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Abstract
Purpose Flocculated cohesive suspended sediments (flocs) play an important role in all aquatic environments, facilitating 
the transport and deposition of sediment and associated contaminants with consequences for aquatic health, material fluxes, 
and morphological evolution. Accurate modelling of the transport and behaviour of these sediments is critical for a variety 
of activities including fisheries, aquaculture, shipping, and waste and pollution management and this requires accurate 
measurement of the physical properties of flocs including porosity.
Methods Despite the importance of understanding floc porosity, measurement approaches are indirect or inferential. Here, 
using μCT, a novel processing and analysis protocol, we directly quantify porosity in natural sediment flocs. For the first time, 
the complexity of floc pore spaces is observed in 3-dimensions, enabling the identification and quantification of important 
pore space and pore network characteristics, namely 3D pore diameter, volume, shape, tortuosity, and connectivity.
Results We report on the complexity of floc pore space and differentiate effective and isolated pore space enabling new 
understanding of the hydraulic functioning of floc porosity. We demonstrate that current methodological approaches are 
overestimating floc porosity by c. 30%.
Conclusion These new data have implications for our understanding of the controls on floc dynamics and the function of 
floc porosity and can improve the parameterisation of current cohesive sediment transport models.
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1 Introduction

Fine cohesive sediment is a globally vital component in 
the healthy functioning of aquatic systems (Malakoff et al. 
2020). It affects a variety of aquatic system features includ-
ing navigation, aquaculture, aquatic biodiversity, and fisher-
ies (Khangaonkar et al. 2017; De Bruijn 2018; Law and Hill 
2019; Gadeken et al. 2021; Zhang et al. 2021). This sedi-
ment is largely transported as flocculated suspended sedi-
ment or ‘flocs’, so it is imperative that the characteristics and 
behaviour of suspended sediment flocs are fully understood.

Flocs are fragile, complex, low-density aggregates of 
minerogenic and biogenic material with fluid-filled pore 
space and typically represent the main component of sus-
pended particulate matter (SPM) in systems dominated 
by fine sediment (Droppo 2001; Burd and Jackson 2009). 
SPM plays a fundamental role in the fluxes and fate of 
sediment (Prandle et al. 2005; Manning and Dyer 2007;  
Spearman et al. 2020), carbon, nutrients (Ussher et al. 2011), 
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contaminants (Schindler et al. 2021), and pathogens through 
all natural aquatic environments, and the settling of SPM 
is the main mechanism for downward flux of carbon in the 
ocean (Azam and Long 2001). Therefore, understanding  
floc structure and functional behaviour is essential for 
the sustainable management of all aquatic environments 
(Wheatland et al. 2017, 2020; Spencer et al. 2021).

A key component of natural sediment flocs is fluid- 
filled pore space at micro- and nanometre length scales 
(Wheatland et al. 2017, 2020; Ho et al. 2022). Porosity both 
creates drag and influences buoyancy meaning that porosity  
can have significant influence on floc settling behaviour, 
floc stability, and compaction once settled (Moruzzi et al. 
2020). Therefore, it is critical to understand and quantify 
these structural floc features. However, there are currently 
no effective means by which pore space within flocs can be 
measured, because flocs are fragile making them difficult to 
sample without damaging their structure, and 3D in nature 
meaning they are difficult to observe and quantify (Droppo 
2004; Amarasinghe et al. 2015). As a result, porosity values 
tend to be an inferred property estimated from measures  
of 2D size and settling velocity assuming spherical shape 
(Hsu and Liu 2010; Fromant et al. 2017). This introduces 
considerable uncertainty in the validity of sediment transport 
and contaminant models, as they are compromised by a lack 
of directly observed data on porosity and pore spaces which 
they rely on for reliable and accurate outputs (Warner et al. 
2008; Ye et al. 2018; Vowinckel et al. 2019; Zhu 2019). 
Conventionally, bulk porosity (Droppo et al. 2000; Hsu and 
Liu 2010) and pore diameter (Liss et al. 1996; Williams et al. 
2008; Chen et al. 2012) have been measured in flocs, and in 
clay-rich soils and sediments more broadly (Kozlowski and 
Ludynia 2019; Obour et al. 2019).

