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Abstract

Suspended cohesive sediments commonly occur in flocculated form. The flocculation process significantly
increases particle size, settling velocity, and settling flux in comparison to unflocculated particles. To better
understand suspended particles, a new instrument for in situ imaging using digital inline holography is pre-
sented and evaluated. With a resolution of 7.4 pm per pixel and a field of view of 7.4 x 7.4 mm, the instrument
generates sharply focused images of particles from approximately 20 pm to 7 mm in diameter at up to 25 frames
per second. A significant advantage of holography over current imaging systems is that in-focus images are
obtained over a substantial depth of field. Contained in small-diameter cylindrical housings, the instrument
presents minimal flow disruption and is easily deployable. Digitally recorded holograms are reconstructed and
analyzed for number and size of particles in a fully automated manner. To assess the systems’ potential, parti-
cle size distributions for two grades of quartz sand are compared with those from a laser diffraction particle sizer
and are found to exhibit good similarity. To simultaneously estimate particle size and settling velocity, a modi-
fication to the system is demonstrated in which settling particles are automatically tracked and sized. The result-
ing relationships between settling velocity and effective density as functions of particle size are characteristic of
suspended cohesive sediments and empirical power-law descriptors of these relationships show excellent agree-

ment with previously published studies.

The majority of fine-grained suspended sediments across
the entire fluvial to marine continuum occur in flocculated
form, i.e., as aggregates composed of smaller constituent com-
ponents. Understanding the behavior of flocculated particles
is of fundamental importance in the comprehension of the
dynamics of cohesive suspensions because the process of
aggregate formation significantly changes the size and settling
speed of aggregates, and thus the mass settling flux, in com-
parison with single particle settling. The flocculation process
is also important to the capture, transport, and release of
waterborne contaminants and pathogens because these can
bind to, and be incorporated within, aggregates that grow or
are disaggregated during flocculation and de-flocculation. Sus-
pended particle size, as well as the mass of sediment in sus-
pension, also has implications for the propagation of optical
and acoustic signals through water masses. To characterize
dynamically active cohesive suspensions, methods for observ-
ing the temporal variation in particle size distribution are
required. Large, flocculated aggregates are notoriously fragile
and can be easily disrupted during sampling so non-intrusive
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in situ particle size measurements that cause minimal disrup-
tion to the sampling volume are desirable.

A number of indirect methods of estimating particle size
have been developed that use small angle laser scattering to
estimate particle size (e.g., Bale and Morris 1991), with the
most commonly adopted commercial package being Laser In
Situ Scattering and Transmisometery (LISST) systems (Agrawal
and Pottsmith 2000, 2004). Such techniques use scattering
theory for regularly shaped spherical particles to invert small
angle laser scattering to particle size. Unless the shape and
optical scattering characteristics of suspended natural particles
are known a priori, systems that depend solely on the mea-
surement of diffraction angles may be prone to error when dis-
tinctly nonspherical particles are present. To address some of
these issues, a plethora of direct observation methods have
also been developed principally using still photography
(Eisma et al. 1990; Benson and French 2007) or videography.
Video-based methods are capable of simultaneous size and set-
tling velocity measurement and such instruments include INS-
SEV (Fennessy et al. 1994; Manning and Dyer 1999), INSSECT
(Mikkelsen et al. 2004), and DIPSTICK (Kim and Sandford
2007). The addition of particle settling velocity measurement
is beneficial because this parameter is widely used in the cal-
culation of carbon fluxes to the ocean floor as well as in many



Graham and Nimmo Smith

sedimentological and engineering applications in environ-
mental science and waste water engineering. Focal plane pho-
tographic systems generally rely on high magnification lenses
to achieve good resolution of the small particles in suspension
(typically micron to millimeter scale) at the expense of the
field of view and the depth of field. As a consequence, total
sampling volume sizes can be extremely small, and therefore,
the total number of in-focus imaged objects is reduced. Fur-
ther limitations of such systems are associated with the poten-
tial of particle size bias introduced by measuring particles at
the limits of the depth of field (which are therefore out of
focus), and long processing times since measurements of par-
ticles from still images are conventionally analyzed manually.
Recently, there has been a drive toward automation, with
some investigators developing semi-automated methods (Fox
et al. 2004) or real-time size and tracking algorithms (Kim and
Sandford 2007).

Holography is a proven method that can offer complete
solution to the limitations of focal plane photography in
imaging small objects. It is becoming increasingly used to
image and measure oceanic particles and microorganisms
(Katz et al. 1999; Malkiel et al. 1999; Owen and Zozulya 2000;
Sheng et al. 2006; Sun et al. 2007, 2008), but there has been
limited research into the dynamics of cohesive sediments with
holographic systems (c.f., Black et al. 2001; Sun et al. 2002;
Perkins et al. 2004; Sun et al. 2004). In this paper, we present
a novel compact and submersible system (developed at the
University of Plymouth) that uses digital in-line holography
to obtain synoptic particle size, shape, and number concen-
tration of suspended particles. We also present details of mod-
ifications to this system, which enable the simultaneous mea-
surement of both size and settling velocity of suspended
particulates in a fully automated manner. Such measurements
allow the estimation of effective densities for individual parti-
cles and the determination of settling flux distributions.

