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a b s t r a c t

Particulate inorganic matter (PIM) is a key component in estuarine and coastal systems and plays a
critical role in trace metal cycling. Better understanding of coastal dynamics and biogeochemistry re-
quires improved quantification of PIM in terms of its concentration, size distribution, and mineral species
composition. The angular pattern of light scattering contains detailed information about the size and
composition of particles. These volume scattering functions (VSFs) were measured in Mobile Bay, Ala-
bama, USA, a dynamic, PIM dominated coastal environment. From measured VSFs, we determined
through inversion the particle size distributions (PSDs) of major components of PIM, amorphous silica
and clay minerals. An innovation here is the extension of our reported PSDs significantly into the sub-
micron range. The PSDs of autochthonous amorphous silica exhibit two unique features: a peak centered
at about 0.8 mm between 0.2 and 4 mm and a very broad shoulder essentially extending from 4 mm to
>100 mm. With an active and steady particle source from blooming diatoms, the shapes of amorphous
silica PSDs for sizes <10 mm varied little across the study area, but showed more particles of sizes >10 mm
inside the bay, likely due to wind-induced resuspension of larger frustules that have settled. Compared to
autochthonous amorphous silica, the allochthonous clay minerals are denser and exhibit relatively
narrower PSDs with peaks located between 1 and 4 mm. Preferential settling of larger mineral particles as
well as the smaller but denser illite component further narrowed the size distributions of clay minerals
as they were being transported outside the bay. The derived PSDs also indicated a very dynamic situation
in Mobile Bay when a cold weather front passed through during the experiment. With northerly winds of
speeds up to 15 m s�1, both amorphous silica and clay minerals showed a dramatic increase in con-
centration and broadening in size distribution outside the exit of the barrier islands, indicative of wind-
induced resuspension and subsequent advection of particles out of Mobile Bay. While collectively
recognized as the PIM, amorphous silica and clay minerals, as shown in this study, possess very different
size distributions. Considering how differences in PSDs and the associated particle areas will effect
differences in sorption/desorption properties of these components, the results also demonstrate the
potential of applying VSF-inversion in studying biogeochemistry in the estuarine-coastal ocean system.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Particulate inorganic matter (PIM) is a key component in estu-
arine and coastal systems. PIM includes different types of particles,
such as biogenic amorphous silica and calcite, and minerogenic
clay, with each behaving differently biogeochemically. Biogenic
amorphous silica (opal) forms a critical link in the biogeochemical
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cycle of silica by transforming dissolved silicate to particulate ma-
terial (DeMaster, 1981; Tr�eguer et al., 1995). Clay minerals, mainly
land-derived, are a dominant component of most marine sedi-
ments (Griffin et al., 1968). Biogenic or non-biogenic, PIM is also
very active in the adsorption of nutrients and trace elements (Le
Pape et al., 2012; Schlegel et al., 2001; Warren and Zimmerman,
1994), and hence play a key role in carbon and nutrient cycles in
estuaries, coasts, and continental shelves (Corbett et al., 2004). For
example, clay minerals have been implicated in stimulating
phytoplankton productivity by supplying their adsorbed iron
(Johnson et al., 1999), phosphate (Effler et al., 2014; Howarth et al.,
2011), or dissolved silicate (Fachini and Vasconcelos, 2005).

Better understanding of coastal dynamics and biogeochemistry
requires improved quantification of PIM in terms of its concentra-
tion, size distribution, and mineral species composition. Advances
in biogeo-optics have enabled partitioning optical properties
among suspended minerals and the various compartments of
suspended organic matter (Bowers and Binding, 2006; Duarte et al.,
1998; Stavn and Richter, 2008). Recently developed optical in-
versions of the total volume scattering functions (VSFs) (Zhang
et al., 2011, 2012) measured over various coastal waters yielded,
for the first time, an expanded range of the particle size distribu-
tions (PSDs) to the submicron level, i.e. the colloidal range, for the
separate inorganic and organic components of suspended matter
(Zhang et al., 2014). The PSD pattern retrieved in Zhang et al. (2014)
is consistent with the predicted shape by Risovi�c (1993) in which
the distribution of total particles is the result of summing individual
particle PSDs that can be described as gamma or log-normal dis-
tributions and in which the numbers of submicron particles level
off and eventually decline as the particles become smaller.