Floc structures can now be stabilised, imaged, and quan-
tified in 3D using μCT techniques (Wheatland et al. 2017, 
2020; Zhang et al. 2018; Spencer et al. 2021). The advent 
of these new imaging techniques allows the exploration and 
interrogation of both bulk porosity, and pore-space and pore-
network characteristics.

The overall aim of this study was to quantify the complex 
3D structural characteristics of pore space in natural sedi-
ment flocs using volumetric microtomography. Specifically, 
we quantify porosity, pore space (diameter and shape), and 
pore network characteristics (tortuosity and connectivity) 
and define hydraulically effective and isolated pore space 
associated with flocs. The parameter data in this project were 
produced using volumetric measurements, where image data 
was segmented and measured in 3D volume, rather than 
using 2D inferences or proxies. These novel data provide 
insights into the hydraulic functioning of floc porosity, could 
improve parameterisation of current cohesive sediment 
transport and flocculation models, and improve understand-
ing of floc behaviour.

2  Methods

The overarching theme of the methodology was to image, 
characterise, and quantify pore properties of natural sedi-
ment flocs in 3D and compare these novel data to porosity 
inferred from settling velocity and 2D floc diameter gener-
ated using conventional approaches (Manning et al. 2007, 
2011; Ye et al. 2018).

2.1  Experimental setup

The natural sediment flocs used in this study were formed 
in the lab using an annular flume (Fig. S1a) from fine 
grained mud-flat sediment collected from the Thames 
Estuary, SE England. Sediment from this area has been 
reported as silty clays with LOI values typically < 10% 
(O’Shea et al. 2018), containing total organic carbon of 
1% (Lopes dos Santos and Vane 2016). Prior to carrying 
out experiments, the sediment was stored at < 4 °C to dis-
courage bacterial activity. When mixing in the flume, arti-
ficial seawater (Sigma Sea Salts) was used (salinity 34 g 
 L−1) to recreate estuarine conditions. 2D and 3D datasets 
were combined by sub-sampling flocs for 3D analysis from 
2D-observed populations. 2D datasets included inferred 
bulk porosity and Feret diameter-based floc size, and 3D 
datasets included directly measured porosity, volumetric 
floc size, 3D measured pore diameter, shape, tortuosity, 
and connectivity (Fig. 1).

2.2  2D data collection

To calculate settling velocity and to retain samples for  
subsequent post-settling 3D image acquisition, a modified 
version of the LabSFLOC-2 (Manning 2006; Manning et al. 
2007, 2017) high-resolution (1 pixel = 6 mm) video floc 
camera system was employed (Fig. S2b). Immediately prior 
to LabSFLOC-2 experimentation, the flocs were re-suspended 
for 10 min within the annular flume. Flocs were sub-sampled 
from the flume-based floc population using a broad aperture 
pipette (Gratiot and Manning 2007), which was subsequently 
fixed in place above the LabSFLOC-2 column, in contact 
with ~ 0.5  cm depth of water. The LabSFLOC-2 system 
records flocs settling past a high-definition camera and 
video files are stored for later processing (Manning 2006; Ye 
et al. 2018, 2020), creating the raw 2D detailed video (.AVI 
format) dataset. To collect a set of floc samples for 3D image 
assessment, the method outlined by Droppo et al. (1996) was 
used, whereby a plankton chamber was placed at the base 
of the LabSFLOC-2 column to collect sediment (Fig. S2b), 
before the flocs were immobilised in agarose gel.
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2.3  3D data acquisition

An established block staining protocol (Wheatland et al. 
2017) was used to prepare floc samples for μCT vacuum 
condition scanning. The samples collected from the plankton 
chamber in the LabSFLOC-2 system were immobilised in 
agarose to prevent structural alteration, and subsequently 

stained using heavy metals (including uranyl acetate), before 
dehydration and resin embedding. This process is a well-
established approach (Wheatland 2016; Wheatland et al. 
2017, 2020; Spencer et al. 2021) that has been demonstrated 
to preserve floc structure. The staining process enhances 
contrast between organic and inorganic constituents in μCT 
scan images (Wheatland et al. 2020).