Materials and procedures

A hologram (Fig. 1) is the recording of the interference pat-
tern that results from the interaction between two beams of
coherent light derived from 1) a collimated source and 2) dif-
fraction and/or refraction of the source beam by objects pres-
ent in the path (Fig. 2A illustrates the optical setup used in
this paper). The fringes around the objects in the image con-
tain both the phase and amplitude information of the dif-
fracted wave that can be used to deduce the size and position
of the scattering object relative to the imaging plane. In clas-
sical holography, to reconstruct an image collimated light is
reapplied to the hologram, which acts as a diffraction grating,
generating the original object beam that appears to diverge
from object positions behind the hologram thus creating a
virtual image. To view objects recorded in a digital hologram,
the classical reconstruction process (the diffraction of coher-
ent light by hologram) is simulated numerically so that the
object beam wave fronts can be reconstructed on a plane at
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Fig. 1. 2-D intensity distribution of digital in-line hologram captured by
the charged-coupled device within the Submersible Digital Holographic
Particle Imager described in this article. The scale bar in the lower right
corner is 250 ym in length.
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Fig. 2. Schematic of (A) in-line hologram generation by interference
between collimated reference beam and diffracted beam from a scatter-
ing source and (B) transformation of 2-D hologram image to 3-D volume
with in-focus objects (colored blobs) occupying discrete planes within the
sampling volume.

any distance from the recording plane (Fig. 2B). Conse-
quently, the significant advantage of holography is that focus
does not have to be fixed a priori since any object within the
sampling volume can be bought into focus during the recon-
struction process. This benefit also means that it is possible to
image microscopic objects within larger sampling volumes
than has been possible with conventional photography or
videography.

Submersible digital holographic particle imager—The sub-
mersible system is shown in Fig. 3A and a schematic of the
optical setup for digital in-line holography is presented in
Fig. 3B. The optical system is contained within two 100 mm
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Fig. 3. lllustration of Submersible Digital Holographic Particle Imager
before in situ deployment (A). A schematic diagram of the optical setup
relating to 3(A) is shown in (B).

diameter aluminum tubes. A 532 nm, 80 mW continuous
wave laser-diode and collimating optics are contained in the
left housing. A pair of small diameter extension tubes pass the
collimated beam from the left housing to the right. The sam-
pling volume occupies the space between the extension tubes,
and as objects pass through the volume, they diffract the laser
beam. The resulting interference pattern (or fringe) is imaged
by a charged-coupled device (CCD) (1002 x 1004 pixels, 7.4
pm per pixel, 1 MB per image) in the right housing at up to 25
frames per second. The separation of each housing by the
small diameter extension tubes minimizes flow interference of
the camera and laser housings with the sampling volume.
Blur-free images are recorded by modulating the laser and trig-
gering the camera to obtain a 10-ps exposure, allowing mea-
surements in relative flows of up to 0.5 m s

Images are not magnified so the resolution is that of the
CCD, the pixel size of which has been independently cali-
brated against a standard stage micrometer. The housings can
be moved horizontally on a bar to vary the separation between
the ends of the extension tubes and thus the horizontal extent
of the sampling volume depending upon the concentration of
particles in suspension. With a nominal separation of 30 mm
between the extension tubes, the sampling volume is 1.653
cm?. A third housing (not shown) contains the PC104-based
control electronics and data storage. The submersible system is
tethered to the surface for power as well as interactive control
with data download by LAN connection. The system can also
be configured for autonomous deployment.

Holographic reconstruction—We reconstruct the captured in-
line holograms digitally, using a simplification of the convo-
lution approach (Schnars and Jiieptner 1994; Schnars and
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Jueptner 2005) presented by Owen and Zozulya (2000). This
simplification allows us to do the reconstruction without
assumptions concerning particle size and proximity to the
CCD as would be required if we were to use a Fresnel transfor-
mation. We are also able to remove the DC component of the
reference beam. Using the 2-D intensity distribution of an
individual hologram captured by the CCD, we use linear fil-
tering to reconstruct, at any depth (z) across the sample vol-
ume, a plane slice of the sample volume. For computational
efficiency, this filtering, and recovery of the final image, is per-
formed in Fourier space using a combination of Fast Fourier
Transforms (FFT) and inverse FFTs across all z within the sam-
pling volume.

Analysis of particle characteristics—Once the 2-D intensity
image [U(x,y)] has been reconstructed into a 3-D volume
[L(x,y;1:N)], where N represents the maximum number of
reconstruction planes, we must locate all objects within the
volume, bring each into focus, and then calculate size and
shape statistics for them.

Particle detection—The approximate x,y positions of all
objects within the reconstructed volume are found by collaps-
ing the reconstructed volume to a single plane [le,apse(x,y)] in
order to make all in-focus particles visible. Since diffracting
objects within the sampling volume cause large changes in
intensity over the depth of the sampling volume, and inten-
sity is largely uniform through the volume where objects are
absent, we assign each pixel of the collapsed image the stan-
dard deviation (o) measured over the entire depth to generate
a 2-D map of object location:

L e (6, 3) = OLL_(x, 331 N )

To remove speckle noise, we median filter Iw”apxe(x,y) with a
3x3 pixel kernel. A histogram shape-based thresholding
approach to segmentation (Otsu 1979) allows the approximate
2-D location and size (via a pixel count) for all objects in the
sampling volume to be determined. To further eliminate noise,
a Region of Interest (ROI) is defined around the 2-D position of
any object in I, (x,y) comprised of = 20 pixels. This object
size threshold is arbitrarily selected as separating objects with
discernable shape from those that appear as diffuse point
sources. A collapsed image and superimposed ROI is illustrated
in Fig. 4A. The ROl is extended across all reconstruction planes

in I (x,y;1:N) to generate a Volume of Interest (VOI):

IVO[(xROI’yROI’l:N)=Iz(xR0[’yR0[;1:N) @)

where x,, and y,, are the 2-D x and y extents of the ROI
respectively. Once VOIs are determined for all objects in the
field of view, which meet the size criteria of = 20 pixels, all
subsequent processing steps are performed on these segments
of the full hologram reconstruction. Using segments rather
than the full reconstructed volume (which requires at least a
factor of 20 times more storage space than the original 2-D
image) increases efficiency in computations, memory usage,
and data storage.
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Particle autofocusing—To accurately estimate object size and
shape, a sharply focused image of the object is required. A range
of sophisticated focusing metrics have been developed (Malkiel
et al. 2003; Burns and Watson 2007), but we have opted to use
a fast yet simple method to determine the plane of maximal
focus within each object’s VOI. The maximum in the VOI inten-
sity as a function of depth through the VOI is determined and
used to indicate the position of maximum focus:

1 focus (x ro1> YOI focus ) 3

i

J
where Z s = max{E E [ yor Ccrors Yroro1 N)]} and the indices i
1 1

and j are equal to the length of the ROI in the x and y direc-
tions, respectively.