In this study, we report a refinement to the Zhang et al. (2014)
study by further examining PIM in two subgroups, amorphous
silica and clay minerals, which are known to have very different
biogeochemical properties. For example, clay minerals have a
strong affinity for metals (e.g., Cr, Mn, Fe, Zn of group one andMo of
group two) and dissolved organic matter primarily at the Al-OH
bonds at the edges of clay lamellae (Tomb�acz et al., 2004; van der
Weijden et al., 1997). Detrital diatom frustules, however, have
very specific affinities through their micropores and Si-OH bonding
on the amorphous silica matrix (Schmitt et al., 2001). It has also
been demonstrated that living diatoms resist adsorption of foreign
materials on the surface of the frustule (Kranck andMilligan, 1988).
Furthermore, sorption-desorption affinities differ depending on the
size class of the suspended mineral matter (Liang et al., 2011;
Salomons and Mook, 1977; Ussher et al., 2013). The mass concen-
tration and size distribution for each group are determined from
the VSF-inversion method and validated by comparing with labo-
ratory gravimetric determinations. We focus on a dynamic coastal
area, Mobile Bay, Alabama, USA, particularly during a winter frontal
event. The size distributions of amorphous silica and clay minerals
differ significantly from each other due to differences in their ori-
gins and particle characteristics. The size distributions also change
in response to wind-induced resuspension and subsequent
advection of suspended particles. To the best of our knowledge, this
is the first time that the size distributions of individual constituents
of PIM are derived from in situ optical measurements of angular
scattering. The results will contribute further to knowledge of
coastal ocean biogeochemistry.

2. Materials and methods

2.1. Field experiment and measurements

The field experiment was conducted in Mobile Bay, Alabama
(17e26 February 2009), which is a relatively shallow estuary

system dominated by minerogenic particles from terrestrial runoff
and resuspension (Fig. 1). At each sampling station, the water
samples were collected at a depth of about 1.0e1.5 m for laboratory
analysis of particulate matter and HPLC analysis. In addition, the
volume scattering functions (VSFs) of water at about the same
depth was measured by a prototype Multi-spectral Volume Scat-
teringMeter (MVSM) at eight wavelengths and a commercial LISST-
100X at 532 nm (Type B; Sequoia, Inc.). The VSFs by LISST-100X at
angles from 0.07 to 9.4� and the VSFs by MVSM at 532 nm at angles
from 9.5 to 179� were combined to form a complete angular reso-
lution of the scattering (at over 600 angles between 0.07 and 179�).
The combined VSFs were used in inversion to infer amorphous
silica particulates and clay particulates as briefly described below.
Due to the shallowness of Mobile Bay, the suspended particulates
are highly dynamic when weather systems move through the bay
and create significant resuspension events (Zhao et al., 2011). A cold
front moved from north throughMobile Bay from 19 to 23 February
2009 (Fig. 2). On 20 and 22 February, the bay sediments were in
such high concentration (up to 99 mg/L) that optical instruments
were unable to take reliable measurements. The paired sample
collection and reliable optical measurements are listed in Table 1.
Here, we reported results from 16 sets of measurements, among
which 11 were taken outside the bay at stations 1e4 and 5 inside
the bay at stations 5e8.

2.2. Partitioning particulate inorganic matter

The determination of PIM is based on standard Loss-On-Ignition
(LOI) detailed in Stavn and Richter (2008) so we only give a brief
account here. Water samples (0.5e1.5 L) were filtered through
Whatman GF/F glass fiber filters. Though rated with a 0.7 mmmean
pore size, studies have shown that the GF/F filters can effectively
retain particles down to 0.2 mm diameter (Chavez et al., 1995)
because adsorption is the major process by which glass fiber filters
remove particulate material from suspension (Johnson and
Wangersky, 1985). In this study, we considered the effective pore
size of the filters we used to be 0.2 mm. Filters were pre-washed,
dried, and pre-weighed. Filtration was under a vacuum. Filters
were dried at 103� C for 2 h, weighed, ashed at 550� C for 15 min,
and weighed again. The ashing procedure was repeated until con-
stant weight was achieved; and the final weight gives the mass of

Fig. 1. The sampling stations, some of which were visited multiple times during the
experiment, are overlaid over the bathymetry map. Refer to Table 1 for visiting
schedule.
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PIM (mg L�1). Before the LOI, the filters were also analyzed using an
AMRAY 1820 digital SEM. The individual grains viewed on the filter
were identified by energy dispersive spectral analysis (EDS), and
subsequently grouped into clay species versus amorphous silica
(Zhang et al., 2014). Trace amounts of clastic quartz, pyrite and TiO2
were also found but assumed to be negligible in the total mass of
PIM. Using their respective area fractions determined from the SEM
images, PIM was further partitioned into a mass of clay minerals
and a mass of amorphous silica.