Fig. 1  3D pore space features 
that have been measured, and 
the method by which the data 
was collected, along with a brief 
description of how the data was 
processed into the pore space 
parameters required
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The resin-embedded samples were scanned using a Nikon 
Metrology XT-H 225 (NikonMetrology 2020), fitted with 
a transmission target. The scans were performed at a volt-
age of 150 kV and a current of 160 μA to optimise con-
trast and resolution (Wheatland et al. 2020; Spencer et al.  
2021, 2022), resulting in a scan resolution of 2.78 μm. The 
scans were reconstructed using CTPro3D (NikonMetrology  
2013) before post-processing and data analyses were performed  
using ImageJ/Fiji v2.35 (Schindelin et al. 2012), including 
BoneJ v1 (Doube et al. 2010).

Due to the time constraints of data processing, a floc sub-
sample was selected at random from the agarose block dur-
ing the stabilisation and staining procedure, and at the μCT 
image analysis stage, 30 flocs were selected at percentile 
intervals. The 25th and 75th percentiles of micro-flocs, and 
the 25th, 50th, and 75th percentiles of macro-flocs, were 
used. This provided 150 segmented floc samples for analysis.

2.4  Data processing and analysis

The settling video files collected by the LabSFLOC-2 were 
used to generate 2D floc size (Feret diameter) and settling 
velocity data for individual flocs through a combination of 
the Weka Trainable Segmentation (Arganda-Carreras et al. 
2017) and TrackMate (Tinevez et al. 2017) plugins within 
ImageJ (Lawrence 2021). Floc effective density and inferred 
porosity were then estimated using an adaptation of Stokes’ 
law (Manning et al. 2011; Soulsby et al. 2013). To enable 
comparison, the 2D floc data were sub-sampled using the 
same approximate Feret diameter size ranges.

3D quantification of floc porosity consisted of a series of 
operations performed on the segmented floc volume using 
the BoneJ (Doube et al. 2010) and MorphoLibJ (Legland 
et al. 2016) plugins within ImageJ. A summary of the param-
eters measured in the 3D floc samples is presented in Fig. 1.

Here, bulk porosity % was measured using the floc and 
pore space volume outputs from the ‘volume fraction’ meas-
urement tool in BoneJ: (total pore volume/total floc volume) 
*100. Hydraulically ‘effective’ and ‘isolated’ pore volumes 
were defined and segmented. Pores were deemed to be 
hydraulically effective if they were connected to the exte-
rior surface of the floc and hence the transporting medium, 
and isolated pores were defined by being entirely enclosed 
within the floc structure.

The individual pore spaces of each floc were similarly 
measured as a part of the total porosity and segmented into 
hydraulically effective and isolated pore space. Individual 
pore volumes were extracted from the total pore volume 
data. Pore diameter is the mean average value summarised 
from a series of maximum-fit spherical diameter measure-
ments taken along the length of the pore (Dougherty and 
Kunzelmann 2007; Doube et al. 2010). Pore shape was 
assessed by adapting the approach commonly used for clast 

analysis (Graham and Midgley 2000) whereby objects are 
plotted in a continuum between spherical, rod, and plate 
shape end members. Rather than the  C40 index as applied to 
clasts to indicate degree of wear, in this study, a  B60 index 
is used to determine the proportion of pores that are rod-
shaped (Lawrence 2021). This is an important measure as it 
can indicate elongation of the pores, which could influence 
hydraulic efficiency.

Pore network properties were generated by conversion 
of the pores associated with each floc into a topological 
network through skeletonisation (Arganda-Carreras et al. 
2010). This enabled quantification of pore tortuosity and 
connectivity, thus characterising pore network complexity 
and efficiency (Fig. 1).

3  Results and discussion

Floc size and porosity data were collected for 963 flocs in 
2D, and floc size, porosity, pore space, and pore network 
data were collected for 150 flocs in 3D.

3.1  Floc porosity

Floc porosity distributions for the floc populations measured 
in both 2D and 3D are presented in Fig. 2.

The inset images in Fig. 2 depict representations of the 
methodological approach applied to floc samples to gain 
the porosity data. In panel a, the inset image shows a Feret 
diameter-based ellipsoid applied to the floc, to gain inference 
of floc density as a porosity proxy. In panel b, a 3D rendered 
image (using Drishti (Limaye 2012)) of directly measured 
3D porosity is shown. Figure 2 a shows that 2D-inferred 
porosity values ranged between 0.4 and 98%, with a mean 
value of 55% and a median value of 58%. Porosity derived 
from 3D measurements ranged between 4 and 52%, with 
mean and median values of 24% (Fig. 2b). These distribu-
tions are markedly different. Porosity values inferred using 
2D approaches estimated from settling velocity are consist-
ent with those reported in the literature for natural sediment 
flocs (Syvitski et al. 1995; Droppo et al. 1997; Manning 
et al. 2004; Spencer et al. 2010), indicative of loosely-bound, 
highly porous sediment aggregates (Stone et al. 2008). By 
contrast, porosity values observed and quantified from 3D 
volumes have substantially lower range, mean and median 
values indicating that porosity values are lower and less vari-
able in natural sediment flocs than previously considered.