Although this method is not fully immune to false maxima
generated by noise, our experience has shown that this simple
method is fast and extremely reliable for autofocusing objects
within reconstructed volumes (Fig. 4B,C).

Particle segmentation and sizing—Because holography is dif-
fraction dominated, in-focus images of objects (refer to Fig.
4C) tend to exhibit strong edges and a dark-side edge detec-
tion method (Benson and French 2007) is used to segment
individual objects within their ROI. Thresholding on these
ROI subdomains takes very little computational effort in com-
parison with global thresholds applied to the whole field of
view. However, since the interior of objects have lower inten-
sities than their edges, such thresholding methods tend to
“fracture” visually coherent particles into multiple connected
component pixels. A sequence of steps illustrated in Fig. 5
compensates for the thresholding artifacts and enables the

VOI(XROI' yROI’Zfocus

(x,9)] generated from Fig. 1 with ROI (red box) generated around an object of
interest (scale bar indicates 250 um). (B) lllustrates variation of the focus metric (Eq. 3) through the planes of the VOI, the position of z
with a red circle. (C) shows the in-focus plane of the object within the VOI [/

is indicated

focus

)] with a scale bar indicating 150 ym.

number of pixels comprising the 2-D projected area of the
object to be estimated.

Natural, suspended particles often have very complicated
shapes spanning the entire continuum from small, compact,
and approximately spherical individual grains through to
complex, loosely connected multi-cored aggregations with
fractal-like geometry and crenulated perimeters (Fig. 6 and
images in Manning and Dyer [2002] and Maggi et al. [2006]).
The definition of particle size is clearly problematic due to the
irregular morphologies exhibited by suspended particles
(Droppo et al. 2005). We opt for a Euclidean shape equivalent
size, using the number of pixels in an object’s flood-filled con-
vex hull (4) to determine the diameter of a sphere D with
equivalent projected area:

p - |* 4)
convex ]T

Note that although we accurately locate the in-focus plane
for any object, the exact extent of the object in the z dimen-
sion (i.e., the size of the object in the third dimension) cannot
be accurately determined due to uncertainties introduced by
recording resolution (as illustrated by Sheng et al. (2006)). In
addition, an extremely large number of closely spaced recon-
struction planes through the object would be required to iden-
tify the limits of the object. Such measurements are consid-
ered too computationally expensive for our present purposes
and are not considered further in this paper.

Modifications for simultaneous size and settling velocity estima-
tion—The vertical settling velocity of particles suspended in the
water column is an important characteristic because it deter-
mines the vertical flux of mass through the water column and
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Fig. 5. Image-processing sequence performed on individual object within an ROI. An in-focus object (A) undergoes segmentation by edge detection
(B). The strong edges of the object are highlighted by multiply connected pixels. Morphological closure and de-noising are performed (C) before a con-
vex hull is fitted (D) and flood filled (E). The scale bar in A is 250 uym in length.

Fig. 6. In-focus gray-scale images, chosen at random from a number of
holograms to illustrate salient characteristics of (typically flocculated) par-
ticles. Notice the distinctly nonspherical nature of these particles. Scale
bar in lower left is 250 pm in length.

has a direct bearing on deposition rates and the removal of
chemical elements from suspension. Because cohesive sedi-
ments can flocculate into aggregates containing both mineral
and biological material that are both larger and more porous
than their constituent parts, the density of such particles can
vary greatly and can be significantly less than a solid particle of
the same size due to the presence of interstitial water within the
floc (Hill et al. 1998; Fox et al. 2004). Due to the stochastic
nature of the flocculation process and the inclusion of different
quantities and types of mineral and organic matter within a floc
matrix, it is impossible to accurately predict in situ floc settling

velocities or densities from a measured size since these quanti-
ties can exhibit considerable variance for a given particle size.

A simultaneous measurement of both particle size and set-
tling velocity can be used to estimate aggregate density and
determine a settling flux. Numerous submersible apparatus
have been developed for in situ or quasi in situ determination
of both particle size and settling velocity either relying upon
time-lapse photography or videography (see Dyer et al. [1996]
and Mantovanelli and Ridd [2006] for reviews). The limitations
of optical systems with a small depth of focus have already
been discussed, and in this section, we extend the benefits of
our submersible holographic imaging system to the simultane-
ous estimation of particle size and settling velocity. One of the
first applications of holography to size and settling velocity
determination was by Carder (1979). Carder et al. (1982) devel-
oped a free-floating sediment trap equipped with a submersible
holographic particle velocimeter using 35 mm holographic
film. Data analysis was manually conducted resulting in size,
settling velocity, and density estimates for a small number of
particles (n = 11). Costello et al. (1989) used a similar design for
extended deployments, acquiring approximately 4000 holo-
grams. Most recently, van Hout and Katz (2004) developed a
laboratory based digital in-line holographic system to estimate
the density of pollen grains settling in water. We shall demon-
strate the method that we have developed to estimate aggre-
gate density and determine the settling flux for a cohesive sus-
pension in a fully automated manner.

Hardware—Laboratory adaptations of the Submersible
Holographic Particle Imager (developed at the University of
Plymouth) for the determination of particle settling velocity
are illustrated in Fig. 7. A settling column with internal
dimensions of 100 x 100 x 190 mm and sapphire glass optical
windows (40 mm diameter) located with their center lines 75
mm above the bed of the column is positioned between the
extension tubes of the Holographic Particle Imager housings.
The separation between the extension tubes is 134 mm result-
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Fig. 7. Submersible Digital Holographic Particle Imager modified for ex situ sampling with laboratory settling column (A) and close-up of settling col-
umn and particle delivery by pipette inserted into top of settling column (B). For scale, the black bar in each image is 100 mm in length.

ing in a usable sampling volume of 7.4 cm?. The settling col-
umn is filled with saline water and cohesive particles are with-
drawn from a pre-made suspension of natural intertidal mud
(90:10 mineral:organic mass from mudflats of the Tamar Estu-
ary, U.K.) by pipette and allowed to settle vertically within the
settling column in a similar manner to Gratiot and Manning
(2004), Graham and Manning (2007), and Manning et al.
(2007). The Digital Holographic Particle Imaging system sam-
ples at 10 frames per second, sufficient to capture particles set-
tling at speed of up to 17 mm s™!. A positive density difference
of Ap, = 3.4 kg m~ is maintained between the column water
and the source suspension to minimize the impact of
schlieren on the holographic imaging and to reduce buoyancy
effects on the settling velocity of flocculated particles.

