4.7351 .3904 1.4866 21.0901

avg mean phi 4.805 +/- 2.6%
avg stdev .4030
42 —

35

WEIGHT (%)
n
©
1

21+

14 |

7

0 1 | 1
0 1 2 3

GRAIN SIZE (¢)

FIGURE 2. Frequency curves and histograms showing 3 replicate runs of sample 4, a glacial-
silt with an approximate size range of 37-25u (4.75-5.25¢). Also included are the mean ¢ ,
standard deviation (stdev), skewness (sk), kurtosis (kt), the average mean, percent error for the
average mean, and the average standard deviation.
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FIGURE 3. Histograms generated from duplicate analyses of the silt-clay fraction of 10 marine
sediment samples from the contincntal shelf adjacent to the Russian River, northern California.
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FIGURE 4. Plot of mean weight percent vs the minimum and maximum weight percent values
for each phi intcrval analyzed with the hydrophotometer.
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FIGURE 6. Mcan phi vs sample group plots for each set of hydrophotometer data (524A-
524F), all 59 hydrophotometer analyscs and the 12 pipette analyses. Error bars show minimum
and maximum phi in each sample group analyzed.
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FIGURE 7. Representative cumulative frequency curves for 6 hydrophotometer and 6 pipette
analyses of the same scdiment. Note the smoother nature, better overlap and less dispersion of
the pipette curves, and higher component of silt in the hydrophotometer curves.
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TABLE CAPTIONS

TABLE 1: Percent silt, percent clay and the moment measures of the size distribution for the duplicate
analyses of the Russian River sediment,

TABLE 2: Summary statistics for the 59 hydrophotometer analyses presented in appendix 3. Data
includes the number of analyses, the mean, median, standard deviation, and minimum and maximum
values for the weight percent of material in each phi interval analyzed.

TABLE 3: Summary statistics for the 12 pipette analyses presented in appendix 2. The data includes

the number of analyses, the mean median, standard deviation (stdev), and minimum and maximum
values

TABLE 4: Average values for percent silt, percent clay and the average moment measures of the size
distribution for the hydrophotometer and pipette analyses presented in tables 2 and 3.
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TABLE 1. Hydrophotometer derived grain-size parameters.
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TABLE 2. Summary statistics for 59 hydrophotometer analyses.

Phi mm N MEAN% STDEV __MIN MAX RANGE
4.5 0.044 59 3.202 1.373 0.31 8.52 8.21
50 0.031 59 2,058 1.054 045 7.58 7.13
5.5 0.022 59 3217 4.189 0.22 16.35 16.13
6.0 0016 39 6.704 4.857 0.27 15.19 14.92
6.5 0.011 59 12489 2219 8.07 17.80 9.73
7.0 0.008 59 12882 2284 8.17 17.95 9.78
1.5 0.006 59 13403 2.526 8.72 18.44 9.72
8.0 0.004 59 10.892 2.287 6.81 16.44 9.63
8.5 0.003 59 8.906 2.078 4.01 17.24 13.23
9.0 0002 59 11618 3.062 5.73 18.37 12.64
14.0 0.0001 59 _ 14.629 2.640 8.66 19.92 11.26
AVERAGE STATISTICS

Mean Phi 59 76875 02486 7.070 8.10 1.03
SD 59 19010 00824 1730 2.08 0.35
Sk 59 0.7292 01075 0.550 095 0.40
Kt 39 29886 02302 2470 341 0.94
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TABLE 3. Summary statistics for 12 pipette analyses.

Phi mm N _MEAN% STDEV __MIN MAX RANGE
4.5 0.044 12 0.764 0.492 000 1.73 1.73
5.0 0.031 12 3.848 0.828 298 593 2.95
5.5 0.022 12 9411 0.481 8.57 10.16 1.59
6.0 0016 12 8.632 0.698 747  9.66 2.19
6.5 0.011 12 7.390 2.059 125 898 173
7.0 0.008 12 7.787 2.047 564 1387 8.23
1.5 0.006 12 8.200 1.608 562 998 4.36
8.0 0.004 12 4.468 2.049 146 690 5.4
8.5 0.003 12 5.288 1.144 354 6.88 334
9.0 0.002 12 6.313 1.248 417 827 4.10
14.0 00001 12 37.896 0.877 3661 39.27 2.66
AVERAGE STATISTICS

mean phi 12 84825  0.0637 840  8.57 0.17
SD 12 2.5500  0.0256 2.51 2.59 0.08
Sk 12 0.0917  0.0310 005 0.13 0.08
Kt 12 13975 0.0160 1.37 143 0.06
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Table 4. Average grain-size parameters.