These 3D observations demonstrate that floc porosity  
values derived from 2D floc settling velocity, systematically  
and substantially over-estimate floc porosity quantified from  
3D floc volumes. There may be two explanations for this. 
Firstly, porosity is estimated in 2D by fitting an ellipsoid 
to the floc 2D projection to estimate diameter (panel ‘a’  
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Fig. 2  Porosity (%) distribution measured by indirect 2D (top) and 
direct 3D (bottom) methods. A normal distribution line has been 
included in both plots. Inset top panel: representation of conventional 

2D method applied to a floc. Inset bottom panel: rendered image of 
3D-measurement method applied to the same natural floc
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inset, Fig. 2). For simple, near-spherical flocs, this may not  
be problematic. However, we know from our previous 3D 
examinations of natural sediment flocs that floc shape is far 
more irregular and less spherical than previously thought 
(Wheatland et al. 2017, 2020; Zhang et al. 2018; Spencer 
et al. 2021) and therefore, fitting an ellipsoid (or sphere) will 
incorporate significant external space over-estimating floc 
porosity. This external space has no function in terms of either 
floc buoyancy or fluid flow through the floc yet is included 
in 2D inferential porosity calculations. If porosity is over-
estimated, then, by default, we must also be under-estimating 
floc density. Here, porosity is easily segmented from other 
floc phases as unoccupied space; however, measuring density 
in the same way becomes much more challenging due to the 
heterogeneous nature of solid material in the flocs. Secondly, 
μCT detection limits preclude observation and quantification 
of nano-porosity which has been estimated at typically < 10% 
of total floc porosity (Wheatland et al. 2020). However, much 
of the nano- and micro-scale pore space in flocs is filled with 
EPS (Wheatland et al. 2020), so not all nano-porosity is  
viable as ‘empty’ space. This creates a conceptual point for 
consideration: ‘what constitutes “true” porosity?’. If we are 
focusing on packing spaces between molecules or nano-scale 
particles, then how much does this influence buoyancy and 
hydraulic conductivity?

The lower values of quantified porosity in these sedi-
ments are likely to be a combination of these two effects. 
Therefore, current models which predict floc behaviour (set-
tling velocity, flocculation) may be using over-estimates of 
porosity and under-estimates of density. These parameters 
are used as inputs to sediment settling models and help to 
determine the modelled hydrodynamic behaviour of flocs 
including settling velocity, susceptibility to drag and shear 
forces, and torsional force effects on the floc structure. This 
limits the power with which the models can predict sediment 
settling patterns and implies that other structural characteris-
tics such as floc shape may be more important. This project 
dealt with one population of flocs, and flocs with different 
composition and different environmental conditions may 
display very different pore characteristics and/or functional 
behaviours.

An important factor in the consideration of floc behaviour 
is the relationship between floc size and porosity, with floc 
density decreasing and porosity increasing with floc size 
as pore space is incorporated with floc growth resulting in 
large, fragile, ‘loose’ flocs structures (Winterwerp 1998; 
Khelifa and Hill 2006; Jin et al. 2012; Vahedi and Gorczyca 
2012; Zhu et al. 2018). Flocs are considered to have fractal 
geometry and fractal-based models which assume structural 
self-similarity across multiple scales are widely used to pre-
dict floc behaviour (e.g. settling velocity, rate of floc aggre-
gation and disaggregation) (Perfect and Kay 1995).