Particle tracking software—The work flow for automated par-
ticle sizing and tracking is illustrated in Fig. 8. Given inputs of
a raw hologram timestack and some user-defined processing
parameters (which include variables such as the number of
frames to process and the number of reconstruction planes to
use) the linked processes in region A of Fig. 8 perform the
numerical reconstruction, particle detection, autofocusing,
and sizing of each object within each hologram as has previ-
ously been discussed for the in situ system. The processes in
region B of Fig. 8 control the formation of trajectories for each
of the automatically detected particles in the timestack of
holograms. For any particle in the first hologram of the times-
tack, possible matches to particles in the second hologram are
identified using logic statements to ensure 1) similarity in pro-
jected area and major axis dimensions, 2) that the centroid of
candidate particles are below that of the initial particle (i.e.,
candidates are settling vertically), and 3) that horizontal dis-
placement is within user-defined limits. To find the best match
between candidates and the initial particle, 2-D gray-scale

cross-correlation of the in-focus images of the initial and can-
didate particles is performed. Since individual frames in time
stacks are separated by 0.1 s, calculating the frame-to-frame dis-
placements between the initial particle and its best match in a
subsequent frame results in a frame pair settling velocity. This
frame pair tracking procedure is iterated over all particles and
all frame-pairs within the time stack. Trajectories are formed by
linking the size, shape, and position metrics of each particle
that can be successfully tracked over at least 4 sequential
frames. Automated quality control of these trajectories is per-
formed using logic to remove trajectories that contain gradi-
ents in particle position that exceed user defined limits. Region
C of Fig. 8 is an optional step that utilizes a GUI for manual
quality control of particle trajectories. An example of a particle
trajectory that results from this automated sequence of particle
tracking (regions A-C in Fig. 8) is presented in Fig. 9. The final
stage in the automated system is the analysis of particle trajec-
tories and the calculation of trajectory averaged quantities and
their variance (Region D of Fig. 8). These calculations are
described in the following section.

Processing procedure—Following Fennessy et al. (1994), two
corrections are applied to the raw, instantaneous settling veloc-
ity obtained from frame-pair displacements of each particle.
First compensation for the wall drag induced by the settling col-
umn is applied (Allen 1985). Second, the ambient settling veloc-
ity (i.e., settling velocity in source waters of lower salinity) is cal-
culated. Using a modified Stokes formula (Eq. 5), instantaneous
effective (or excess) density in relation to the settling column
water is derived for each independent particle realization:

(W,1.03)18u
PemPy =P = (5)

where W _ is particle settling velocity, u is kinematic viscosity,
& the acceleration due to gravity, and p. and p,, the density of



Graham and Nimmo Smith

RAW PROCESSING
HOLOGRAM PARAMETERS
l"““““"‘|'““““""""“"""'“"""'
2D -> 3D
NUMERICAL —_— I,

RECONSTRUCTION

GENERATE

leouinpse

FROM FOV
PAF\JTICLE DETECTION,
AUTO-FOCUSING,

EGMENTATION
AND SIZING

COLLAPSE

ROI OBJECT STATISTICS
FOCUSED IMAGES
OF ROI OBJECT

B N ]

FRAME PAIR CROSS

CORRELATION
AND

OGIC TRACKING

FRAME PAIR MATCHES

-

TRAJECTORY FORMATION

AND
= INITIAL TRAJECTORIES
QUALITY CONTROL

C _

1
[}
L}
[}
1 MANUAL QUALITY FINAL TRAJECTORIES
. CONTROL
L}
- _
I------------- M NN N NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN SN NN NN AN AN A A A
D
[}
L}
TRAJECTORY ANALYSIS TRAJECTORY AVERAGED

PARTICLE STATISTICS

Fig. 8. Process flow diagram illustrating particle-tracking sequence. The
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floc and water, respectively. The ambient effective density of
each particle (the effective density in the source water) is
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Fig. 9. Graphical illustration of particle tracking. A single particle is
tracked over 11 sequential frames (A) from left to right across the field of
view (7.44 x 7.44 mm). From each particle realization, statistics such as
the projected area (B, blue circles) are derived. The black dashed line in B
is the trajectory averaged particle area and the red-dashed lines illustrate
.10% of this mean. The individual gray-scale realizations of the particle
are shown in C (the scale bar is 500 um in length) and the results after
segmentation, but before particle area is in filled by the convex hull fit-
ting operation, are shown in D.

derived from knowledge of the density difference between the
source waters (Ap,) and the density of the water in the settling
column:

~Ap, ©)

The instantaneous settling velocity is then adjusted using
Stokes equation with the calculated instantaneous ambient
effective density from Eq. 6 to obtain the instantaneous ambi-
ent settling velocity:

Peampient = P cotumn

2
_ D umvexp eamhientg (7)

W, oiom =
§ ambient 18#
The ambient-settling velocity is always marginally higher

than the raw-settling velocity (provided that the settling col-
umn salinity is higher than ambient). Eq. 7 is considered valid
for particles with Reynolds numbers up to 0.5. Where this is
exceeded, the Oseen Modification (Ten Brinke 1994) is used
and results in a slight increase in effective density. The modi-

fication takes the form:
peOsem

= 0y e (1+0.1875R, ) 8)

with the particle Reynolds number given by
w D
R = P ambienZcomer. )
u

Assuming the mean dry density of mineral and organic
components of a flocculated particle (p,,) is equal to 2256 kg
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m2, the dry mass of a flocculated particle can be determined as:

aD; [ PP

6 (pmo_pw)

- 10)

dry

Summation over the entire sample results in a total mass
concentration which, with knowledge of the volume of water
extracted from the source suspension by pipette, can be con-
verted to a suspension concentration (mass per unit volume).
The product of suspension concentration and trajectory aver-
aged settling velocity per particle followed by summation
over the entire sample generates a mass settling flux for the
entire population of settling particles. Such flux calculation
methods are well accepted and have been previously applied
by Syvitski et al. (1995), Sternberg et al. (1999), and
Mikkelsen et al. (2004).