Pipette

av av, av, a av, av,
%srglt l§ meang hi S\l"g Slg th

Hydrophotometer 85.37 14.63 1.69 190 073 299
62.10 3790 8.48 255 0.09 140
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APPENDICES

APPENDIX 1: Hydrophotometer weight percent data for the triplicate analyses of samples 3 and 4,
used to generate the plots shown in figures 1 and 2.

APPENDIX 2: Weight percent data, moment measures, modal analysis and frequency and cumulative
frequency plots for the duplicate analyses of the Russian River shelf sediment.

APPENDIX 3: Data generated from the 59 hydrophotometer analyses. Data is presented as weight per-
cent of material for each 1/2 phi size-interval analyzed from 4 to 9¢ . The column labelled 14
represents the percentage of material (clay) as a single weight percent finer than the lowest analysis
point of 9.0 phi. Also included are the mean phi, sorting as standard deviation (stdev), skewness (sk)
and kurtosis (kt) for each of the 59 analyses.

APPENDIX 4: Data generated from the 12 pipette analyses. Data is presented as weight percent of
material for each 1/2 phi interval analyzed from 4 to 9 phi. The column labelled 14 represents the per-
centage of material (clay) as a single weight percent finer than the lowest analyses point of 9.0 phi.
Also included are the mean phi, sorting as standard deviation (stdev), skewness (sk) and kurtosis (kt)
for each analysis.
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Appendix 1. Particle size distribution.

phi 45 5.0 ss 6.0 65 7.0 75 8.0 85 9.0 14.0
mm 0044 0031 0022 0016 0011 0008 0006 0004 0.003 0002 0.0001
SAMPLE WEIGHT PERCENT

3A 892 3675 4117 1269 039 002 002 001 000 000 0.03
3B 2012 3805 3120 1002 031 004 007 005 003 000 011
c 3493 4208 1785 466 022 014 002 000 000 0.00 0.10
4A 1430 4081 4025 43 018 005 003 002 000 000 0.03
4B 27150 4678 2326 226 003 004 005 003 002 003 0.00
4C 2156 __ 5057 _ 19.5§ 223 000 004 003 000 000 000 0.02
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Appendix 2. Particle size distribution.

phi 45 S0 S5 60 65 10 15 80 85 90 140
| mm 0044 0031 002 0016 0011 0008 0006 0004 0003 0002 00001
SAMPLE WEIGHT PERCENT

301 1646 2865 1451 1026 813 629 429 445 240 105 351
301r 3347 1491 1657 960 ST S64 SS9 292 181 0i8 352
303 1314 211 1787 106 872 732 630 366 197 LIS 6l
303r 2763 1447 1438 1348 713 764 SOl 382 197 028 419
307 2887 1809 1499 955 741 626 62 219 268 005 369
307 2252 2193 1576 1091 799 S48  S.16 360 200 065 400
7 277 203 1079 1182 1153 1082 351 1512 749 1080 1332
i 084 975 1217 1137 1267 988 342 1062 972 151 1205
£7Y) M6 1177 1811 797 09 615 6T  ATT 415 235 6
e 1887 1932 1239 1175 568 118 825 488 399 233 536
3 2832 1498 1233 845 735 18 916 502 428 270 523
329r 2612 1343 1090 1040 346 650 716 S89 376 208 530
335 220 292 1626 1041 707 534 420 403 242 116 349
33r 3076 1848 1403 941 703 492 S47 280 225 146 319
3% 3349 1964 885 905 436 1092 140 293 296 068 S72
336 1203 3400 915 854 68 1336 090 277 468 104 667
W 2911 3526 1666 708 351 248 22 074 082 073 139
33 3656 2863 1620 650 394 19 211 157 048 066 136
341 855 1957 1166 1010 863 800 842 1031 324 405 747
341r 850 1814 1396 858 996 777 1038 538 47 481 126