The relationship between porosity and floc size is shown 
in Fig. 3a (porosity and size generated from 2D data) which 
shows a strong, positive relationship between porosity 
and floc size (Gorczyca 2000; Liao et al. 2000). Porosity 
increases with floc diameter and the largest porosity val-
ues are represented in the largest macro-flocs, a relation-
ship reported in the literature (Droppo et al. 2000; Gorczyca 
2000; Cui et al. 2019; Filipenska et al. 2019; Moruzzi et al. 
2020). The two groups of data (Fig. 3a) are an artefact of 
the sampling method used, with flocs sampled from micro- 
and macro-floc size intervals (Sect. 3.3). In contrast, when 
examining the 3D data (Fig. 3b), the relationship between 
floc size and porosity is weaker, with considerable data vari-
ability, illustrated by the expanding cone shape seen in the 
dashed lines that mark the ‘edges’ of the data spread. This 
again is likely to be due to the use of the Feret diameter 
to estimate floc size and hence incorporate external empty 
space into the floc volume. The two groups of data represent 
the micro-(grey)/macro-(gold) floc split from the sampling 
strategy.

For small, compact, near-spherical micro-flocs (Spencer 
et al. 2021), the Feret diameter-based ellipsoid method is 
likely to provide a better estimation of floc size, but as flocs 
get larger and more complex, over-estimation of porosity is 
likely to increase as more external empty space is included 
in the calculation. This will be most apparent for large, 
organic-rich natural flocs with highly irregular shapes. 
Therefore, well-documented observations of positive rela-
tionships between floc size and porosity may be largely due 
to the use of 2D ellipsoid fitting of increasingly irregularly 
shaped flocs.

3.2  Individual 3D pore morphology

One of the additional benefits of the direct imaging of indi-
vidual flocs in 3D is the interrogation of the morphological 
characteristics of individual pores. This object-based analy-
sis holds advantage over sampling analysis as subtleties of 
finer-scale features are quantifiable, and such features can 
exert significant influence over gross-scale functionality and 
behaviour (Taylor et al. 2017).

Most (68%) pores measured between 5.4 and 5.6 μm 
wide, with an overall range of 5.4–12.6 μm (Fig. S2). Indi-
vidual pore volumes were predominantly within the 0–5000 
μm3 range, with a long data tail to the maximum value c. 
330,000 μm3. Most of the tail of data consists of small 
peaks of 1–5 pores, indicating a higher degree of variability 
beyond the initial dominant peak. Pore shape analysis (ratio 
of a, b, and c axis, see Fig. S4) showed that 61.7% of pores 
were rod-shaped, i.e. elongated, with the remainder spread 
variably throughout the other shape categories (sphere and 
disc).
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These datasets tie together to form a multivariate descrip-
tion of, and explanation for, individual pore morphology. 
Pores are created by the initial aggregation process of flocs 

and deposition and resuspension cycles that the sediment 
subsequently experiences (Mooneyham and Strom 2018). 
They are important hydrodynamically for their contribution 

Fig. 3  Floc size and porosity relationship measured by 2D methods 
(top panel) and 3D methods (bottom panel). Floc Feret diameter and 
effective density-inferred porosity are plotted in the top panel, and 3D 

directly quantified floc volume and porosity are plotted in the bottom 
panel. The grey (micro-flocs) and gold (macro-flocs) boxes indicate 
the divide in the sampling strategy
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to floc settling behaviour (Gregory 1997; Droppo et al. 
2008), as their size not only determines hydrodynamic effi-
ciency of advective flow through the floc, but floc density 
and stability are also affected by pore size (Wu et al. 2006; 
Taamneh and Bataineh 2011; Zhang and Zhang 2015). Pores 
also facilitate the transport and exchange of pollutants, con-
taminants and gases (Droppo and Leppard 2004; Koji 2012; 
Wang et al. 2020), so their size and shape are important 
factors in floc structure and behaviour. Flocs with predomi-
nantly rod-shaped pores are likely to comprise of many 
loosely bound, elongated structures such as EPS and bacte-
rial linkages between smaller nodes of sediment, whereas 
flocs with highly variable pore shapes, with less-rod-shaped 
pores are more likely to be simpler, possible denser flocs 
with pores positioned predominantly within sediment clus-
ters. Here, pore diameter ranges from 5 to 12.6 μm, but the 
volume data spreads over three orders of magnitude, and 
this is explained by the dominance of rod-shaped pores with 
otherwise substantial shape variability. Rod-shaped pores 
bear a similar diameter regardless of their length, with the 
length causing the variation in pore volume. These predomi-
nantly elongated micro-scale pores are indicative of a floc 
structure that is ‘looser’, more complex, more heterogene-
ous, and influenced by flocculation mechanisms beyond the 
electrochemical flocculation that is typical of smaller flocs 
with more compact pore spaces (Spencer et al. 2021).