Assessment

To validate the accuracy of the size measurements obtained
from the Digital Holographic Particle Imager, we have con-
ducted a laboratory comparison with a Malvern Instruments
Hydro 2000G, which uses low angle laser scattering to esti-
mate particle size. Since the response of laser diffraction to sig-
nificantly nonspherical particles is uncertain (van Wijngaar-
den and Roberti 2002), for this comparison we use two grades
of well-weathered beach sands (Teignmouth, Devon, U.K.) to
examine similarity in the particle size distributions generated
by the two instruments. Sands were graded by sieving into a

180 - 125um grains
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coarse fraction (nominally 500-710 pum) and a fine fraction
(nominally 125-180 pm) through nested sieves for 15 min
(Folk 1980). For analysis, both fractions were pre-wetted and
analyzed in the Hydro 2000G without ultrasonic aggregation
or the addition of de-flocculant prior to sampling. For analy-
sis with the Digital Holographic Particle Imager, a water-filled
glass cuvette was placed between the extension tubes so that
pre-wetted samples could be gravitationally settled through
the laser beam in the laboratory.

Fig. 10 illustrates the size distribution comparisons. For
the fine sediment samples (Fig. 10A), there is a good agree-
ment between the modal peak (210.2 pm) in the particle size
distribution by volume (PSD) generated by the Digital Holo-
graphic Particle Imager and the Hydro 2000G. For both sys-
tems, the modal peak in particle size is significantly greater
than the nominal sieved range of sizes and suggests that par-
ticles orient themselves during sieving with longest axes nor-
mal to the sieve mesh such that “coarse” particles are able to
propagate through the stack and are captured on finer
meshes. The width of the distributions are similar in the
region 125-420 pm, but the Digital Holographic Particle
Imager exhibits a pronounced left-skew with more small par-
ticles by volume in the range 11.5-125 pm than the Hydro
2000G. The secondary mode in the Digital Holographic Par-
ticle Imager PSD at 356 pm is generated by overlapping par-
ticles, the diffraction pattern of which is interpreted as a sin-
gle large particle. The same process can be seen to influence
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Fig. 10. Comparison of Particle Size Distributions from Holographic Particle Imager (red line) and Malvern Hydro 2000G laser sizer (green line) for fine
(A) and coarse (B) quartz sands. Particle size data are binned into 27 logarithmically spaced bins over the interval 10-1000 um.
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the PSD from the Digital Holographic Particle Imager for the
coarse fraction (Fig. 10B) at 1000 and 1414 pm. Interestingly,
in this coarse fraction comparison, the widths of the PSDs
are almost identical in the range 353-1682 pm and, as in Fig.
10A, the Digital Holographic Particle Imager is left skewed by
very small particles but the principal modes are separated by
almost 250 pm. Possible explanations for this discrepancy
are discussed in the following section.

Fig. 11 illustrates the trajectory averaged settling velocity
and effective density data generated by our automated analy-
sis software from a population of settling aggregates during a
single settling experiment taken from a series of experiments
conducted by Graham (2008) using natural intertidal cohesive
sediments. The population of 647 particles has been segre-
gated on the basis of size into micro flocs (83.3% by number)
and macroflocs (16.7%) based on the distinction proposed by
Manning (2001). Because we obtain several independent real-
izations of each particle over a time stack of frames, it is pos-
sible to estimate the variability in characteristic metrics over a
particles trajectory in addition to calculating trajectory aver-
aged metrics for size, settling velocity, and effective density.
Trajectory averaged sizes range from 30.07 (+1.64) — 443.05
(£3.41) pm while settling velocities (Fig. 11A) range from 0.10
(£0.02) - 5.73 (¥2.34) mm s, and effective densities (Fig. 11B)
range from 11.49 (+1.81) — 1435.9 (+47.33) kg m=3. Settling
velocities increase with particle size while effective densities
are inversely related to particle size; that is, larger particles set-
tle quickly but they have a loosely bound, “fluffy” structure
incorporating interstitial pore spaces in comparison to slow

Holography of suspended sediments

settling but more compact smaller particles. The relationships
between particle size and settling velocity or effective density
can be well described by a power law, indicating that the set-
tling particles approximate natural fractal objects (i.e., they
exhibit pseudo-fractal behavior, or self-similarity, over the
limited range of observable scales). The sample is dominated
by small particles which will play an important role in opti-
cal and acoustic scattering. The large particles, although less
than 20% of the sample by number, dominate the distribu-
tion by volume and in combination with their fast settling
velocities make significant contributions (>90%) to the total
mass settling flux as illustrated in Fig. 12. In Fig. 13, power
law relations for settling velocity and effective density as
functions of particle size obtained from a number of pub-
lished studies are contrasted with power law relations fitted
to averaged data from 5 settling experiments conducted by
Graham (2008) using the holographic system discussed in
this paper. There is clearly large variability in observed parti-
cle size, settling velocity, and effective density within and
between the studies presented in Fig. 13 as well as the rates of
change in settling velocity or effective density as a function
of particle size. It is clear however that the relationships of
positive and negative correlations between settling velocity
and effective density as functions of particle size, illustrated
in Fig. 11, are characteristic of flocculated, cohesive sedi-
ments in general. In addition, data derived using the Digital
Holographic Particle Imager lies in the midst of the scattered,
general relationships for settling velocity and effective den-
sity reported in the literature.
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Fig. 11. Trajectory averaged settling velocity (A) and effective density (B) as functions of spherical equivalent particle size. Solid dark line indicates least
squares fit of power law. Error bars are 1 standard deviation around trajectory averaged quantities. Red coloration indicates microflocs (D < 160 um),

and blue coloration indicates macroflocs (D > 160 pm).
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Fig. 12. Contributions to the total settling flux (defined as the prod-
uct of the size band averaged settling velocity and suspension concen-
tration) from each particle size band. Red coloration indicates
microflocs (D < 160 um), and blue coloration indicates macroflocs (D >
160 pm). Although few by number, macroflocs contribute 91% of the
total mass settling flux.