Appendix 3. Particle size distribution.

phi 45 50 5 60 65 70 75 8.0 L X 9.0 14.0
| mm 0.044 0031 0022 0016 0011 0008 0006 0004 0003 0.002 0.0001
MOMENT
SAMPLE WEIGHT PERCENT MEASURES
mean sdev sk Ikt

524s-1 375 232 1.70 1.25 1113 1455 1182 1414 1029 1085 18.20 795 198 035 268
524s-2 504 091 a7 1049 1493 1160 1128 1080 8.64 s.11 14.41 751 198 078 297
52423 202 241 0.73 040 1194 15.93 18.29 10.59 159 10.88 19.22 802 194 068 264
S2¢a4 201 294 0.81 999 1187 1155 18.44 $.32 782 11.60 1465 760 189 079 299
524s-5 398 171 626 1234 11.64 11.89 1145 10.37 9.29 717 139 744 197 083 301
52426 S5.01 1.68 415 1146 1320 1159 11.15 11.47 123 9.3 1367 746 197 078 300
S24s-7 207 207 0.42 0.65 854 1785 1560 14.66 831 10.21 19.92 810 192 065 262
52428 375 253 9.63 1121 1397 1050 11.72 8.65 5.62 953 1289 731 198 088 307
524s9 162 138 137 137 1780 1320 1279 1292 1033 8.06 18.66 794 194 075 266
524s-10 0.31 155 7.05 1519 1256 1148 11.95 784 758 11.24 1328 750 189 095 304
524b-1 434 218 0.95 282 1523 1185 1193 1521 9.18 11.61 14.70 776 190 063 3.02
524b2 288 3.04 159 096 1056 1549 10.73 1354 1132 1498 1491 790 185 056 299
524b-3 286 258 051 1.79 1457 1385 1454 1103 1070 1198 1559 785 188 068 296
52404 149 085 552 1342 1213 1258 1154 827 1052 1179 11.89 752 182 089 321
524b-8 277 1.73 047 443 1552 1299 1398 1002 1210 1153 1446 7279 184 074 307
5246 287 1.38 054 132 1303 1370 1512 1257 1284 1175 1488 790 180 070 3.5
$24b-7 328 205 728 1282 1186 1083 9.58 8.49 990 1197 1197 742 192 078 303
524b-8 676 155 16.35 10.30 985 983 9.74 6.81 813 948 1120 711 201 084 306
52459 365 121 600 1348 1074 1241 1220 10.17 3.04 761 1443 748 198 084 297
524»-10 327 227 131 447 1589 1150 1692 880 1061 957 159 773 191 073 296
$24c-1 351 258 094 102 1719 1207 13.81 13.55 401 1312 1820 789 200 061 263
$24c2 104 229 309 1077 1421 1244 1150 1150 762 933 1621 770 195 084 278
524c-3 292 204 245 8.35 1380 1292 1470 8.36 624 1086 1736 774 202 072 265
524c4 310 102 088 932 1486 10383 17.68 8.02 $.30 9.03 1696 775 197 077 oM
$24c-S 317 145 1.61 0.66 980 1432 1783 1052 9.47 1152 19.65 806 196 057 260
5246 113 329 128 524 1415 1273 1655 9.95 .14 1006 17.48 78 194 076 271
524c-7 464 226 041 5.07 15.21 1172 1313 9.59 8.57 996 1944 787 208 057 247
524c-8 285 047 on 12.81 1319 1044 1476 9.33 7.66 9.27 18.45 781 202 073 256
524c-9 331 263 3 8.85 1484 10.89 15.52 9.01 6.87 8.1 16.69 763 203 077 275
524¢-10 190 220 143 058 1474 1634 1439 8.66 7.88 1310 13878 799 195 067 258
524d-1 304 135 028 266 1233 1191 15.69 13.63 m 1806 13.28 788 176 064 325
524d-2 444 329 053 647 1288 1032 1335 1256 8.38 15.97 11.81 763 184 058 316
524d-3 276 221 0.62 478 1379 1142 1652 1248 6.65 17.50 11.28 770 173 071 341
52444 243 115 229 84S 1321 10.67 1310 1421 710 1649 1090 764 174 075 337
524d-5 502 758 1297 6.70 9.94 817 1232 9.81 623 12.60 8.66 708 190 074 316
5244-6 355 1.16 142 0.72 807 1507 1733 1247 9.08 18.37 1276 789 174 059 340
52447 293 097 083 381 10.64 11.82 1723 13.16 792 1703 1366 788 177 066 321
5244-8 852 263 1374 9.49 8.67 819 1066 9.90 603 1321 8.96 707 194 071 320
52449 436 153 070 0.27 1145 12.05 15.51 16.44 7.67 15.81 14.21 789 182 056 320
5244-10 293 250 1.10 035 10.38 1247 1430 1543 9.46 1696 14.12 793 179 056 118
52401 35S 1.10 095 0.61 9.7 1596 1298 969 1724 1087 17.29 803 188 056 287
524¢-2 320 180 1.14 11.85 10.48 1251 13.96 842 1255 9.59 14.50 767 191 074 296
524e-3 241 244 0.89 207 11.02 1517 1794 1118 1190 9.00 1598 787 186 074 1303
524c4 192 192 039 420 899 1795 1360 1256 1230 9.87 16.30 792 185 075 296
52405 4383 314 114 840 1325 13.19 101 11.96 9.59 949 1430 759 196 06 295
524c6 167 045 205 1046 1465 1397 1228 864 1089 888 16.06 774 191 086 285
524e7 313 448 11.13 14.87 998 9.16 11.87 6.95 9.75 573 1295 72 201 093 308
52408 229 1.05 11.47 9.90 1286 1185 9.75 11.16 9.04 6.89 13.74 742 196 .089 304
52409 247 082 1539 1243 1147 10.31 8.72 8.66 9.7 8.11 11.83 726 194 093 1316
524f-1 351 220 043 6.09 1116  17.07 976 1437 829 1570 1142 767 177 068 1336
5241-2 150 187 1024 1436 1080 1211 10.65 855 742 1042  12.08 736 190 093 1316
52413 361 1.84 112 6.64 1260 1721 10.25 12.06 923 1178 1366 767 187 074 312
5244 406 243 0.82 0.88 1275 1427 1447 1270 9.96 1427 139 779 182 061 322
524f8 392 177 144 1411 974 1636 1061 9.41 880 11.69 12.65 753 188 079 13iS
5246 398 202 098 1121 1062 1391 12.94 11.80 7.98 1264 1192 755 184 075 326
547 21 229 158 1212 1234 1361 11.04 9.07 8.81 1360 1283 759 187 077 306
524f-8 446 136 0.7 066 1543 1330 1475 941 870 1485 15.83 78 192 058 287
5249 337 233 022 597 1452 1342 1447 1163 8.65 9.55 15.87 774 193 073 291
S24£-10 104 270 070 216 1411 17.05 13.35 11.16 749 1679 1345 783 176 081 318
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Appendix 4. Particle size distribution.