3.3  3D pore network characteristics

Beyond bulk porosity % and individual pore space morphol-
ogy, pore network characteristics are an important aspect 
of floc porosity. Pore tortuosity and connectivity can offer 
insights into the network characteristics of pore spaces 
within the floc structure (Meyers et al. 2001). Pore tortuos-
ity can determine the rate at which advective flow is possible 
through floc structures, and this affects both settling veloc-
ity and floc stability (Yang et al. 2006; Appelo et al. 2010). 
Connectivity in this context is an indicator of pore network 
complexity and is a useful indicator of overall permeability 
of a sediment structure which as implications for stability 
and erodibility (Liu et al. 2013), in addition to contributing 
to the hydraulic conductivity of a floc during settling (Dai 
and Santamarina 2013; Lozano et al. 2013; Li et al. 2019; 
Lu et al. 2019; Lucas et al. 2020).

Most pores have low tortuosity (Fig. S3a), with ~ 75% 
of the pores displaying a tortuosity value between 1 and 
1.5, with c. 25% of pores having higher tortuosity up to 6.8. 
Figure S3b indicates that almost a third of pores are very 
well-connected (few dead-ends or low complexity), with a 
value of 1. The smaller peak at 2, surrounded by a leptokur-
tic distribution of other data values, accounts for much of the 
remainder of the data. Rare instances of poor connectivity 

are present however, with 5% of the pores registering con-
nectivity values of 3–4.

Water flow through any porous media, e.g. soils, is 
dependent upon the pore diameter and distribution (friction) 
and the length and tortuosity of flow pathways (Childs and 
Collis-George 1950; Shein 2010). Here, the pore network 
data assesses the degree to which water can flow through 
floc pores and hence influences drag and settling rates of 
suspended material (Strom and Keyvani 2011), and possibly 
the exchange of nutrients, waste products, and contaminants 
to bacteria within the floc. Here, low tortuosity values indi-
cate that most pores will provide little resistance, meaning 
advective flow through the floc is achieved with little inter-
ference, and as such, the drag experienced by the floc as a 
whole is reduced (Burger et al. 2017; Zhao et al. 2018). Very 
high tortuosity can turn an otherwise hydraulically viable 
pore system into a hydraulically resistant or ‘closed’ sys-
tem, due to water being slowed to an extent that it would 
not flow within the timescale of a floc settling event. This 
causes other parameters of that system such as pore diameter 
to become irrelevant. Figure S3b shows that c. 30% of the 
pores have very low connectivity indicating that water could 
move through a simple pathway. Again however, there are 
examples of very complex pore networks with a high poten-
tial for dead-end passageways that would impede hydraulic 
flow. These datasets can be used in conjunction with other 
parameters to inform the internal hydraulic potential of a 
floc but can also be important individually. The pore network 
parameters can provide a direct input to sediment settling 
models as they are values that can determine the ease at 
which water can move through the floc structure. This is a 
completely new insight that would be unavailable using only 
gross-porosity (%) measures of pore space.

3.4  Pore typology: distinguishing 
between hydraulically effective and isolated pore 
space

The morphological and network properties outlined above 
introduce the idea that porosity may have a structural impact 
on the passage of water through a floc falling through the 
water column. These factors enact this influence by retard-
ing settling as a function of increasing buoyancy or enhanc-
ing settling by efficiently allowing transit of water through 
the overall floc space (Droppo et al. 2000; Chu et al. 2005; 
Moruzzi et al. 2020). To assess whether pore space is con-
tributing buoyancy to the settling floc requires establish-
ment of whether a pore is hydraulically effective or isolated 
from the exterior of the floc. Pores were classified as effec-
tive (connection to the floc exterior hence allowing fluid 
exchange with the surrounding transport media), or isolated. 
Ninety-nine percent of the total pore volume was hydrauli-
cally effective pore space. 
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The effective porosity is normally distributed (Fig. 4a), 
ranging from 2 to 52% with a modal peak at 24%.  
Isolated porosity is < 3% of the total porosity. This difference 
is statistically significant for both median value (Independent 

Standard Median test sig. 0.000) and range (Kruskal–Wallis  
sig. 0.000) tests. Therefore, most pores in natural sediment  
flocs are hydraulically connected to the transporting medium  
potentially allowing water to flow through the floc.  