Discussion

A number of systems currently exist for the in situ deter-
mination of particle size. We have chosen to develop a holo-
graphic system because holography has the advantage of
enabling the focusing of objects within a large sampling vol-
ume to produce crisp images of the suspended particles from
which size and shape metrics can be determined.

A range of parameters to represent particle size have previ-
ously been adopted, for example Fennessy (1994) used a sin-
gle dimensional linear characteristic length (horizontal axis
length) and Manning and Dyer (1999) use both horizontal
and vertical axes to derive a square equivalent size. We choose
the spherical equivalent size since we will be reporting, in
future publications, on the comparison between the Digital
Holographic Imager and existing laser sizing instrumentation
that make spherical assumptions in their size estimation. An
important assumption of representing particle size by the
equivalent spherical diameter method is that the projected
area is equivalent to the equatorial area (n7?), i.e., the 2-D pro-
jection of the object is assumed to be a slice directly through
the object’s central plane. With the holographic system, we
are able to generate sharply focused images of individual par-
ticles, and we assume that the position of maximal focus
results in a slice through the particle’s central plane.

The comparison between the Digital Holographic Imager
and the Malvern Hydo 2000G particle size distributions (Fig.
10) is extremely encouraging because there is generally excel-
lent agreement between the two systems. It is important to
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remember that the size distributions from the Hydro 2000G
are automatically averaged over many realizations whereas the
size distribution from the Holographic Imager is essentially a
single realization. For the fine fraction (Fig. 10A), the modal
peaks of particle size distributions for both systems are in
exact agreement. The apparent discrepancy between the per-
centage of total volume occupied by modal particle size results
from the observation by the Digital Holographic Particle
Imager of both finer and apparently coarser particles than
measured by the Hydro 2000G. Of interest is the secondary
mode in the size distribution from the Digital Holographic
Particle Imager which occurs at 365 pm in Fig. 10A (and can
also be seen at 1000 and 1414 pm in Fig. 10B). These features
are produced from the occasional overlapping sand grains
within a hologram, which our automated software interprets
as a single grain. The projected areas, and thus spherical equiv-
alent size and volume of overlapping grains, are significantly
larger than individual nonoverlapping grains and generate
highly peaked secondary and tertiary modes in the particle
size distribution. To lessen the influence of overlapping grains
on size distributions generated by the Digital Holographic Par-
ticle Imager, we are currently developing a method to isolate
the individual overlapping particles and estimate their sizes.
The Holographic Imager sees a larger proportion of the
total volume in the fine tail of the distribution in Fig. 10A
(and to a lesser extent in Fig. 10B) than the Hydro 2000G.
We postulate that this is a consequence of the differences in
sample volume and dispersion methods used by the two sys-
tems as well as in the actual sediment sample that analysis
was conducted on. The Hydro 2000G wet sample dispersion
unit has an approximate volume of 1 L and a pumped sys-
tem that recirculates suspended particulates at high speed
through the laser sampling volume. The laboratory setup for
the Digital Holographic Imager used a small water-filled
cuvette into which particles were dropped from a spatula
and imaged as they settled. Although the sediment samples
were pre-wetted and manually homogenized before size
analysis with either instrument, it is impossible to ensure
that the samples input to each system have exactly the same
proportions of particle sizes. Because it was impossible to
image exactly the same population of suspended particles
for both systems, it is not surprising that there are small dif-
ferences between particle size distributions, especially in the
fine tails of the distributions. The particle size distributions
for the coarse fraction (Fig. 10B) exhibit a difference in the
modal particle size of some 250 pm. Such differences may be
associated with the discrepancies between the two systems
already discussed. In addition, size estimates from the
Hydro 2000G may also be influenced by preferential hydro-
dynamic orientation of suspended particles while they are
pumped through the laser beam, presenting their longest
axis to the sensor array (Gabas et al. 1994), and overlapping
of coarse particles, which we have noted can strongly influ-
ence the shape of the size distribution derived using the
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Fig. 13. Comparison of power law relations for size and settling velocity (A) and size and effective density (B) derived in previous studies (blue lines)
with those derived using the holographic system presented in this paper (red lines). Numbered lines refer to the studies of 1) Fennessy et al. (1994), 2)
van Leussen and Cornelisse (1993), 3) Syvitski et al. (1995), 4) Hill et al. (1998), 5) Sternberg et al. (1999), 6) Manning and Dyer (1999), 7) van der Lee
(2000), 8) Fox et al. (2004), 9) Graham and Manning (2007), and 10) Curran et al. (2007).

Digital Holographic Particle Imager. Particle shape effects
may be responsible for the discrepancies in the modal peak
of the coarse sample between the Holographic Imager and
the Hydro 2000G. The fine sand sample may be sufficiently
small so as to be “seen” as spherical, which results in good
agreement between the two instruments. As previously dis-
cussed, it is impossible to be certain, even for approximately
regularly shaped particles, how laser diffraction size esti-
mates respond to particle shape without having simultane-
ous angular scattering measurements and images of the par-
ticle that cause the scattering. Kelly et al. (2006) argue that
laser diffraction data are a combination of particle breadth,
longest dimension, and other particle dimensional mea-
surements as particle shape becomes increasingly complex.
Further improvements in agreement between the size dis-
tributions for the two systems for near-spherical particles
may be achieved by averaging multiple subsamples from
the Digital Holographic Particle Imager to smooth repli-
cate-to-replicate variability.