2.3. VSF-inversion of clay and amorphous silica

The sizes, composition, shape and structure of particles affect,
and hence can be potentially inferred from, the angular distribution
of their VSFs. This is the theoretical basis driving the VSF-inversion
(Zhang et al., 2011, 2012). The approach has been tested successfully
in a series of studies in retrieving the overall particle distribution of
sizes between 0.5 and 100 mm in coastal waters around the US
(Zhang et al., 2012), size distribution of natural bubble populations
off Hawai'i (Czerski et al., 2011) and in a surf zone off the coast of
California (Twardowski et al., 2012), chlorophyll concentration in
Chesapeake Bay (Zhang et al., 2013), and mass concentrations of

POM and PIM in Monterey Bay and Mobile Bay (Zhang et al., 2014).
Basically, a measured VSF is partitioned through a Least-squares
based inversion into an optimal combination of contributions by
particle subpopulations, each of which is uniquely represented by a
refractive index (a surrogate for particle composition) and a log-
normal size distribution (Zhang et al., 2011). Further grouping of
these subpopulations by sizes and/or refractive indices would
produce a particle assemblage that corresponds to natural particle
populations. Zhang et al. (2014), for example, grouped sub-
populations with modal sizes > 0.2 mm to resemble the particulate
matter that are operationally defined based on filtration in ocean-
ography, and among these aggregated subpopulations, they
showed that those with refractive indices � 1.10 correspond well to
PIM and those with indices < 1.10 to POM. Here, we continued the
Zhang et al. (2014) study by further refining the partition of PIM
into clay minerals and amorphous silica based on the refractive
index. The PIM particles (of sizes > 0.2 mm) inferred from VSF-
inversion include three subpopulations represented by refractive
indices ¼ 1.10, 1.14 or 1.20. The refractive index of silica ranges
1.07e1.10 (Aas, 1996). The clayminerals typically consist of chlorite,
illite, kaolinite, and montmorillonite (Griffin et al., 1968). The
dominant clay minerals in the Mobile Bay system are kaolinite,
montmorillonite and illite (Doyle and Sparks, 1980; Isphording and
Lamb, 1979), whose refractive indices are approximately 1.16, 1.17
and 1.18, respectively (Babin et al., 2003). In this study, we assume
the VSF-inversion derived PIM subpopulations with refractive
index ¼ 1.10 to be representative of amorphous silica and those
with refractive indices ¼ 1.14 or 1.20 to be representative of clay
minerals.

We have followed Zhang et al. (2014) to estimate the mass
concentration for each PIM species, i.e.,

M ¼ 4p
3

Z1000

0:2

�
d
d0

�F dð Þ
d30rf dð Þdd (1)

where f(d) represents the size distribution inferred from the VSF-
inversion, r is the density of PIM particles that will be estimated
from the refractive index (n) as

r ¼ 15:52ðn� 1Þ 1:10 � n<1:16
6:42n� 4:86 1:16 � n ; (2)

F(d) is the fractal dimension of the particles and assumed
FðdÞ ¼ 3ðd=d0Þ�0:0533 following Khelifa and Hill (2006), and
d0 ¼ 1.0 mm, representing the diameter of primary particles.

Fig. 2. The wind directions and speeds measured at the station MBLA1 (approximately
at the same location as station 7 in Fig. 1) operated by Dauphin Island Sea Lab. The data
were downloaded from NOAA National Data Buoy Center (http://www.ndbc.noaa.gov/
).

Table 1
Schedule of stations for the 2009 field experiment in Mobile Bay, Alabama (Fig. 1). Multiple stations are listed in the order visited on a given day. Laboratory results fromwater
samples include gravimetric determination of mass concentrations for clay minerals and amorphous silica (partitioned using energy dispersive spectral analysis), and HPLC
analysis for chlorophyll-a ([Chl]) concentration and percentage diatom fraction. VSF-inversion results include number concentrations for clay minerals and amorphous silica.
Underlined values represent station 3 and bold values represent 25 February transect.

Date 19 Feb 21 Feb 23 Feb 24 Feb 25 Feb 26 Feb

Station 5 1 2 3 4 1 2 3 1 2 3 7 6 3 8 8
Mass concentrations from water samples
Clay (mg/L) 3.25 0.13 1.69 1.59 0.87 0.46 1.12 0.64 0.64 1.18 0.66 0.75 1.43 0.32 1.03 0.81
Silica (mg/L) 2.74 0.05 0.94 0.88 0.48 0.31 0.79 0.44 0.49 0.93 0.51 1.66 2.36 0.27 2.71 2.12
[Chl] (mg/L) 9.56 2.27 3.52 3.72 2.73 3.08 2.96 2.83 3.06 3.24 2.97 7.15 4.15 1.36 14.84 15.15
Diatom (%) 83 82 76 77 82 74 78 77 73 76 77 76 53 69 41 42
Particle number concentrations from VSF-inversion
Clay ( � 1010 m�3) 13.94 0.32 11.32 8.89 1.03 1.13 1.88 0.27 0.09 2.02 0.37 18.09 16.16 0.08 7.48 12.32
Silica ( � 1012 m�3) 2.20 0.50 2.00 1.43 1.10 0.57 1.27 0.70 0.61 1.00 0.63 2.42 2.23 0.29 2.05 2.19
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2.4. Organic diatom frustule residue