phi 45 50 5S 6.0 [ %] 70 15 8.0 8S 9.0 14.0
| mm 0044 0031 0022 0.016 0011 0.008 0.006 0004 0.003 0.002 0.0001
MOMENT
SAMPLE WEIGHT PERCENT MEASURES
mean stdev sk kt

524 1.73 332 953 953 794 693 99 202 549 S34 3820 844 259 010 138
524h 016 390 888 966 125 13837 998 390 436 623 3781 851 251 041 140
524i 077 369 999 938 66l 81S 876 307 676 584 3698 843 255 012 141
524j 083 480 949 897 803 751 991 146 574 605 320 840 258 0.13 139
524k 113  32s 10.16 8.61 8.89 663 946 268 536 706 3678 842 255 013 141
5241 118 414 934 851 733 769 982 260 639 639 23661 841 255 0.12 143
524m 103 330 991 784 898 692 &N 609 392 774 3155 848 255 009 141
524n 053 298 953 747 340 800 562 688 384 827 3348 857 252 005 140
5240 019 i8S 955 825 794 664 713 651 354 800 383 854 253 006 1.9
524p 073 593 857 783 805 754 64 534 688 417 3850 847 259 008 139
524q 000 387 900 875 833 564 740 690 S30 5SS ¥ 857 254 005 1.3
S524r 089 3.14 898 878 693 793 721 616 588 S.12 3898 855 254 006 1.39