Having a system that generates images of the particles is a
major benefit over instruments that use low angle laser scat-
tering alone to infer particle size, especially when working
with natural (i.e., non spherical) and cohesive sediments. Fig.
1 illustrates the interference pattern generated by a complex
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flocculated aggregate consisting of a prominent “head” (in the
lower left of the image) and a long tail comprising smaller
aggregates bound together by clear threads (possibly extra cel-
lular polymeric substances excreted by microorganisms)
extending across the field of view (to the top right corner of
the image). Fig. 4C illustrates a flocculated particle that
appears to have a “ragged” perimeter. Fig. 6 illustrates a range
of particles that exhibit large variation in size, shape, and
perimeter irregularity. The response of laser-scattering instru-
ments to such particles is, at present, an unknown. Gabas et
al. (1994) and Kelly et al. (2006) have shown that for non-
spherical particles, the interpretation of the diffraction events
occurring from each of the chords that can be drawn across
the cross-sectional area projection of a particle does not lead
to a single description of particle size. Flocs may be “seen” as
multiple-sized scatterers if the work of Karp-Boss et al. (2007)
on plankton can be extended, by analogy, to flocculated par-
ticles. Aggregates may give a size peak associated with an
imaginary spheroid that encompasses the aggregate as a
whole and secondary peaks associated with imaginary sphe-
roids that encompass smaller subcomponents of the floc.
Large aggregates do not consist of solid materials and as a
consequence, light may be diffracted through pores within
the aggregate, which will contribute to the diffraction pattern
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in a similar way as isolated smaller particles would. The
perimeter of a floc may be the major contributor of diffrac-
tion, but it is impossible to discount the secondary contribu-
tions that may occur from smaller component parts and pore
space, which may alias derived size estimates to smaller size
bins (van Wijngaarden and Roberti 2002) and cause the
appearance of “ghost” particles (Thonon et al. 2005) in laser
diffraction measurements. Although the effects of small
departures from nonsphericity on laser diffraction mea-
surements can be accounted for (Agrawal et al. 2008), there
is still much to be discovered about the influence of floccu-
lated aggregates upon laser diffraction measurements. The
benefit of an imaging system such as the Submersible Digital
Holographic Particle Imager, which we have presented in
this paper, is that an in-focus image of a particle is generated
from which functional light-scattering units can be assessed,
and all subcomponents of complex, flocculated particles can
be included in the particle size and shape estimates.

At present, we use a combination of different image seg-
mentation algorithms to threshold images of complex aggre-
gates before estimating their sizes. As previously noted, this
leads to the fragmentation of particles, and we approximate
the particles’ true projected area with a convex hull. This
procedure is effective for particles such as those illustrated in
Fig. 4C and SA but tends to reduce long stringy particles to
their components parts. Breaking the functional unit of a
floc up into subcomponents in this manner may not be
overly problematic when considering the light-scattering
properties of these aggregates, because it is the small compo-
nent parts that dominate the scattering characteristics of
flocs. However, such fragmentation leads to misrepresenta-
tion of true particle size, poor estimate of particle density
and significant errors in the distribution of mass settling flux
over the spectrum of measured particle sizes. Thonon et al.
(2005) have shown that densities of apparently small parti-
cles can be over-estimated because they appear as single par-
ticles falling very rapidly, whereas they are actually con-
tained within larger aggregates (of low density) that settle, as
a functional unit, very quickly. At present, we are working
on improvements to our current thresholding methodology
to overcome the limitations of particle thresholding, but we
are aware that it is probably unreasonable to expect any
automated method to reliably segment such complicated
flocculated particles as that illustrated in Fig. 4A and some
compromise between full automation/processing speed and
the accurate segmentation of all particles is unavoidable.