The VSF-inversion uses the refractive indices for classification of
different particle species. Misclassification is expected because
some particles are themselves a mixture of organic and inorganic
materials. Living diatom cells, for example, have a silica shell with a
representative refractive index of ~1.07e1.10 (Aas, 1996), the same
as detrital amorphous silica. Therefore, the mass concentration for
amorphous silica estimated from the VSF-inversion (i.e., Eq. (1))
includes organic diatom frustule residue. To estimate this organic
residue, cultures of diatoms were sampled in the logarithmic
growth phase in which it was assumed that all amorphous silica
was associated with living cells. The cultures were analyzed for
total chlorophyll a concentration and then subjected to standard
LOI analysis. The mass concentration of organic diatom frustule
residue MORES (mg L�1) was empirically related to the concentra-
tion of total chlorophyll a (mg L�1) of diatoms:

MORES ¼ 0:0107þ 0:00466½Chla�: (3)

Equation (3) was derived from diatom cultures, to apply it for
the field measurements it is necessary to know what percentage of
the total chlorophyll concentration is contributed by diatoms,
which was accomplished with the High Performance Liquid Chro-
matography (HPLC) data on the concentration of diagnostic pig-
ments collected at the sampling sites (Fig. 1 and Table 1). In
calculating the diatom fraction, we followed the Vidussi et al.
(2001) method using fucoxanthin as a diagnostic pigment marker
for diatom. The organic portion of diatom frustules estimated using
Eq. (3) needs to be subtracted from the total amorphous silica mass
estimated using Eq. (1).

3. Results

3.1. Analysis of water samples

The water samples were analyzed for total chlorophyll a con-
centration and fraction of diatoms from HPLC, and mass concen-
trations of PIM clay minerals and PIM amorphous silica (Fig. 3 and
Table 1). An R2 ¼ 0.61 relationship was found in concentrations
between amorphous silica and chlorophyll a (Fig. 3), indicating a

chiefly biogenic origin for the silica minerals in Mobile Bay. The
HPLC results indicated that diatoms accounted for 40e83% of the
phytoplankton assemblage during the experiment (Table 1). Actu-
ally, a stronger relationship with R2 ¼ 0.69 was found between
fucoxanthin and amorphous silica concentrations. A much weaker
correlation was found between clay minerals and chlorophyll-a
concentrations (R2 ¼ 0.14), which is expected as the major source
of clay minerals in Mobile Bay is from river runoff and/or resus-
pension from the sediment (Sionneau et al., 2008) and is not
necessarily associated with the chlorophyll distribution.

3.2. PIM partitions from VSF-inversion

The mass concentrations of amorphous silicate estimated from
the VSF-inversion agreed very well with the laboratory determi-
nation (Fig. 4). As mentioned above, we have applied a correction
(Eq. (3)) to remove the diatom frustules associated with organic
residue. The effect of this correction is relatively limited; for
example, the correlation coefficient, root mean square error, and
mean relative error are 0.93, 0.37 mg/L and 0.21, respectively with
the correction and are 0.94, 0.40 mg/L and 0.27, respectively
without correction. This is mainly because diatom frustules typi-
cally contain <10% of organic matter as we found out in the labo-
ratory experiment. The VSF-inversion method underestimated the
mass concentration of clay minerals by 67% as compared to the
laboratory determination, even though there was a general agree-
ment (R ¼ 0.57) between the two estimates (Fig. 4). This underes-
timate in clay by the VSF-inversionwas, however, partially canceled
out by a slight overestimate in amorphous silica, resulting in a good
agreement with the total PIM, which is also consistent with the
Zhang et al. (2014) results.

3.3. Particle size distributions

One unique feature of the VSF-inversion is its ability to infer the
particle size distribution (PSD) associated with each particle spe-
cies. The total number concentrations were estimated from the

Fig. 3. Variations of mass concentrations of clay minerals and amorphous silica
determined in the laboratory analysis with chlorophyll a concentration determined via
HPLC analysis.

Fig. 4. Comparisons of mass concentrations of amorphous silicate, clay minerals and
combined PIM by VSF-inversion and laboratory analysis. The grey line represents 1:1
relationship. The three values shown for each comparison in the legend are correlation
coefficient (R), root mean square error (RMSE) and mean relative error (MRE),
respectively (negative MRE indicate that the measured values exceeded the inferred
values).
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inferred PSDs (Table 1). The concentrations of amorphous silica, on
the order of 1011 to 1013 m�3, are greater than the concentrations of
clay minerals, which varied between 108 to 1012 m�3 with an
average around 1010 m�3 (Table 1). The number concentrations of
clay minerals inside the bay (stations 5, 6, 7 and 8; Fig. 1) were on
average one order of magnitude higher than the concentrations
outside the bay (stations 1, 2, 3 and 4); similar variations were
observed for amorphous silica, even though the difference were
only about 4e5 fold. Exceptions were observed for stations 2 and 3
on 21 February when the concentrations for both clay minerals and
amorphous silica were comparable to the inside-bay values. The
number concentrations also show a stronger correlation with
chlorophyll a concentration for silica (R2 ¼ 0.50) than for clay
minerals (R2 ¼ 0.16), consistent with the corresponding relation-
ship shown in Fig. 3 for the mass concentrations.