Fig. 4  Effective (green) and isolated (pink) pore volume % proportion 
distribution in natural sediment flocs. Inset: 3D renderings of effec-
tive and isolated pore volume from the same natural sediment floc 

(grey) volume. The “145” annotation on the isolated porosity plot 
indicates the number of data points that fall within the lowest bin cat-
egory of 0–2% porosity
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The morphological and network characteristics of these 
effective pores are likely to influence the efficiency of water 
flow through the floc, and thus influence settling velocity and 
therefore functional behaviour.

Typically, effective pores occupy a higher percentage 
of the floc structure with mean porosity value of 25.3% vs 
0.4% for isolated pores; are wider with a mean diameter 
of 7.28 μm vs 5.2 μm for isolated pores; and are less well-
connected with a mean connectivity value of 1.78 compared 
to 1.31 in isolated pores. There is little difference between 
the two pore types. Additionally, almost all hydraulically 
isolated pore spaces possess a volume < 10,000 μm3, but 
only around half of effective pore spaces sit within this size 
range. The effective pore space volumes are distributed over 
a larger range, up to 340,000 μm3, but isolated pore space 
volume maxima sit within the 10,000–20,000 μm3 range.

Both effective and isolated pore space shape indices are 
dominated by rod-shaped pores (Fig. 5), but effective pore 
spaces tend to be more rod-shaped than isolated pore spaces. 
The distributions also show that extreme shape values, such 
as those that are plotted in the disk and sphere corners of the 
plot, are isolated pore spaces.

The two pore typologies display very different character-
istics, and the prevalence of effective pore spaces indicates 
that most natural floc pores can contribute to fluid, contami-
nant, pollutant, and nutrient transport. The position of these 
effective pores at the periphery of floc structures, combined 
with their larger size, has implications for density distribu-
tion in the floc, and as such, floc behaviour (Gregory 1997; 
Droppo 2004; Droppo et al. 2008; Burger et al. 2017). An 
area for further investigation, which would provide better 
input for floc settling behaviour modelling, is to determine 
the proportion of the effective pore spaces that are connected 

to the outside of the floc in a minimum of two locations. The 
typology of pores within flocs and the bulk, morphologi-
cal, and network properties of such pore space identified in 
this study enable us to consider how pore spaces influence 
functional behaviour, particularly the settling rate of flocs. 
Consequently, the application of the porosity properties 
examined here can be applied to understand the differences 
in observed settling experiments and for different composi-
tions and sizes/shapes of flocs.

To conclude, novel μCT approaches have enabled the 
quantification of porosity, pore space, and pore network 
characteristics of natural sediment flocs. These new data 
demonstrate that conventional estimates of porosity derived 
from observations of 2D floc size and settling velocity over-
estimate the porosity of natural suspended sediment flocs 
by around 30% and have a weaker relationship with floc 
size than previously thought. This is most likely due to the 
use of ellipsoid fitting to measure floc size resulting in an 
under-estimation of floc shape complexity which is most 
significant for large, complex macro-flocs. This implies that 
floc density is also being under-estimated. This has impli-
cations for our understanding of the role of porosity in floc 
dynamics and the accuracy of porosity data (and potentially 
density) currently being used in mathematical models that 
predict cohesive sediment dynamics. Most pore space was 
hydraulically effective enabling flow through the internal 
floc structure and contributing to fluid, contaminant, and 
nutrient transport. This also highlights the importance of 
modelling flocs as porous media rather than solid particles 
and considering the influence of drag on settling velocity. 
This study has also provided unprecedented characterisation 
of pore size, shape, and variability and offers the potential 
for future investigations of the influence of these parameters 

Fig. 5  Pore space shape distri-
bution in natural flocs, divided 
into hydraulically effective and 
isolated pore spaces. Circle 
in effective pore shape plot 
indicates a zone where a large 
portion of the n is situated

Pore Shape (B60
index)

Total
Pores

Effective
Pores

Isolated
Pores

Natural Flocs 61.7% 66.2% 50.0%
Pores n 206 148 58
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on floc stability, settling behaviour, and compaction and how 
this might vary with floc composition. Finally, these new 
data enable us to question how we define porosity in flocs 
and what we classify as void space.
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