The relationship between particle settling velocity, effec-
tive density and particle size as illustrated in Figs. 11 A and
B can be considered characteristic of suspended cohesive
sediments across a wide range of environments since they
are consistent with the trends illustrated in Fig. 13 which
contrasts power law relations from a number of published
studies. Flocculated particles can be envisaged as fractal
entities whose structure, as particle size increases, becomes
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increasingly porous resulting in an inverse relation between
effective density and particle size. The power law fit to the
averaged results of 5 laboratory settling experiments which
we have obtained with the Digital Holographic Particle
Imager lies in the midst of the parameter space defined by
previous studies. The variability in range of particle sizes,
settling velocities, and effective densities between the stud-
ies with which we compare our method can be attributed to
variations in suspended particulate matter concentration,
shear stress, and biological mediation that contribute to the
flocculation process. Differences in the range of particle
sizes and settling velocities observed may also be influenced
by the sampling methods used. Our observed particle sizes
range over an order of magnitude from 30.07 (£1.64) -
443.05 (£3.41) pm, which is similar to size ranges observed
with estuarine muds by Fennessy et al. (1994), Manning and
Dyer (1999), and Graham and Manning (2007). There is
conflicting evidence relating to the effect of pipetting, the
method that we use to transfer flocculated particles from
their source suspension to the settling column, on the
observed floc size distributions. Gibbs (1982) has shown
that for small (=70 pm) mineral flocs, subsampling by pipet-
ting has no significant effect on floc sizes. However, Eisma
et al. (1991) showed large discrepancies between in situ par-
ticle size distributions and those after Owen tube recovery
and Coulter Counter/pipette analysis. Manning and Dyer
(1999) have postulated that pipette sampling has a negative
impact on floc size and structure, but discrepancies between
in situ and ex situ size distributions are more likely to be
associated with sample collection, transport, and handling
protocols (e.g., Owen tube sampling or bottling water sam-
ples) since Gratiot and Manning (2004) have shown that use
of a wide bore pipette method creates minimal floc disrup-
tion during sample acquisition. Despite using a wide bore
pipette for floc sampling, we cannot guarantee that the sam-
pling process is completely nondestructive, but the close
agreement between our settling velocity and effective den-
sity data and the reported relationships with particle size
from other studies (Fig. 13) suggests that, if there is floc dis-
ruption occurring during sampling, it has little impact and
would be masked by naturally occurring variability in the
flocculation process. The general agreement between studies
illustrated in Fig. 13 gives us confidence that the Sub-
mersible Digital Holographic Particle Imager causes little
floc disruption and adequately resolves particle size and set-
tling velocity over previously observed ranges. Although
sampling by pipette has allowed us to demonstrate our par-
ticle sizing and tracking methodology, we have some ques-
tions about how representative such a sampling strategy is.
We are therefore in the process of developing the holo-
graphic system for the simultaneous acquisition of particle
size and settling velocity data from cohesive suspensions in
situ in a fully automated manner. We will report on these
developments in future publications.
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Laboratory adaptation of the Submersible Holographic
Imager to include a settling column has enabled us to
demonstrate the amalgamation of holographic particle imag-
ing and particle tracking in order to estimate particle settling
velocities, effective densities, and mass settling fluxes for
cohesive suspensions. There have been several attempts to
use holography to simultaneously measure size and settling
velocity of suspended particles in the oceanic environment
(Carder 1979; Carder et al. 1982; Payne et al. 1984; Costello
et al. 1989), but such studies have generally been limited to
a small number of imaged particles because data processing
has been conducted manually. Developments in digital
holography, data storage, and computational power have
enabled us to develop a fully automated method to size and
track many hundreds of particles during a single settling
experiment in a highly reliable manner. Combining the
advantages of digital in-line holography, automated particle
sizing and tracking, and the algorithms of Fennessy et al.
(1994) has resulted in a powerful method for the determina-
tion of size, settling velocity, effective density, and the set-
tling flux of cohesive suspensions. Multiple realizations of an
individual particle as it settles through the field of view (e.g.,
Fig. 9) enable variability in particle size and settling velocity
to be propagated through the processing methodology to
generate error estimates for the ambient settling velocity,
effective density, and other derived quantities. Figs. 11A and
11B illustrate floc settling velocity and effective density as
functions of particle size. Until now, such figures have rarely
been presented with any estimate of the errors associated
with these quantities. Four small particles in Fig. 11A have
large standard deviations in the calculated settling velocities.
These errors in the ambient settling velocity are associated
with small variations in the instantaneous settling velocity
and binary representation of the particle from which the
projected area is estimated. Once the error in these two terms
are propagated through calculations for effective density and
ambient settling velocity, the uncertainty in the ambient set-
tling velocity can be of the same order of magnitude as the
settling velocity itself. We have left these particles in Figs.
11A and 11B because they illustrate the importance of accu-
rately estimating the projected area of particles. This is espe-
cially important for small particles for which even small per-
centage changes in their binary representation result in large
projected area variations.

Conclusions

We have presented a submersible digital in-line holo-
graphic particle imaging system, which we are currently using
to measure the size of suspended particles in coastal waters.
The instrument has a resolution of 7.4 pm per pixel with a
field of view of 7.4 x 7.4 mm and is capable of imaging parti-
cles from approximately 20 pm to 7 mm. The major advantage
with a holographic system is that it is possible to image parti-
cles over a substantial depth of field and then focus each par-
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ticle after acquisition to obtain sharp images of the particles
from which to estimate size. The digital reconstruction and
particle sizing is conducted in a fully automated manner with
minimal user intervention. Particle size distributions for
quartz sand closely resemble those obtained with a Malvern
Hydro 2000G low angle laser diffraction sizing instrument.
There are some slight discrepancies associated with differences
in sample delivery, dispersion, and replication, but the simi-
larities are encouraging. Multiple overlapping particles are
problematic for any imaging system and cause false secondary
maxima in particle size distributions. Using information on
the distribution of particles through the sampling volume,
which is unique to holographic systems, we are investigating
methods to identify overlapping particles and size the indi-
vidual grains to reduce these discrepancies. The major benefits
of imaging systems are obvious when dealing with suspen-
sions of irregularly shaped particles or flocculated aggregates
within cohesive suspensions. Since the light-scattering prop-
erties of such particles cannot be known a priori, determining
their size from laser diffraction may prove to be problematic.
Obtaining focused images of the particles enables size esti-
mates to be generated without recourse to assumptions con-
cerning particle shape. All imaging systems rely heavily upon
the accurate characterization of imaged particles in binary
form. We are currently making further improvements to the
segmentation methods that the Digital Holographic Particle
Imager utilizes to refine our size estimates and make it possi-
ble to accurately characterize particle shape.

Since cohesive sediments are acutely sensitive to hydrody-
namic conditions, there is no consistent relationship between
particle size and settling velocity. This makes estimation of set-
tling fluxes from particle size information alone prone to
error. We have presented a “proof-of-concept” laboratory
adaptation of the submersible particle-imaging system, which
enables us to simultaneously measure particle size and settling
velocity of cohesive sediments. Using multiple realizations of
each particle as it settles allows us to generate trajectory aver-
aged size and settling velocities and attribute error terms to
these estimates. This information can then be used to calcu-
late effective densities for the particles and settling fluxes for
the entire sample. Settling velocity and effective density vari-
ations with particle size show consistency with previously
published studies from a range of marine environments. A sig-
nificant benefit over previous instruments for size and settling
velocity estimation is that the Digital Holographic Particle
Imager makes use of fully automated particle tracking, which
enables us to size and track many hundreds of particles per set-
tling experiment in a reliable and repeatable manner. Encour-
aged by our initial laboratory tests, we are in the process of devel-
oping a system for the in situ determination of particle size and
settling velocity. We are also exploring distributed computing
and GPU parallel processing as future avenues from which it
would be possible to gain significant decreases in computational
time associated with the reconstruction of digital holograms.



Graham and Nimmo Smith

Such a fully automated system would bring increased ease and
speed to the collection and analysis of particle size, shape, and
settling velocity data across a range of environments from the
laboratory to marine, freshwater, and engineered systems.
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