We examine the general shape of size distributions in Fig. 5 by
normalizing the inferred PSDs by the corresponding total number
concentrations. In general, the size distributions of amorphous
silica are broader than those of the clay minerals, essentially
extending from less than 0.3 mm to about 100 mmwith a consistent
peak at about 0.8 mm and with elevated concentrations for sizes
>10 mm at some stations. The size distributions of clay minerals
exhibited peaks between 1 and 4 mm and saw rapid dropping in
concentration at both smaller and larger sizes. On average, more
amorphous silica particles of sizes >10 mmwere present inside than
outside the bay, whereas clay minerals exhibited a comparatively
wider distribution inside than outside the bay.

A cold front with wind speeds up to 15 m s�1 reached the area
19e23 February, and it was relatively calm on 24 and 25 February
with wind speeds <6 m s�1 (Fig. 2). To further examine how PIM in
Mobile Bay responded to this wind event, we plotted the derived
PSDs in Fig. 6 for station 3 from 21e25 February and over a transect
covering stations 7, 6 and 3 on February 25. The corresponding
laboratory and inversion results are underlined in Table 1 for sta-
tion 3 and displayed in bold font for the transect.

Along the stations 7, 6, 3 transect (Fig. 1), there are significant
differences in number concentrations for both PIM species between
the inside and the outside of the bay (Table 1). The number con-
centrations of amorphous silica decreased from 2.2 to
2.4 � 1012 m�3 for stations 7 and 6 to about 0.3 � 1012 m�3 for
station 3 (Table 1). Much more dramatic decrease was found for

clay minerals, from about 16e18 � 1010 m�3 at stations 7 and 6 to
only 0.08� 1010m�3 at station 3. Accompanying the decrease in the
number concentration, clay minerals exhibited two major changes
in size distribution (Fig. 6-b). The overall PSDs became narrower in
shape and the location of the dominant peak changed from
~2 mm at stations 7 and 6 to ~4 mm at station 3. For amorphous
silica, the overall PSDs were similar with a peak around 0.8 mm, and
most of the changes in PSDs were for sizes >4 mm with no clear
pattern along the transect (Fig. 6-d). For example, station 3 had
higher concentration of amorphous silica of sizes between 4 and
10 mm and station 6 had more amorphous silica at sizes >10 mm.

During and after the cold front from 21 to 25 February, the
retrieved number concentrations at station 3 were 8.89, 0.27, 0.37,
and 0.08 � 1010 m�3 for clay minerals; 1.43, 0.70, 0.63, and
0.29 � 1012 m�3 for amorphous silica (Table 1). Accompanying this
decrease in total number concentrations, clay minerals changed
from bi-modal distributions on 21 and 23 February with peaks at
approximately 2 and 4 mm to unimodal distributions on 24 and 25
February with a peak at 4 mm (Fig. 6-a). Similar to the transect case,
the size distribution of amorphous silica remained roughly the
same with most of the changes occurring at sizes >4 mm (Fig. 6-c).
The PSDs inferred for amorphous silica at station 3 were very
similar to each other on 21 and 25 February when south windswith
speeds <6 m s�1 were observed (Fig. 2), both had a shoulder be-
tween 4 and 10 mm. On 23 February with a strong north wind of
speeds up to 12 m s�1, the PSD at station 3 was similar to that of
station 6, both having significant presence of amorphous silica of
sizes >10 mm. On 25 February when the cold front died down,
amorphous silica showed the narrowest PSD.

3.4. Phase functions

The VSF-inversion is based on the fact that particles of different
types and size distributions exhibit distinctive angular scattering
patterns, i.e., the phase functions. The average phase functions
estimated from the inversion for amorphous silica and clay min-
erals differ considerably (Fig. 7). At angles <1�, scattering by
amorphous silica continued increasing while that by clay minerals
leveled out. Relative to clay minerals, amorphous silica also
exhibited elevated scattering at angles between 15 and 60�, and at
angles >90�. On average, the phase function shape for either

Fig. 5. Particle size distributions normalized by the corresponding number concentrations for inside (a) and outside (b) the bay. Blue curves are for amorphous silica and red ones
for clay minerals. Solid lines represent the inversion-derived results for each individual measurement and the thick dotted lines represent the median size distributions. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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amorphous silica or clay minerals was similar between inside and
outside the bay, with small but observable difference at angles <1�

for amorphous silica and at angles >60� for clay minerals.

4. Discussion

A major advantage of the VSF-inversion technique is the ability
to separate amorphous silica and clayminerals from each other and
examine their particle dynamics separately. Since the separation is
based on the refractive index, particles different from but of similar

refractive indices to amorphous silica (or clay minerals) would be
classified into the amorphous silica (or clay minerals) group. This
potential misclassification is an uncertainty associated with this
method because particles of similar refractive index (and sizes)
would scatter light similarly. In other words, different particles of
the same refractive index cannot be separated solely based on the
scattering of light. In this study, we assigned a refractive index of
1.10 to represent amorphous silica and refractive indices of 1.14 and
1.20 to represent clay minerals. The results shown in Fig. 4 indicate
the method has been able to identify and quantify amorphous silica
reasonably well but underestimate the mass for clay minerals,
which may include some particle species that were identified as
clay minerals by energy dispersive spectral analysis but cannot be
optically represented by the two refractive indices (1.14 and 1.20)
used in this study. For example, among clay minerals and diatom
frustules, trace amounts of titanium oxide, pyrite and clastic quartz
were also found in the water samples (see Fig. 2 in Zhang et al.,
2014). These trace minerals were included in the mass of clay
minerals, but will not be represented by our inversion method
because we have assumed the upper bound of refractive index for
major aquatic particles is 1.22 (Aas, 1996) whereas the relative
refractive indices of TiO2 and pyrite are ~ 2.0 and ~1.3, respectively.
Also, TiO2 and pyrite are much heavier (rz 4.0 and 4.8 g cm3) than
kaolinite, montmorillonite and illite (r z 2.5e2.9 g cm3), the three
dominant clay minerals in the Mobile Bay system. Therefore, our
inversion results for clay minerals should be interpreted as repre-
senting only those mineral species whose refractive indices are
within 1.12e1.22 (Zhang et al., 2011).

The phase function of a natural particle population in the ocean
is largely determined by its composition and size distribution
(Zhang et al., 2011). Generally speaking, the presence of large

Fig. 6. Particle size distributions for clay minerals (a and b) and for amorphous silica (c and d) as inferred from the measured VSFs at station 3 on 21, 23, 24 and 25 February (left
column) and along a transect covering stations 7, 6 and 3 on 25 February 25, 2009 (right column).

Fig. 7. The average phase functions estimated from the inversion for amorphous silica
and clay minerals inside and outside the bay. To better depict the changes of phase
functions at near forward angles, the x-axis is in logarithmic scale for angles <15� .
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particles (relative to the wavelength of the incident light, 532 nm
here) would enhance the scattering at the near forward angles
whereas the presence of small particles enhances the scattering at
relatively larger angles, particularly at backward angles (>90�),
which would also increase with the refractive index of particles
(Bohren and Huffman,1983). Compared to clayminerals, significant
amounts of amorphous silica existed in Mobile Bay with sizes
>10 mm and <1 mm (Fig. 5), which led to their elevated scattering at
angles <1� and >90�, respectively (Fig. 7). Amorphous silica has a
lower refractive index, and hence is expected to exhibit less back-
scattering, than clay minerals if the two species have the same size
distribution. However, because the differences between their
respective refractive index values are relatively small (1.10 vs. 1.04
and 1.20), the greater concentrations of submicron amorphous
silica found in Mobile Bay (Fig. 5) has more than compensated for
its relatively weaker refractivity.

While collectively recognized as the particulate inorganic mat-
ter, amorphous silica and clay minerals, as shown in this study,
possess very different size distributions (Fig. 5), reflecting the
interaction of biogeochemical and physical processes that control
particle dynamics in the area. To our knowledge no independent
estimates exist, so we do not know the uncertainty of inferred size
distributions for these mineral species. However, the bulk particle
distributions estimated using our method for sizes 1e200 mm have
been shown to agree with the determination using the Laser
diffraction method (LISST-100X by Sequoia Inc.) within 10% (Zhang
et al., 2012). Relatively few results have been reported for PSDs in
the submicron range but our results do appear to confirm the re-
sults of Atteia et al. (1998), Gallegos and Menzel (1987) and Peng
and Effler (2007) in which submicron or colloidal distributions of
minerogenic matter level off in the submicron range and do
decrease at the smallest sizes in a couple of cases where the mea-
surement technique extended far enough into the submicron range.

Sionneau et al. (2008) discussed three processes that largely
control the distribution of particles of the Northern Gulf of Mexico:
particle sources, settling and advection. Over a shallow estuarine
environment, such as Mobile Bay, wind-induced sediment sus-
pension could also significantly alter the distribution of particles
(Walker, 2001;Walker and Adele, 2000; Zhao et al., 2011). Since the
duration of the experiment coincided with the passage of a cold
front, we believe all four factors came into play in controlling and
modifying the particle dynamics of amorphous silica and clay
minerals in Mobile Bay.

The FebruaryeMarch period in Mobile Bay is the time of the
spring bloom, dominated by diatoms in the early stages. The HPLC
analysis showed significant amounts of fucoxanthin (dominant
biomarker for diatoms) in the samples, indicating that the majority
of the chlorophyll detected was due to the presence of diatoms
(Table 1). Therefore, the major source of amorphous silica in the
area is from blooming diatoms, also consistent with the high cor-
relation observed between the concentrations of amorphous sili-
cate and chlorophyll (Fig. 3). Because amorphous silica is mainly
autochthonous, the size distributions (Fig. 5) are nearly identical to
each other from 0.2 to 4 mmwith a dominant peak around 0.8 mm,
which could represent frustule residues of smaller diatom species
or fragments of larger frustules generated by zooplankton con-
sumption. The tail at larger sizes could be associated with two
possible sources. The first could be due to more intact detrital
frustules added to the water body by production of some larger
diatom species in the bloom, which could explain the intermittent
pattern of the appearance of larger sizes at the various sampling
stations. Kranck and Milligan (1988), following the course of a
diatom bloom in Bedford Basin, Nova Scotia, reported that the in-
dividual cells of the bloom remained small and intact but after
nutrient depletion and death of the cells that the frustules became

attached and formed relatively large aggregates. So the second
source could be the aggregate formation at the end of a bloom. Thus
we have summations of possibly separate particle populations of
amorphous silica yielding PSDs as shown in Fig. 5.

In contrast to autochthonous amorphous silica, clayminerals are
primarily allochthonous from river runoff (Griffin et al., 1968). In
Mobile Bay, the major components of clay minerals are montmo-
rillonite, kaolinite and illite (Isphording and Lamb, 1979; Milne and
Earley, 1958). Using five experimental techniques e electro-optical
birefringence, ultracentrifugation, viscometry, optical transmission
and electronmicroscopy, Kahn (1959) determined the average sizes
of clay particles in aqueous suspension are 0.5e2.5 mm for mont-
morillonite and 0.3e0.8 mm for illites. Arnott (1965) measured dry
powdered clay sizes using small-angle X-ray scattering; assuming
approximately 0.3 mm swelling in water suspension (West, 1952),
we estimated that the average sizes are 0.75e1.2 mm for mont-
morillonites and 0.6e0.9 mm for illites, agreeing well with the
measurements of Kahn (1959). Johnson and Kelley (1984) con-
ducted the mineralogical analysis of Mississippi river suspended
sediment and found that these three mineral species account for all
the suspended sediment of sizes < 2 mm and only kaolinite is found
at sizes of 2e7.8 mm but only accounting for < 20% of particles.
Assuming the Johnson and Kelley (1984) conclusion applies to
Mobile Bay, we would then expect the sizes of clay minerals in
Mobile Bay be mainly confined to sizes < 2 mm, which is generally
consistent with Fig. 5 showing that the clay minerals have peaks
between 1 and 4 mm.

Settling of particles in the aquatic environment (e.g., Chase,
1979) depends on both particle characteristics and environmental
condition as well as their interaction (e.g., Camenen, 2007). In any
given environment, the larger or denser particles would settle
faster. The density of silica is ~1.9 � 103 kg m�3, while densities of
clay minerals are approximately 2.0e2.5 � 103 kg m�3,
2.60e2.65 � 103 kg m�3, and 2.80e2.85 � 103 kg m�3 for mont-
morillonite, kaolinite and illite, respectively (Babin et al., 2003;
Wozniak and Stramski, 2004). Suspended clay minerals, upon
entering saline waters, become ionized, flocculate, or aggregate
together, and settle out more rapidly than they would as single
particles (Isphording and Lamb, 1979). Among clay minerals,
kaolinite and illite flocculate and settle faster than montmorillonite
which flocculate slowly (Porrenga, 1966) and in northern coast of
Gulf of Mexico, illite floccules, though smaller, settle more rapidly
due to their higher density (Sionneau et al., 2008).

Booth et al. (2000) developed an empirical model of sediment
resuspension in shallow estuaries as a function of water depth,
wind speed, direction and fetch based on surface gravity wave
theory and validated the model for the Barataria Basin, Louisiana,
USA. Applying this model, we estimated that critical wind speeds
for sediment resuspension inside Mobile Bay (water depth ¼ 5 m;
fetch ¼ 10e20 km) are 3.5e5.5 m s�1, and about 11 m s�1 outside
the Bay (water depth ¼ 25 m; fetch ¼ 50 km). During the experi-
ment, nearly 90% of the time winds had a speed >3.5 m s�1,
inducing resuspension inside the bay. Even though wind speeds
reached over 11 m s�1 during the cold front (Fig. 2), because the
winds were from the north, the fetch, and hence sediment resus-
pension, was limited at stations 1e4 outside the bay. Zhao et al.
(2011) conducted a 3-D hydrodynamic simulation on particle
movement in Mobile Bay and found that approximately 10% of
suspended particles would be flushed out through the exit of the
barrier islands during a cold front. Therefore, we would expect
sediment resuspension had occurred nearly continuously inside
the bay (stations 5e8) but seldom outside the bay (stations 1e4)
during the period of the experiment. However, stations outside the
bay, particularly station 3which is located immediately south of the
exit of the barrier islands (Fig. 1), would be impacted by suspended
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particulates transported out of the bay by a strong northerly wind.
Because of lower density and hence lower settling-speed,

amorphous silica exhibits a broader size distribution than clay
minerals (Fig. 5). The elevated concentrations inferred for amor-
phous silica of sizes >10 mm inside the bay (Fig. 5-a) are probably
due to wind-induced resuspension. As clay minerals are being
transported away from the river mouth, the rapid settling of larger
minerals and denser (probably smaller) illites could lead to a size
distribution that becomes narrower from inside (red curves in
Fig. 5-a) to outside (red curves in Fig. 5-b) the bay. Inside the bay,
however, the nearly constant wind-induced resuspension during
the experiment would lift those settled clay minerals back into the
water body, which explains that the inferred concentrations of clay
minerals were relatively similar at stations 7 and 6 but dropped by a
factor of 200 at station 3 (Table 1). It is also interesting to note that
smaller clay minerals of sizes <2 mm accounted for most of the
concentration reduction (Fig. 6-b). As mentioned above, illites are
of smaller sizes (Kahn, 1959) but greater density (Babin et al., 2003;
Wozniak and Stramski, 2004) among the three clay mineral species
that enter Mobile Bay and tend to settle faster than the others
(Sionneau et al., 2008).We hypothesize that the differential settling
of smaller illite contributes to the disappearance of submicron clay
minerals between stations 7 and 6 and station 3 (Fig. 6-b).

During the cold front, suspended particles would be flushed out
from the bay through the barrier island exit (Zhao et al., 2011). Both
clay minerals and amorphous silica at station 3 showed elevated
concentrations on 21 February, which subsequently decreased as
the cold front passed (underlined values in Table 1). The flushed-
out clay minerals, probably consisting of a significant amount of
resuspended illites, contributed to the appearance of a smaller peak
in the PSDs of size about 2 mm on 21 and 23 February at station 3
(Fig. 6-a). As these smaller yet denser illites settled out of the sur-
face layer in the following two days, the clay minerals returned to a
unimodal distributionwith a peak at 4 mmon 25 February (Fig. 6-a).

The estimated diatom fractions at station 3 were 77% on 21, 23
and 24 and dropped slightly to 69% on 25 February (Table 1).
Therefore, the initial increase of amorphous silica at station 3
during the cold front was mainly due to advection from inside the
bay. Note the similarity of amorphous silica PSDs between station 3
and station 6 (Fig. 6-d). This advection also contributed to the
elevated concentrations of amorphous silica of sizes >10 mm
observed on 23 February (Fig. 6-c). The settling of these larger
amorphous silica would return the PSD to a shape on 25 February
that is similar to that on 21 February (Fig. 6-c).

5. Conclusions

The angular pattern of scattered light contains detailed infor-
mation about the size and composition of particles (Bohren and
Huffman, 1983). Continuing from our earlier studies (Zhang et al.,
2011, 2012, 2013, 2014), we determined the PSDs and associated
quantitative relations of major components of suspended mineral
matter (PIM), amorphous silica and clay minerals, from measured
volume scattering functions in Mobile Bay. The PSDs of autoch-
thonous amorphous silica exhibit two unique features: a broad
peak centered at about 0.8 mm for sizes between 0.2 and 4 mm and a
very broad shoulder essentially extending from 4 mm to >100 mm.
With an active and steady particle source from blooming diatoms,
the shapes of amorphous silica PSDs for sizes <10 mm varied little
across the stations, but showed more particles of sizes >10 mm
inside the bay, likely due to wind-induced resuspension of larger
frustules that have settled. Compared to amorphous silica, the
allochthonous, clay minerals are denser and exhibit relatively
narrower PSDswith peaks located between 1 and 4 mm. Preferential
settling of larger mineral particles as well as smaller but denser

illite component further narrowed down the size distributions of
clay minerals as they are being transported outside the bay. The
derived PSDs also indicated a very dynamic situation in Mobile Bay
relative to the weather front that passed through. During the cold
front, both amorphous silica and clay minerals showed a dramatic
increase in concentration and broadening in size distribution at
station 3, located south of the exit of the barrier islands, indicative
of wind-induced resuspension and subsequent advection of parti-
cles out of Mobile Bay (Zhao et al., 2011). The results also demon-
strate the potential of applying VSF-inversion in studying
biogeochemistry in the estuarine-coastal ocean system.
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